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Abstract

In this thesis “Density functional theory calculations and electrochemistry of octahedral M(L,L’-BID)3
complexes, Land L’ = N and/or O and M = selected transition metals” the focus is on density
functional theory (DFT) calculations and electrochemistry of octahedral M(N,N,N)** and M(N,N);*
complexes with M = Co or Fe and N,N,N = the tridentate terpyridine(tpy) ligand (with three N donor
atoms) and N,N = bipyridine (bpy), phenanthroline (phen) or substituted bpy and phen ligands (with
two N donor atoms). Many linear correlations were obtained between the experimentally measured
redox potentials and DFT calculated energies of the different series of complexes. DFT may thus
assist to decrease research time and cost in the lab through the use of these correlations to design
related complexes with the desired redox potential as needed for mediators and dyes in dye
sensitized solar cells (DSSC). The results obtained on the ligands and complexes investigated, are
presented in four main publications, namely on (i) phenanthroline and substituted phen ligands, (ii)
Co(phen)s?* where phen = phenanthroline and substituted phen ligands, (iii) polypyridine ligands
(tpy, bpy or substituted bpy ligands) and Co(ll)-polypyridine complexes and (iv) a series of Fe(ll)

complexes containing tpy, bpy, phen and substituted bpy and phen ligands.

The correlations made between the experimentally determined reduction potentials of the
uncoordinated, substituted phenanthrolines as well as the density functional theory calculated
energies and properties of the ligands (both the neutral and reduced phenanthrolines) are
presented first. The electrochemical study shows irreversible reduction of the uncoordinated free
phenanthrolines. Chloride substituents, which are electron withdrawing, on the 4 and 7 positions of
the phenanthrolines, increase the measured reduction potential by 0.3 V and the methyl
substituents, which are electron donating, lead to the decrease, or lowering, of the reducing
potential when compared with the unsubstituted 1,10-phenanthroline. Linear correlations are
obtained between the DFT calculated properties and energies when compared with the
experimental reduction potentials of phenanthrolines containing non-aromatic substituents. Non-
aromatic substituents affect the electron density across the phenanthrolinic ring system solely via o-
induction effects. Phenylic substituents on the phenanthroline ring system donate electron density
through both o-induction and nt-resonance effects, which leads to a deviation from the trends
observed. These dual donation effects, allow the phenanthroline system to more easily accept
electrons at less negative, or higher, potentials than expected. Comparison between the reduction
potential of metal coordinated phenanthrolinic complexes (M = Fe, Ru and Cu) and the reduction

potential of unbound ligands, provided linear correlations.



Electrochemical studies of a series of phenanthrolines coordinated to a Co(ll) metal center are
presented and illustrate 3 redox events in each of the investigated series (containing both
substituted and unsubstituted phenanthrolines). An electrochemically and chemically reversible
Co(llI/I) couple is observed as well as a Co(ll/1) couple, also reversible in both respects. A ligand
based reduction is also observed at potentials lower than the potentials observed for both of the
metal centered redox events. The electron withdrawing or donating capability of the substituents on
the coordinated phenanthroline ligands influences the density of electrons on the Co metallic center
similarly to those results obtained in the electrochemical and DFT study of the uncoordinated, free
ligands, leading to linear correlations between the different redox couples and calculated theoretical

energies.

The next material presented is an investigation into the properties of a series of bipyridines that are
coordinated to the Co(ll) metal center. The density functional theory (DFT) calculations focussed on
the structure of the Co(ll) complexes, as well as the oxidized Co(lll) and reduced Co(l) complexes,
also identifying the locus of the experimentally observed redox processes. Low spin DFT calculations
of the Co(ll)-bpy complexes showed shorter equatorial and longer axial Co-N bonds which is
classified as elongation Jahn-Teller distortion. The Co(ll)-tpy complex is shown to possess four longer
distal Co-N bonds and two shorter axial Co-N bonds which is classified as compression Jahn-Teller
distortion. Similar trends were observed in the calculations performed of the high spin Co(ll)
complexes. The electrochemical investigation showed three redox couples, that are both
electrochemically and chemically reversible, which are the Co(lll/Il) couple, Co(ll/1) couple as well as
the ligand based reduction (at lower potentials than the potentials of the metal centered redox
processes), similar to the results obtained for the series of Co-phen complexes. Comparison of the
free, uncoordinated ligand’s reduction potential with the results from this study, shows a reduction
potential 0.5 V more negative than the reduction potential observed for the reduction of the

coordinated ligand in the associated Co(l) complex.

Lastly a comparative investigation of the oxidation of an Fe(ll) metal center coordinated series of
phenanthrolines, bipyridines and terpyridine are presented. The electrochemical results showed the
Fe(ll/1l)oxidation range varies from 0.363 V up to 0.894 V with tris(3,6-dimethoxybipyridyl)Fe?*
exhibiting the lowest and tris(5-nitrophenanthroline)Fe?* the highest oxidation potential. Also noted
from this study is the role of the substituent’s position on the coordinating ligand on the
electrochemical properties of the Fe(ll) complexes, i.e. the oxidation potential is 0.669 V for the
complex containing a methyl substituent on the 5-phen position (on the inner phenanthroline ring)

and 0.613 V for the complex containing a methyl substituent on the 4-phen position (on the outer

vi



phenanthroline ring). Density functional theory calculations, performed on the oxidized, reduced
and neutral complexes provided optimized electronic energies for each state allowing for
correlations between the calculated energies and the experimentally determined results.
Considerations between closely related complexes, which allows for linear correlations, showed
good correlations for the two considered series (bipyridine and phenanthroline), with R > 0.9.
Renderings of the molecular orbitals (HOMO and LUMO) illustrate that the top three HOMOs are
metal-centric, with the directional transfer of the charge during UV/vis excitation to the six lowest

LUMOs, which are ligand-centric.

Key words: dye-sensitized solar cell (DSSC), polypyridyl, density functional theory (DFT), octahedral,

electrochemistry, molecular orbitals, linear correlations, redox, ligand, substituent.
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Chapter 1

Introduction

Renewable energy such as wind and solar energy, has gained attraction within mainstream news the
last few years due to potential future supply concerns of exhaustible fossil fuels. Solar cells,
converting sunlight energy into electric current, have the shortcoming that it cannot store energy. In
1991 the Gratzel cell, a solar cell with a regenerative battery, was patented, known as the dye-
sensitized solar cells (DSSC).! To generate the current, the Gratzel cell uses a porous layer of titanium
dioxide nanoparticles, covered with a molecular dye that absorbs sunlight, accompanied by an
iodide/triiodide redox couple which functions as the electron-transfer mediator.? Platinum group
metals complexed with polypyridyl ligands are mostly used within solar cells,®> however due to their
scarcity and high cost, alternative complexing metals are being investigated for use as potential
mediators within solar cells, with the focus of the present research placed on the transition metals
iron and cobalt. To determine if polypyridyl complexes of iron and cobalt qualify as possible
applications as potential mediators and dyes in DSSC, their experimental redox and UV/Vis-
absorbance properties are important. Computational chemistry density functional theory (DFT)

calculations were used to compliment experimental findings.

Firstly the characteristics and properties, mainly focussed on the electrochemical and computed
properties, of a series of substituted free phenanthroline(Chapter 1),* bipyridine and terpyridine>®

ligands were investigated. These ligands were then complexed to cobalt and iron.

Research on Co-polypyridine complexes as potential mediators in electrochemical solar cells has
previously been published,” however the published material, especially with respect to bis-
terpyridyl-cobalt, focussed primarily on the Co(lll/Il) redox couple. A detailed investigation into the
redox properties of both the Co(lll/11) and Co(ll/I) redox couples of a series of substituted Co-
phenanthroline complexes led to various linear relationships between the experimental values and
DFT calculated energies, for use in the determination and design of new, customized substituted
phenanthroline-Co(ll) complexes with selected redox properties, as desired for application as a

redox mediator for use within dye-sensitized solar cells (Chapter 2).2°

The study of the properties of substituted bipyridine and terpyridine ligands and their Co-polypyridyl
compounds showed that the polypyridine ligand is reduced more than 0.5 V more negative than the

reduction of the coordinated ligand in these polypyridine-Co(l) complexes. DFT calculations were



used to confirm the locus of the different redox processes observed, namely metal based Co(ll/I1l)
oxidation, metal based Co(ll/1) reduction and ligand based Co(l) reduction. DFT calculations further
showed that, due to the Jahn-Teller distortion illustrated in the calculated geometries, the
substituted [Co(2,2'-bipyridine)s;]?**complexes, have four shorter equatorial and two longer axial Co-N
bonds (elongation Jahn-Teller), while [Co(terpyridine),]?*, in contrast, has four longer distal Co-N
bonds and two shorter central (axial) Co-N bonds (compression Jahn-Teller). This is due to the distal
Co-N bonds being more flexible than the Co-N axial bonds in the rigid structure of the tridentate

terpyridine ligand.(Chapter 3).5'6

A detailed investigation correlation between experimentally measured redox and spectral properties
of synthesized Fe-polypiridine complexes and quantum computational data showed that DFT
calculations could be used to assist in the design and tailoring of complexes within solar cell research

(Chapter 4).1°
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The irreversible electrochemical reduction data of a series of free uncoordinated differently substituted
phenanthrolines is presented. Electron withdrawing chloride substituents in the 4,7 ring positions
increase the reduction potential by 0.3 V, while electron donating methyl substituents lead to a lowering
of reduction potential relative to unsubstituted 1,10-phenanthroline. Linear relationships are obtained
between the reduction potential of free uncoordinated differently substituted phenanthrolines and den-
sity functional theory (DFT) calculated LUMO (lowest unoccupied molecular orbital) energies, electron
) . affinities, global electrophilicity indexes and Mulliken electronegativities. The reduction potential of
Reduction potential . : . . . .
Cyclic voltammetry 4,7—d1phenyl-.1 ,10-phenanthroline d§v1at?s slightly from the linear trend, since the phenyl groups donate
DFT electron density to the phenanthroline ring system through both m-resonance and c-inductive effects.
This enables the phenanthroline ring system to more readily accept an electron at a higher, less negative
potential than is otherwise the case. On the contrary, the non-aromatic substituents (e.g. Me, NH, and Cl)
withdraw/donate electron density from/to the phenanthroline ring system through c-inductive effects
only. Linear relationships are also obtained between the reduction potential of the series of phenanthro-
line free ligands and the formal reduction potential of corresponding metal-phenanthroline complexes.

Keywords:
Phenanthroline

Exp-DFT relationships

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Phenanthroline (phen) is a heterocyclic organic compound that
is often used as a ligand in coordination chemistry, forming com-
plexes with most metal ions. A variety of coordination spheres
are reported for these complexes, i.e. square-antiprismatic
[Ca"(phen)4]** [1], octahedral [Fe'((phen);]?* [2] and [Ni'(phen);]**
[3], pseudotetrahedral [Cu'(phen),]*, pseudotrigonal [Cu'Cl(phen)]
[4], as well as the 10-coordinated [Ba"(phen)s]>* complex [5].
These metal-phenanthroline complexes have applications in many
fields such as analytical chemistry [6], catalysis [7] and
biochemistry [8]. Complexes with different substituents on the
1,10-phenanthroline ligands exhibit altered physical properties.
As a result variations in electrochemical properties (substituted
1,10-phenanthroline complexes of iron [9]), UV-Vis absorption
maxima and luminescence (substituted 1,10-phenanthroline
complexes of copper [10] and ruthenium [11]), rates of exchange.
Substitution and oxidation kinetics (substituted 1,10-phenanthro-
line complexes of rhodium [12], iridium and iron [13]), etc., were

* Corresponding author. Tel.: 27 51 4012194; fax: 27 51 4017295.
E-mail address: conradj@ufs.ac.za (J. Conradie).

http://dx.doi.org/10.1016/j.poly.2016.11.018
0277-5387/© 2016 Elsevier Ltd. All rights reserved.

observed. Bis(2,9-dimethyl-1,10-phenanthroline)copper(I/Il) [14]
and tris(1,10-phenanthroline)cobalt(II/IIl) [15] showed promising
results as redox mediators in dye-sensitized solar cells (DSSC’s).

Finding a way to predict the reactivity of metal complexes con-
taining substituted 1,10-phenanthroline ligands even before syn-
thesis, should therefore be of great value. In continuation of our
interest in finding cost-effective theoretical ways to predict exper-
imental reduction potentials by relating experimental reduction
potentials to theoretically calculated energies [16-26], we now
present a combined reduction potential and density functional
study of a series of substituted uncoordinated 1,10-phenanthroli-
nes (see Fig. 1). We also compare the experimental order of reduc-
tion potentials of the series of 1,10-phenanthroline free ligands
with altered substituents with the order of reduction potentials
of its corresponding metal-phenanthroline complexes.

2. Experimental
2.1. General

The series of phenanthrolines were obtained from Sigma
Aldrich and used without further purification.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2016.11.018&domain=pdf
http://dx.doi.org/10.1016/j.poly.2016.11.018
mailto:conradj@ufs.ac.za
http://dx.doi.org/10.1016/j.poly.2016.11.018
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly
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1 -phen-3478Me - 3=4=7=8=CHj;; 2=5=6=9=H
2 -phen-29Me - 2=9=CHj; 3=4=5=6=7=8=H

3 - phen-5NH; - 2=3=4=6=7=8=9=H; 5=NH,

4 -phen-4Me - 2=3= =8=9=H; 4=CHj

5 -phen-5Me - 2=3= =8=9=H; 5=CHj

6 - phen-56Me - 5=6=CHj; 2=3=4=7=8=9=

7 -phen -2=3=4
8 -phen-47Ph - 4
9 - phen-5CI - 2=3
10 - phen-O - 5+6=0; 2=3=4=5=6=
11 - phen-47Cl - 2=3=5=6=8=9=H; 4=7=ClI
12 - phen-5N0O, - 2=3=4=6=7=8=9=H; 5=NO,
13 - phen-560 - 5=6=0; 2=3=4=7=8=9=H

Fig. 1. Chemically altered 1,10-phenanthrolines employed in this study. Both ring
and ligand numbers are indicated.

2.2. Theoretical approach

Density functional theory (DFT) calculations were performed,
using the GGA functional BP86 [27,28] with the TZP (Triple { polar-
ized) basis set, as implemented in the Amsterdam Density Func-
tional (ADF2014) [29]. Geometry relaxed (adiabatic) energies of
the compounds (N electron system), with the corresponding
N — 1 (reduced) and N + 1 (oxidized) electron systems, were calcu-
lated to determine the following values of the compounds: elec-
tron affinity (EA), ionization potential (IP), global electrophilicity
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3 200
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‘© 200
&

-400
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E/V vs FcH/FcH®

Fig. 4. Cyclic voltammograms of ca 0.002 mol dm> or saturated solutions of

phenanthrolines 12 (bottom) and 13 (top), in CH5CN/0.1 mol dm 3 ["(Bu,)N][PFs],
on a glassy carbon-working electrode, at scan rates of 0.05 (smallest peak current),
0.10, 0.20, 0.30, 0.40, 0.50, 1.0, 2.0 and 5.0 (largest peak current) V s~!, indicating
the additional first reversible reduction process, which is located on NO, and the
two oxygens respectively. The wider scan in black is obtained at 0.10V s~'. Scans
were initiated in the negative direction, as indicated by the arrow.

index (w) and Mulliken electronegativity ()) by application of
the following formulas [30-33]:

EA(compound) = E(reduced compound) — E(compound)

1400
A ___——7 — 13 phen-560
_—
1200 e = 12 phen-5NO,
ﬁ > — 11phen47CI
g 1000 4/:// ____—= — 10phen-0
2 ﬂ 9 phen-5Cl
& 800 g — 8phen-47Ph
3 —7 — 7 phen-H
600 e
_g J ~——> — 6 phen-56Me
=
© 5 phen-5Me
© 400 <~
et i — 4 phen-4Me
2 200 -~ ————" — 3phen-5NH,
‘ﬁ P — —— 2 phen-29Me
§ j:’? _—7 — 1phen-3478Me
-200
-3.50 -2.50 -1.50 -0.50 0.50 1.50 2.50 3.50

E/V vs FcH/FcH®

Fig. 2. Cyclic voltammograms of ca 0.002 mol dm— or saturated solutions of phenanthrolines 1-13, in CH3CN/0.1 mol dm— ["(Bu4)N][PFs], on a glassy carbon-working
electrode, at a scan rate of 0.100 V s~!, indicating the shift observed in the reduction potential of these phenanthrolines, depending on the type and amount of substituents.

Scans were initiated in the positive direction from ca —0.2 V.

(a) b) 300 8 phen-47Ph
¢ (b)
0- o 250 :
<L = T 7 phen
e % 200 ;
q‘_) -50 ~——0.050 g 150 .
,5 ~—0.100 &) 4 phen-4Me
o —0.200 (0]
o -1001 0300 2
. -~
~ o
——0.400 o}
S
150 —0.500 ©
o
—1.000
-200 . , . . . .
280 270 -260 -250 -240 -2.30 -2.20 -3.00 -2.50 -2.00

E/V vs FcH/FcH"

E/V vs FcH/FcH"

Fig. 3. Cyclic voltammograms of the reduction peak of ca 0.002 mol dm > or saturated solutions of (a) phenanthroline 8 substituted with aromatic phenyl groups at scan rates
0f 0.05-1.0 Vs, indicating the re-oxidation peak which increases as the scan rate increases, and (b) 1,4, 7 and 8 at 0.100 V s~'. CVs obtained in CH3CN/0.1 mol dm—3 ["(Bu,)
N][PF¢], on a glassy carbon-working electrode. Scans were initiated in the negative direction as indicated by the arrows.



H. Ferreira et al./Polyhedron 122 (2017) 147-154 149

[P(compound) = E(oxidized compound) — E(compound)

w = (i /21)
where p=—(IP+EA)/2 and 5 =IP - EA
x = (IP+EA)/2

2.3. Electrochemistry

Electrochemical studies by means of cyclic voltammetry were
performed on 0.002 mol dm~3 or saturated solutions of a series
of thirteen free uncoordinated differently substituted phenanthro-
lines, in dry acetonitrile, containing 0.1 mol dm—3 tetra-n-butylam-

monium hexafluorophosphate (["(Bus)N][PFs]) as supporting
electrolyte, under a blanket of purified argon at 25 °C, utilizing a
BAS 100B/W electrochemical analyzer. A three-electrode cell, with
a glassy carbon (surface area 7.07 x 10~ m?) working electrode, Pt
auxiliary electrode and a Ag/Ag* (10 mmol dm > AgNO5 in CH5CN)
reference electrode [34], mounted on a Luggin capillary, was used
[35]. Scan rates were 0.050-5.000V s~!. Successive experiments
under the same experimental conditions showed that all oxidation
and formal reduction potentials were reproducible within 0.010 V.
All cited potentials were referenced against the FcH/FcH" couple, as
suggested by IUPAC [36]. Ferrocene (Fc) exhibited peak separation,
AE, = Epy — Ep=0.070 V and i,c/ipq = 1.00 under our experimental
conditions, where E,, (Ec) = anodic (cathodic) peak potential and
ipa (ipc) = anodic (cathodic) peak current.

1 phen 3478Me

2 phen 29Me

3 phen-5NH,

4 phen-4Me 5 phen-5Me 6 phen-56Me

po
&
8 phen-47Ph 9 phen-5CI
®
@
@
10 phen-O 11 phen-47Cl 12 phen-5NO,

d

13 phen-560

LUMO+1: 12 phen-NO,

LUMO+1: 13 phen-560

Fig. 5. BP86/TZP DFT calculated LUMO plots of phenanthrolines 1-13, as well as the LUMO + 1 plots of phenanthrolines 12 and 13 (bottom middle and right). A contour of

0.07 e/A® was used for the orbital plots.
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[
¢
1 phen 3478Me 2 phen 29Me
(=
&
4 phen-4Me 5 phen-5Me 6 phen-56Me
@
¢ (s
s,/ ‘
7 phen 8 phen-47Ph 9 phen-5C|

[~

10 phen-0

11 phen-47Cl

13 phen-560

8 phen-47Ph
(with contour 0.003 e/A?)

HOMO of reduced 8 phen-
47Ph (contour 0.04 e/A®)

Fig. 6. BP86/TZP DFT calculated spin density plots of the reduced phenanthrolines 1-13 and HOMO of reduced 8. A contour of 0.008 e/A> was used for the spin plots, except
for the spin plot (contour 0.003 e/A*) and HOMO (contour 0.04 e/A%) of reduced 8 (bottom middle and right).

3. Results and discussion
3.1. Cyclic voltammetry

Fig. 2 shows the 0.100 Vs~' cyclic voltammetry scans for the
series of differently substituted uncoordinated 1,10-phenanthroli-
nes 1-13 (see Electronic Supporting Information for the cyclic
voltammetry scans and data of scan rates 0.05-5.0Vs~!) with
selected data summarized in Table 1. Phenanthrolines 1-11 show
two or more reduction processes at a potential below -2V vs
FcH/FcH". The first, less negative, reduction process observed for
phenanthrolines 1-11 is irreversible at all scan rates up to
5V s~ !, except for phenanthroline 8, namely 4,7-diphenyl-1,10-
phenanthroline. The cyclic voltammogram of compound 8 in
Fig. 2 shows a re-oxidation peak, which increases as the scan rate
increases, see Fig. 3a. This implies that the lifetime of some of the
short-lived reduced species of 8 is long enough to be re-oxidized at
higher scan rates. The electron density on the reduced species of 8
is stabilized through m-conjugation between the phenyl rings and
the aromatic phenanthroline rings (as described below in more
detail), making a second reduction easier. The first two reduction
processes of 8 at E¥=-2.36 and —2.46V with AE=0.07 and
0.08 eV respectively, are thus closely overlapping.

Fig. 4 shows the 0.100 V s~ ! scans of phenanthrolines 12 and 13,
namely 5-nitro-1,10-phenanthroline and 1,10-phenanthroline-5,6-
dione. These phenanthrolines show an additional reversible reduc-

tion process, with E” = —1.295 V and —0.876 V respectively, which
are more than 1V more positive than the first reduction waves
seen in phenanthrolines 1-11. The DFT computational study pre-
sented in the next section here below will confirm that the first
reversible reductions observed for 12 and 13 are located on NO,
and the two oxygens respectively, instead of being distributed on
the aromatic rings of the phenanthroline, as is the case for 1-11.
Earlier studies showed that a series of para-nitrobenzenes, R-
CsH4-NO,, exhibit a reversible redox couple in the potential range
-1.0V to —1.7V vs ferrocene [16]. The reduction potential
E”=-1295V of 12, namely 5-nitro-1,10-phenanthroline, falls
well within this range.

From Fig. 2 it is clear that the different substituents have an
influence on the ease of reduction of the corresponding phenan-
throline. For example, the 3,4,7,8-tetramethyl-1,10-phenanthro-
line (1) is being reduced at —2.635V vs ferrocene, which is
0.414 V more negative than the 4,7-dichloro-1,10-phenanthroline
(11), which reduces at —2.221 V. This observed shift in the reduc-
tion potential of the phenanthrolines depends on the amount of
substituents, the electron-donating/withdrawing properties of
the substituents, the position, as well as the inductive effect of
the substituent(s). Electron donating substituents on phenanthro-
line, like methyl and amine, decrease the reduction potential, while
electron withdrawing substituents like chloride, increase the
reduction potential relative to unsubstituted 1,10-phenanthroline
(7). This is expected, since when electron density is drawn from
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the phenanthroline aromatic ring system towards the substituents,
an electron can more readily be added to the ring system during
the reduction process, as is the case with the chloride substituted
phenanthrolines 9 and 11. A methyl substituent on position 5
and/or 6, i.e. on the central ligand ring of 1,10-phenanthroline,
shifts the reduction potential with less than 0.030V relative to
unsubstituted 1,10-phenanthroline (7), while a methyl substituent
in position 4, i.e. on the outer ring of 1,10-phenanthroline has a
slightly larger influence on the reduction potential. Methyl sub-
stituents in the 2,9 positions of 1,10-phenanthroline (phenanthro-
line 2) have a marked shift of 0.070V relative to unsubstituted
1,10-phenanthroline (7), while the 3,4,7,8-tetramethyl sub-
stituents (in phenanthroline 1) shift the reduction potential
0.102 V more negative from that of unsubstituted 1,10-phenan-
throline (7). This suggests that substituents on the pyridine rings

of the phenanthroline (positions 2, 3, 4, 7, 8, 9) have a larger influ-
ence on the reduction potential than substituents on the inner ring
(positions 5 and 6) of phenanthroline. The same is true for the pos-
itive shift in reduction potential due to electron withdrawing chlo-
ride substituents on position 5 (phenanthroline 9, shift = ca 0.2 V)
or positions 4,7 (phenanthroline 11, shift=ca 0.3 V), relative to
unsubstituted 1,10-phenanthroline.

The 4,7-di-phenyl substituted 1,10-phenanthroline (8) is
reduced at 0.100 V higher than that of unsubstituted 1,10-phenan-
throline (7), while the reduction potentials of the 4-methyl (4) and
3,4,7,8-tetramethyl substituted 1,10-phenanthroline (1) are
respectively 0.044 and 0.100V lower than that of unsubstituted
1,10-phenanthroline (7), see Fig. 3(b). The combined e-donating
strength of the four methyl groups on (1) thus lead to a much
lower reduction potential for (1) than for (8) with only two e-
donating phenyl groups. The higher reduction potential of (8) is
further explained in terms of the increase in effective conjugation
length through the compound, as described in the computational
study here below.

3.2. Computational chemistry

Reduction of compounds viewed at molecular level involves
addition of an electron into the lowest unoccupied molecular orbi-
tal (LUMO) of the neutral compound. The character of the reduc-
tion center of a compound can thus be identified by evaluating
the nature of the LUMO. However, sometimes a reorganisation of
the molecular orbitals occurs after reduction, leading to the reduc-
tion of a higher unoccupied orbital [37]. Therefore, when evaluat-
ing reduction centers of molecules it is good practice to inspect the
characters of both the LUMO of the neutral compound and the
HOMO of the reduced compound. If the molecule is diamagnetic,
the spin density profile of the reduced compound shows the distri-
bution of the added unpaired electron.
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DFT calculations were performed on both the neutral (q=0,
S=0) and reduced (q=-1, S=%) phenanthrolines 1-13. The
BP86/TZP LUMOs of phenanthrolines 1-13 are shown in Fig. 5,
while spin density plots of added unpaired electrons are shown
in Fig. 6. For phenanthrolines 1-11, the LUMOs are of aromatic
n-character, distributed over the entire phenanthroline ring sys-
tem. The LUMOs of phenanthrolines 12 and 13 are located on the
NO, group and O atoms respectively. LUMO + 1 of phenanthrolines
12 and 13 (Fig. 5, bottom right) are similar in aromatic w-character
distributed over the phenanthroline ring atoms to the LUMOs of
phenanthrolines 1-11. This suggests that the first reduction of
phenanthrolines 1-11 will lead to the formation of a radical, with
the added electron distributed over the three phenanthroline rings,
as shown by the spin density plots of the reduced species (q = -1,
S=1) in Fig. 6. However, in this case frontier orbital arguments

suggest that first reductions in phenanthrolines 12 and 13 are
located on the NO, group and O atoms respectively, as again seen
in the spin density plots of the reduced species, see Fig. 6.
Although group electronegativities [38] of phenyl (ypy=2.21
[39]) and methyl (yme =2.34 [40]) groups are rather similar, the
aromatic m-character of the LUMOs of the neutral compounds
explains why the phenyl substituents in phenanthroline 8 with
substituents on the 4 and 7 positions, do not have the same influ-
ence on the reduction potential of the corresponding phenanthro-
line than methyl substituents. The methyl groups on
phenanthroline donate electron density through o< induction,
while phenyl groups exhibit both ¢ and & induction interaction.
The group electronegativity of a group is a description of its ¢
donation property. In reduced phenanthroline 8, 67.5% electron
density resides on the aromatic phenanthroline rings and 32.5%
on the phenyl ring substituents (see spin density plot of 8 in
Fig. 6, bottom middle), while in the methyl substituted phenan-
throlines (1, 2, 4, 5 and 6), more than 94% electron density resides
on the aromatic phenanthroline rings itself. The increase in effec-
tive conjugation length of reduced 8 is visualized by the HOMO
of reduced 8 that is of aromatic m-character (Fig. 6 bottom, right).

3.3. Relationships

Due to the role of the LUMO in the reduction of phenanthroline,
it is expected that the energy of the LUMO (E ymo) Will be related
to the experimentally measured reduction potential E. This rela-
tionship is shown in Fig. 7a. Also shown is the relationship
between E,. and the DFT calculated electron affinity (EA) of the
phenanthrolines (Fig. 7b). Both these graphs illustrate a higher less
negative reduction potential being associated with a lower LUMO
energy (the electron is therefore added more readily to the LUMO)
and a higher EA (the reduction center is more electron hungry and
thus reduces at a higher more positive potential). As expected, and
for reasons already mentioned, data obtained for 8 deviates from
this trend. The same is observed for phenanthroline 10 (phen-0O).
This may be explained in terms of the absence of aromatic bonds
between the two outer rings of 5,6-epoxy-5,6-dihydro-1,10-
phenanthroline, which consequently limits the -inductive effect
of the 5,6-epoxy-5,6-dihydro substituent on the phenanthroline
ring system.

Linear trends with R? values of 0.91 and 0.80 also exist between
experimental E,. and the DFT calculated global electrophilicity
index (w) and Mulliken electronegativity (y) of the substituted
phenanthrolines (Fig. 7c and d). The four relationships in Fig. 7
complement each other and can thus be used in combination with
each other for the purpose of predicting E,. of other substituted
phenanthrolines.

The o-donor ability of the different substituents on a phenan-
throline molecule is generally expressed in terms of corresponding
pK, values [41]. The relationship between the reduction potential
of phenanthrolines 1-7, 9 and 11 and their corresponding pK, val-
ues follows a good linear trend, with a R? = 0.96, see Fig. 8. Again,
due to the additional m-induction influence of the phenyl sub-
stituents on the reduction potential of phenanthroline 8, this data
point does not closely fit the series. No pK, value of phenanthroline
10 (phen-0) could be found in literature (see Table 1).

In Fig. 9, reduction potentials obtained for the series of substi-
tuted 1,10-phenanthrolines of this study are correlated with pub-
lished formal reduction potential data of selected related metal-
phenanthroline complexes, i.e. [FeL;]** (L - bidentate phenanthro-
line ligands) [42], trans-[Ru(Il)(Az)(L)Cl;] (where Az: CgHsN=NC
(COCH3)=NCgHs) [43] and [CuL,]** [44]. Fig.9a-c shows the
expected linear trend between the reduction potentials of the
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Table 1
Electrochemical and DFT calculated data of the series of substituted 1,10-phenanthrolines, including pK, values and formal reduction potentials of selected metal-phenanthroline
complexes.
No EpclV ErumoleV EA/eV IP/eV nlev wleV xlev pPK,* E” of metal/V><
[FelLs]* [Ru(Az)(L)Cl>] [CuL,]**
1 -2.635 —2.477 0.58 7.52 6.938 1.18 4.05 6.31 0.452 0.018
2 -2.603 —2.442 0.48 7.64 7.157 1.15 4.06 6.17
3 —2.600 —2.521 0.51 7.26 6.749 1.12 3.88 5.78 0.585
4 —2.577 —2.607 0.62 7.85 7.232 1.24 423
5 —2.562 -2.573 0.58 7.83 7.258 1.22 4.20 5.27 0.669 -0.302 0.082
6 —2.550 —2.490 0.50 7.67 7.176 1.16 4.08 5.6 0.64 -0.384 0.053
7 -2.533 —2.640 0.60 7.99 7.390 1.25 4.30 4.93 0.698 —-0.284 0.08
8 -2.393 -2.670 0.98 7.32 6.339 1.36 4.15 4.80 0.083
9 -2.321 —2.864 0.88 8.03 7.152 1.39 4.46 3.43 0.802 -0.225 0.141
10 —2.252 —2.784 0.78 8.16 7377 1.35 447 0.802
11 -2.221 -3.037 1.08 8.13 7.056 1.50 4.61 3.03 0.860
12 —1.348 -3.935 1.95 8.37 6.423 2.07 5.16 0.894 0.147
13 -0.925 —4.545 2.40 8.48 6.080 243 5.44 —0.168

2 pK, from Ref. [41] (phenanthrolines 1, 2, 5, 6, 7 and 8), [45] (phen-5NH,, phenanthroline 3), [46] (phen-5Cl, phenanthroline 9) and [47] (phen-47Cl, phenanthroline 11).

b EY from Ref. [42-44]
¢ L =substituted 1,10-phenanthroline.

uncoordinated 1,10-phenanthroline series and that of correspond-
ing metal-centered Fe?*, Ru?>* and Cu?* complexes. The apparent
absence of published cyclic voltammetry data on more metals lim-
its the present correlation to only the named three metals.

Available experimental reduction potential data of a series of
substituted 1,10-phenanthrolines, in combination with the redox
potential data of only the unsubstituted metal-phenanthroline
complex, may therefore enable determination of suitable sub-
stituents for desired redox tuning of its metal complexes. This
may be particularly relevant during redox indicator and dye design
for solar cell applications, both being of huge practical benefit and
in active areas of research.

4. Conclusion

The reduction potential of the series of derivatized uncoordi-
nated 1,10-phenanthrolines relate linearly to corresponding DFT
calculated LUMO energies, electron affinities, global electrophilic-
ity index and Mulliken electronegativities, as well as the formal
reduction potentials of its corresponding metal-phenanthroline
complexes. This is the result of c-inductive effects supported by
effective electronic communication between the substituents and
the phenanthroline ring system through to the metal. Phenanthro-
lines containing aromatic substituents, like phenyl groups, deviate
slightly from the trend, since the aromatic substituents on the
phenanthrolines also exhibit m-resonance communication with
the phenanthroline ring system in addition to c-induction. This
leads to an increase in the reduction potential and stabilisation
of the reduced phenanthroline.
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Electrochemical studies of a series of substituted phenanthroline-Co(II) complexes all show generally
similar behaviour, namely a chemically and electrochemically reversible Co'™" redox couple, as well as a
chemically and electrochemically reversible Co™! redox couple, followed by a ligand-based reduction.
Electron donating- or -withdrawing substituents on the phenanthroline ligands which are coordinated to
the Co metal, directly influence the electron density on the Co metal, due to good communication be-
tween these substituents and the Co metal via the aromatic rings of the heterocyclic substituted
phenanthroline-Co(II) complexes, leading to either more negative (for electron donating groups) or more
positive (for electron withdrawing groups) redox potentials respectively. Linear relationships relating
E°'(Co™™) oxidation and E°'(Co™") reduction to various experimental and empirical values, as well as to
theoretically calculated energies, show that the electron density on Co is linearly influenced by the
electronic properties of the ligands attached to the Co metal. All these established relationships can be
used in the design of new substituted phenanthroline-Co(Il) complexes with specific customized redox
properties as required, for example, for the application of such Co(Il) complexes as redox mediator for

dye-sensitized solar cells.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

1,10-Phenanthroline (phen) is a heterocyclic organic compound
with nitrogen donor atoms which can coordinate to most metal
ions. It was found that the irreversible electrochemical reduction
potential of a series of differently substituted phenanthrolines
relate linearly to density functional theory (DFT) calculated en-
ergies, such as LUMO (lowest unoccupied molecular orbital) en-
ergies, as well as to electron affinities, global electrophilicity
indexes and Mulliken electronegativities of the various substituted
phenanthrolines [1]. This is due to the effective electronic
communication between the substituents and the phenanthroline
ring system. Phenanthroline coordinates bidentately to most
metals (e.g. M, Fe [2], Co, Ni, Cu, Zn [3]). This complexation leads to
various octahedral M(phen)3" complexes. A direct relationship was
found between the electronic influence of different substituents on
the free phenanthroline ligands (as measured by the reduction
potential of the free ligand), and the electronic influence of

* Corresponding author.
E-mail address: conradj@ufs.ac.za (J. Conradie).

https://doi.org/10.1016/j.electacta.2018.09.151
0013-4686/© 2018 Elsevier Ltd. All rights reserved.

different phenanthroline-substituents on the metal of the corre-
sponding metal-phenanthroline complexes (as measured by the
metal redox potential), for the following metals: Fe, Ruand Cu [1].1t
is reported that terpyridine ligand functionalization in bis-
terpyridyl-cobalt complexes allows tuning of the redox potentials
for redox couples Co(III)/Co(II), Co(II)/Co(I), and Co(I)/Co(I)(tpy)*~
couples, over a range of 1V [4]. However, previous reports on the
electrochemical behaviour of tris-phenanthroline-cobalt com-
plexes in non-aqueous solvents, mostly focused only on the Co(III)/
Co(Il) redox couple of tris-phenanthroline-cobalt, containing the
unsubstituted phenanthroline ligand. Few reports described more
than one Co redox couple and only some reports exist on the
electrochemical behaviour of tris-phenanthroline-cobalt com-
plexes containing substituted phenanthroline ligands, see Table 1.
In this contribution we therefore for the first time describe the
electrochemical behaviour of at least three observed redox events
of a series of eight tris-phenanthroline-cobalt complexes, con-
taining both the unsubstituted, as well as substituted phenan-
throlines as ligands, see Fig. 1.

Different polypyridine Co(Il) and Co(Ill) complexes showed
promising properties as potential mediators [5—7] for photo-
electrochemical solar cells. In dye-sensitized solar cells (DSSCs),
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Table 1
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Experimental electrochemical data of synthesized [Co"(L);]** complexes 1-8 from this study, as well as additional data obtained from literature, for a variety of solvents and/or
reference electrodes. L = differently substituted phenanthrolines as ligands, as shown in Fig. 1.

Complex Ligand L Reference Solvent [Co™(L)s]*/[Co"(L)s]?>* [Co"™(L)3]>*/[Col(L)s]'* [Co'(L)s]*/[Col(L)o(L)]° Reference
a
number electrode reported vs Fc[Fc™ reported vs Fc/Fc™ reported vs Fc/Fc*
1 5-NO,-phen Fc/Fc™ CH5CN 0.190 —0.960" this study
2 4,7-di-Cl-phen Fc/Fc™ CHsCN 0.135 -1.160 -1.77¢ this study
2 4,7-di-Cl-phen NHE CH5CN 0.770 0.110 [32]
3 5-Cl-phen Fc/Fc" CH5CN 0.077 -1.256 -1.96¢ this study
4 phen Fc/Fc™ CH3CN —0.036 -1.366 -2.070 this study
4 phen Ag/Ag" CH3CN ~1.38 ~146 [33]
4 phen Ag/Ag" CH3CN 0.12 0.04 -133 141 ~1.99 ~2.07 [34]
4 phen SCE CH3CN 0.38 ~0.04 [35]
4 phen NHE CH3CN 0.638 -0.022 (5]
5 5-Me-phen Fc/Fc*t CH3CN -0.079 -1.381 -2.094 this study
6 5,6-di-Me-phen Fc/Fc™ CH5CN -0.151 -1.395 -2.110 this study
7 5-NH,-phen Fc/Fc* CH5CN -0.170 —1.438 -2.130 this study
7 5-NH,-phen NHE CH5CN 0.494 —0.166 [5]
8 3,4,7,8-Me- Fc/Fc*t CH5;CN —0.263 -1.581 —2.250 this study
phen
8 3,4,7,8-Me- NHE CH5CN 0.384 -0.276 [5]
phen

2 In order to convert to potential vs Fc/Fct for comparative reasons, the following values have been used: E°’ (Fc/Fc™)=0.66(5) V vs NHE in ["(Bu4)N][PFs]/CH3CN [36];
Saturated calomel (SCE) = 0.2444 V vs NHE; Ag/Ag™ (0.010 mol dm~3 AgNOs in CH3CN) = 0.080V vs Fc/Fc*.

b Reduction of Co(NO,-phen)3*, complex 1, is NO, ligand based, therefore not a Co
¢ Irreversible reduction.

Table 2

11

redox process.

Experimental, Electrochemical and DFT calculated data of Co(Il) complexes 1—8 obtained from this study and from literature; also including electrochemical data from a

/1 /1

previous study [2], for the Fe™'" redox couple corresponding to the Co

redox couple, containing the same ligand.

No Ligand E(Co"Myv  E(Co"Myv EY(Fe"M)ve  E,(ligand)/V®  pK, (ligand)®  Epomo/eV  EiumoleV  EAleV  IPfeV  w[eV  y[eV
1 5-NO,-phen 0.190 —0.960 0.894 ~1.295¢ 3.57 ~14208  —12.844  8.00 1137 1390 968
2 4,7-di-Cl-phen 0.135 -1.160 0.860 —-2.221 3.03 -14187  -12207  7.60 1083 1314 921
3 5-Cl-phen 0.077 -1.256 0.802 —-2.321 343 —-9.671 -8.819 7.53 1092 1256  9.23
4 phen -0.036 -1.366 0.698 -2.533 493 -9.319 -8.873 7.42 1075 1238 9.08
5 5-Me-phen -0.079 -1.381 0.669 —2.562 527 -9.338 -8.491 7.17 1058 1157 888
6 5,6-di-Me-phen ~ —0.151 -1.395 0.640 —2.550 5.6 -9.146 -8.311 7.02 1037 1129 869
7 5-NH,-phen -0.170 -1.438 0.585 —2.600 5.78 -9.139 -8.213 6.96 1034 11.09 865
8 3,4,7,8-Me-phen  —0.263 -1.581 0.452 ~2.635 6.31 ~-8.722 ~7.861 6.63 9.85 1053  8.24

2 Eo(Fe"M) from Ref. [2], for the Fe""" redox couple corresponding to the Co'™/!!

b Ep(ligand) from Ref. [1] for the free ligand.

redox couple, with the same ligand.

¢ pK, from Ref. [50] (5Cl-phen), [51] (3,4,7,8-Me-phen, 5-Me-phen, 5,6-di-Me-phen, phen) and [52] (5-NH,-phen), [53] (phen-47Cl, phenanthroline, [54] (phen-5NO,).
d Reversible reduction process of 1 located on group NO,, instead of being distributed on the aromatic rings of the phenanthroline, as for 2—8 [1].

N
~cg”

94 1 - 2=3=4=6=7=8=9=H;5=NO,
2 - 2=3=5=6=8=9=H;4,7=Cl
3 - 2=3=4=6=7=8=9=H;5=Cl|
4 - 2=3=4=5=6=7=8=9=
5 - 2=3=4=6=7=8=9=H;5=CHj
6 - 2=3=4=7=8=9=H;5=6=CHj
7 - 2=3=4=6=7=8=9=H;5=NH,
3 8 - 3=4=7=8=CHj; 2=5=6=9=H

Fig. 1. The series of Co(L)3* complexes employed in this study, with L= differently substituted phenanthrolines as ligands.

the redox mediator plays the important role of regenerating the
oxidized dye and transporting the hole towards the cathode, where
the oxidized electrolyte is regenerated, thereby closing the circuit
[8,9]. The redox-couples of redox mediators therefore play an
extremely important role in dye-sensitized solar cells (DSSCs).
Knowledge of the redox properties of the Co(Il/Ill) redox couple of
differently substituted polypyridine Co(II) complexes, is therefore
vital for finding the best redox mediator most suitable for a certain

DSSC [10]. Finding relationships between experimental redox data
and quantum computational energies, may assist in the design of
redox mediators with specific customized properties. In continua-
tion of our ongoing interest with obtaining relationships between
experimentally measured redox potentials and computational
chemistry calculated energies [11—13], we hereby present the re-
sults obtained for the series of substituted phenanthroline ligands
coordinated to Co(II) shown in Fig. 1.
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2. Experimental
2.1. General

The phenanthroline ligands were obtained from Sigma Aldrich
and used without further purification. UV—visible spectra of dilute
methanol solutions of complexes 1-8 in quartz cuvettes, were
recorded on a Shimadzu UV-2550 spectrometer. Infrared stretching
frequencies were measured on a Bruker Tensor 27 FTIR
spectrophotometer.

2.2. Synthesis

All eight Co(II) complexes (with (NOs), as anion) were synthe-
sized through the following method, using the literature method as
a guide [14]: Co(NO3),-6H,0 was dissolved in a minimum of ab-
solute ethanol. The desired ligand (3.3 eq) for each of the eight
complexes was also dissolved in a minimum of absolute ethanol.
The Co(NO3);-6H,0 solution was added dropwise to the respective
ligand solution whilst stirring. The mixture was left to stir for 6 h. A
precipitate formed in each case, the mixture was then filtered and
the precipitate left to dry overnight in air. All these complexes are
paramagnetic [15,16]. Electrochemical and other data for com-
plexes 2, 4, 7 and 8 has been reported previously, while the elec-
trochemical data for complexes 1, 3, 5 and 6 is reported here for the
first time.

2.2.1. Characterization tris(5-nitro-1,10-phenanthroline )Cobalt(Il)
nitrate, [Co(5-NO,-phen)3](NO3), (1)

Yield 54.8%. Colour: light yellow. Melting point >245 °C. Apax(-
methanol) =269 nm; vy = 1327 cm™ L

2.2.2. Characterization tris(4,7-dichloro-1,10-phenanthroline)
Cobalt(1l) nitrate, [Co(4,7-di-Cl-phen)3](NO3)> (2)

Yield 88.2%. Colour: light yellow. Melting point >245 °C. Apax
(methanol) = 271 nm; vy = 1322 cm™ L

2.2.3. Characterization tris(5-chloro-1,10-phenanthroline)Cobalt(Il)
nitrate, [Co(5-Cl-phen)3](NO3), (3)

Yield 88.2%. Colour: light yellow. Melting point 205 °C. Amax
(methanol) = 271 nm; vey = 1326 cm™ L

2.2.4. Characterization tris(1,10-phenanthroline )Cobalt(Il) nitrate,
[Co(phen)3](NO3), (4)

Yield 87.1%. Colour: light yellow. Melting point >245 °C. Apax
(methanol) = 267 nm; vy = 1330cm ™.

2.2.5. Characterization tris(5-methyl-1,10-phenanthroline)
Cobalt(1l) nitrate, [Co(5-Me-phen)3](NO3), (5)

Yield 54.2%. Colour: light yellow. Melting point >245 °C. Apax
(methanol) =272 nm; veny = 1326 cm ™ L

2.2.6. Characterization tris(5,6-dimethyl-1,10-phenanthroline)
Cobalt(1l) nitrate, [Co(5,6-di-Me-phen)3](NOs3), (6)

Yield 73.6%. Colour: light yellow. Melting point >245 °C. Apax
(methanol) =275 nm; ven=1329cm™ L

2.2.7. Characterization tris(1,10-phenanthroline-5-amine)Cobalt(Il)
nitrate, [Co(5-NHy-phen)3](NOs3), (7)

Yield 97.1%. Colour: light yellow. Melting point >245°C. vc.
N=1311cm™

2.2.8. Characterization tris(3,4,7,8-tetramethyl-1,10-
phenanthroline)Cobalt(1l) nitrate, [Co(3,4,7,8-Me-phen)3](NO3), (8)
Yield 82.3%. Colour: light yellow. Melting point >245°C.

Amax(methanol) = 274 nm; ven = 1333 cm™ L
2.3. Theoretical calculations

Density functional theory (DFT) calculations were performed on
all 8 complexes, using the Amsterdam Density Functional program
(ADF2014 and updates) [17]. The GGA functional BP86 [18,19] with
the TZP (Triple ¢ polarized) basis set was used. All complexes were
computed both in the gas phase, as well as in solvents dichloro-
methane (DCM) and acetonitrile (CH3CN), using the COSMO
(Conductor like Screening Model) model of solvation [20—22], as
implemented in ADF. Complexes were computed spin unrestricted,
with spin S=1/2 for Co(Il) [15,16], and S=1 for Co(I) (reduced
form), and spin restricted with S = 0 for Co(IIl) (oxidized form) [23].
The BP86 functional was also used to calculate the geometry
relaxed (adiabatic) energies of the Co(lI), Co(I) (reduced) and Co(III)
(oxidized) complexes, in order to determine the following param-
eters: electron affinity (EA), ionization potential (IP), global elec-
trophilicity index (w) and Mulliken electronegativity (), according
to the following formulae [24—27]:

EA(compound) = E(reduced compound) — E(compound)

IP(compound) = E(oxidized compound) — E(compound)
- (1) e = v
w = (pu°/2n);where p = —(IP+ EA)/2and n = IP — EA

% = (IP + EA)/2

2.4. Electrochemistry

Electrochemical studies by means of cyclic voltammetry (CV)
were performed on 0.002 moldm~3 or on saturated compound
solutions of complexes 1 — 8 in dry acetonitrile, containing
0.1 moldm—3 tetra-n-butylammoniumhexafluorophosphate
(["(Bug)N][PFg]) as supporting electrolyte, under a blanket of pu-
rified argon, at 25°C, utilizing a BAS 100 B/W electrochemical
analyzer. A three-electrode cell was used, with a glassy carbon
(surface area 7.07 x 10~® m?) working electrode, Pt auxiliary elec-
trode and a Ag/Ag* (0.010 mol dm~—> AgNOs in CH3CN) reference
electrode [28], mounted on a Luggin capillary [29]. Scan rates for
the CVs were 0.05—5.00 Vs~ Successive experiments under the
same experimental conditions showed that all oxidation and
reduction potentials were reproducible within 0.010V. All cited
potentials were referenced against the Fc/Fc™ couple, as suggested
by IUPAC [30]. Ferrocene (Fc) exhibited a peak separation of
AEp =Epa — Epc=0.070V and ratio ip¢/ipg = 1.00 under our experi-
mental conditions, where Ep, (Epc) =anodic (cathodic) peak po-
tential and ipq (ipc) = anodic (cathodic) peak current. The formal
reduction potential is determined by E°’ = (Epa — Epc)/2 for an
electrochemically reversible process [29]; where values for the
peak separation AE, up to 0.090V, will be considered to be elec-
trochemically reversible.

3. Results and discussion
3.1. Computational chemistry understanding of redox process

This computational section is presented for better understand-
ing of the character of the different redox processes that are pre-

sented in the electrochemistry section. Reduction and oxidation of
complexes generally involve either the addition or removal of an
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electron to or from the frontier orbitals of the complex respectively.
For example, reduction of the closed shell singlet Co(Ill) complex,
involves the addition of an electron to the lowest unoccupied
molecular orbital (LUMO) of the initial Co(Ill) complex. This LUMO
orbital will then become the highest occupied molecular orbital
(HOMO) of the reduced complex, while a spin plot of the reduced
complex will show the distribution of the added electron, based
either on the metal or the ligand. These orbitals and spin plots, as
shown in Fig. 2 for complex 4, namely Co(phen)3" (with n =2 or 3),
clearly indicate that the Co(Ill) reduction is metal based, i.e. the
reduction is a Co™" redox process; since the spin plot of
Co(phen)3* (4) shows that the added unpaired electron is of d,.
character on the Co-metal. Similarly, the spin plots of the other
Co(11) complexes 1-3, 5—8 also indicate that the Co™" reduction is
Co-metal based (see Fig. 4 for complex 1 as example). This
assignment of the added electron to the Co-metal is in agreement
with the experimental electrochemical Co(Ill) reduction process, as
measured by cyclic voltammetry, which will be discussed in the
next section.

Reduction of the spin =% Co(II) complex involves the addition
of an electron to the lowest unoccupied molecular orbital (LUMO)
of the Co(II) complex. The spin plot of the reduced complex will
show the distribution of the added electron. Both the LUMO of
Co(II) and the spin plot of Co(I), as shown in Fig. 3 for complex 4,

namely Co(phen)3t (where n=1 or 2), again clearly indicate that
the Co(Il) reduction is metal based, i.e. the reduction is a Co™' redox
process. The spin plot of Co(phen)}t shows that both unpaired
electrons are based on the Co-metal. Similarly, the LUMOs of Co(II)
for the other complexes 2—3, 5—8 also indicate that the Co(II)
reduction is Co-metal based. There is however one exception, since
the Co(Il) LUMO of Co(NO,-phen)3*, complex 1, is located on a NO,
group (Fig. 4) instead of on the Co-metal, suggesting that the
reduction of Co(NO,-phen)3*, complex 1, is NO, ligand based
instead, i.e. not also a Co"" redox process (as for the other com-
plexes 2—8). For further evidence of the character of the reduced
complex 1, the spin density plots of complex 1, Co(5-NO,-phen)3™,
as well as of the reduced complex 1, are also given in Fig. 4. The
Co(11) spin plot of Co(5-NO,-phen)3*, complex 1, shows that the
unpaired electron is of d,. character on the Co-metal. This was also
found for the other complexes 2—8. However, the Co(I) spin plot of
the reduced complex 1 shows that one of the unpaired electrons is
based on the Co-metal, while the other unpaired electron is
distributed over the NO; groups of the ligand, thereby forming an
unstable reduced complex.

On the other hand, the LUMO of Co(I), also shown in Fig. 3 for the
reduced complex 4, Co(phen)}*, is based on the phenantroline-
ligand instead, therefore the reduction of the Co(I) of the other
complexes 2—8 will also involve the phenantroline-ligands. These

LUMO of Co{lll)
involved in Co"" redox
process

HOMO of Co(ll)
involved in Co
process

Spin plot of Co(ll)
shows distribution of
added electron during
Co"" redox process

s redox

Fig. 2. DFT calculated BP86/TZP frontier orbitals of Co(phen)3* (with n =2, 3), which are involved in the Co"™" redox process. The spin plot of the reduced Co(Il) complex is also
shown. A contour of 0.06 and 0.006 e/A? was used for the orbital and spin plots respectively.

LUMO of Co(ll)
involved in Co"" redox
process

Spin plot of Co(l)
shows distribution of
added electron during
Co" redox process

LUMO of Co(l)
involved in Co' ligand
reduction

Fig. 3. DFT calculated BP86/TZP LUMO of Co(phen)3* which are involved in the Co"/! redox process. The LUMO of Co(phen)}*, which is involved in the Co' ligand reduction and the
spin plot of Co(phen)}*, are also shown. A contour of 0.06 and 0.006 e/A> was used for the orbital and spin plots respectively.
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Fig. 4. DFT calculated BP86/TZP HOMO and LUMO (calculated in CH3CN as solvent) of Co(NO,-phen)3*, complex 1, which are involved in the oxidation and reduction of complex 1,
respectively. A contour of 0.06 and 0.006 e/A> was used for the orbital and spin plots respectively.

assignments are in agreement with the experimentally observed
electrochemical Co(II) and Co(I) reduction processes, as measured
by cyclic voltammetry, which are presented in the next section.

3.2. Electrochemistry

Fig. 5 shows the cyclic voltammetry scans for [Co(phen)3](NO3)a,
complex 4, of this study, at different scan rates (0.05—5.00Vs™!)
over different potential ranges. Three chemically and electro-
chemically reversible redox couples were observed in the solvent
window for CH3CN, as well as a few irreversible oxidation or
reduction peaks. Firstly, the irreversible oxidation peak at ca. 1.63 V
vs Fc/Fc*, is ascribed to anionic nitrate oxidation. Secondly, the
chemically and electrochemically reversible redox couple
at —0.036 V vs Fc/Fct (AE = 0.084 V at 0.100 Vs~ 1), is ascribed to the
Co"™" redox couple, while the other chemically and electrochemi-
cally reversible redox couple at —1.366 V vs Fc/Fc* (AE = 0.076 V at
0.100Vs™1), is attributed to the Co"" redox couple. Further, the
chemically and electrochemically reversible peak at —2.070V vs Fc/
Fc* (AE =0.088 V at 0.100 Vs~ 1) is ascribed to ligand reduction, i.e.
[Co'(phen)s]*/[Co'(phen)y(phen)]° reduction. The next reduction
peak at —2.44V vs Fc/Fc™, is ascribed to a second ligand based
reduction, i.e. [Co'(phen),(phen™)]°/[Co'(phen)(phen);]~ [31]. This
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Fig. 5. Cyclic voltammograms of a 0.002 moldm—> solution of [Co(phen)s](NOs),]
(complex 4), in CH3CN as solvent and 0.1 moldm—> ["(Bug)N][PFs] as supporting
electrolyte, on a glassy carbon-working electrode, at different scan rates
(0.05—5.00V s~ ') over different potential ranges.

assignment is in agreement with reported electrochemical data on
[Co(phen)3]>* and [Co(phen)s]>* (see Table 1), as well as with the
DFT computational chemistry study presented above.

CVs obtained over different potential ranges for
[Co(phen)3](NO3),, complex 4, are shown in Fig. 5. The Co"™" redox
couple was scanned alone, then the Co™" and Co"' redox couples
together and then all three redox couples in the same scan. It can
clearly be seen that not one redox process influences the revers-
ibility of the other two, when obtained in the same potential scan.
Only when the scan is reversed, after the irreversible ligand-based
reductions below —2.5V, re-oxidation of the Co'" redox couple is
no longer observed. A linear response of peak currents vs the square
root of the scan rate is obtained for the three reversible redox
events in the CV of complex 4, namely the oxidation of
[Co'(phen)3]*>* to [Co(phen)s]**, the reduction of [Co'((phen)s]**
to [Co'(phen)s]', as well as for the reduction of [Co'(phen)s]* to
[Co'(phen)y(phen)]°. These linear responses, as described by the
Randles-Sevcik equation, indicate diffusion-controlled electro-
chemical processes for all three reversible redox events of
[Co(phen)3](NO3);, complex 4. The first three cell reactions
observed can be written as:

[Com(phen)3 }3+ +e = [Co"(phen)3 ] 2+,
with E° (us Fc/Fc+) = -0.036V

[CoII (phen) ] 2

+e = [Col(phen)3 ] H,
with E° (us Fc/Fc+) —-1.366V
[Col(phen)3 ] N +e = {Col(phen)2 (phen’) }0,

with E° (us Fc/Fc+) = -2.070V

Fig. 6 shows the 0.100Vs~! cyclic voltammetry scans for the
Co(II) complexes 1-8 of this study, focusing on the electrochemical
processes between —2.5 and 0.5V vs Fc/Fct, namely: (i) the
chemically and electrochemically reversible Co™"! redox couple
between —0.3 and 0.2V (complexes 1-8), (ii) the chemically and
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Fig. 6. Cyclic voltammograms of ca. 0.002 mol dm~>, or of saturated solutions of Co(Il)

complexes 1-8, in solvent CH3CN/0.1 mol dm~> ["(Bu4)N][PFs], on a glassy carbon-
working electrode, at a scan rate of 0.100Vs™.

electrochemically reversible Co"' redox couple between —1.6

and —1.0V (for complexes 2—8), and (iii) the ligand reduction
below —2V. The exception is complex 1, where the irreversible
reduction of Co(NO,-phen)3*, complex 1, at —0.960V vs Fc/Fc™, is
assigned to a NO; ligand based reduction instead of a Co™! redox
process, as was observed for the other complexes 2—8. This
assignment is in agreement with the character of the LUMO of
Co(NO,-phen)3*, complex 1, in Fig. 4, as well as with the fact that
the first reduction of the uncoordinated free NO,-phenanthroline
ligand, observed at E¥ =—-1.295V vs Fc/Fc*, is located on the
substituted NO; groups of the ligand, instead of being distributed
over the aromatic rings of the phenanthroline ligand, as was
observed for the uncoordinated free phenanthroline ligands of
complexes 2—8 [1].

Table 1 gives selected electrochemical data of complexes 1-8,
including reported electrochemical data on some of the complexes.
From Table 1 it is clear that the electrochemical redox data, ob-
tained in this study with solvent CH3CN, agrees well with published
redox data obtained under various experimental conditions
(varying solvents, scan rates and supporting electrolytes). The
electrochemical data for complexes 1, 3, 5 and 6 is reported here for
the first time. For complexes 2, 7 and 8, only the Co™" and the Co'
ligand based redox processes are reported here for the first time.

The oxidation of Co(5-X'-phen)3* complexes with substituents
X"'=NO03 (1), Cl1 (3), H (4), Me (5) or NH; (7), show that the redox
potential for E°/(Co"™™") increases as follows: NH; (7) < Me (5)<H
(4) < CI1(3)<NO3 (1). The nitro group NO, in complex 1 is therefore
most electron withdrawing, leading to a more positive redox po-
tential for Co(5-NO,-phen)3*, complex 1, in the series of complexes
(1)—(8). The reduction of the Co(5-X'-phen)3* complexes with
substituents X' =NO (1), Cl (3), H (4), Me (5) or NH; (7), increases
as follows: NH; (7) < Me (5) < H (4) < C1 (3) < NO; (1). However, the
reduction of complexes 3—4, 5, 7 is Co-metal based, while the
reduction of complex 1, containing the strongly electron-
withdrawing nitro substituent groups, is NO,-based instead.

The electron donating effect of the Me group is cumulative; for
example, complex 8 with four Me groups on each phenantroline
ligand, has lower (more negative) redox potentials for both the
E°"(Co™™y and E°/(Co™" redox couples, as well as for the reversible

Col-ligand based reduction, than complex 6 with only two Me
groups on each phenantroline ligand, or complex 5 with one Me
group on each phenantroline ligand, or than Co(phen)3*, complex
4, with no Me group on the phenanthroline ligands. Complex 8
with four electron donating Me groups on each phenantroline
ligand, is therefore reduced at the lowest potential of all the com-
plexes (1)—(8).

Similarly, the electron withdrawing effect of the Cl group, is also
cumulative. The E/(Co"™") and E°'(Co"") redox processes, as well as
the irreversible Co'-ligand based reduction of complex 3, contain-
ing only one Cl group on each phenantroline ligand, are lower
(more negative) than that of complex 2 with two Cl groups on each
phenantroline ligand. Futher, the different redox processes of
complex 2 (two Cl groups on each phenantroline ligand) and of
complex 3 (one Cl group on each phenantroline ligand) are all at a
higher potential than that of Co(phen)3*, complex 4, with no Cl
group on the phenanthroline ligands.

3.3. Relationships

Although some electrochemical data for some of the complexes
has been reported previously, this report is the first comprehensive
study, reporting all three redox couples of a series of eight
Co(phen)3* complexes containing substituted phenantroline li-
gands, each obtained under the same experimental conditions. We
have previously shown that the electrochemical data of a series of
related complexes can be linearly related to various experimental
and electronic parameters, as well as to theoretically calculated
energies [1,37,38]. The electrochemical data obtained experimen-
tally in this study for complexes 1-8, should therefore also be
compared to similar experimental data obtained for other related
complexes, as well as to theoretically calculated energies of these
same complexes 1-8.

3.3.1. Relationships with experimental values

Fig. 7 displays the relationships between the redox potential E°/
of the Co"" redox couple with other experimental values, namely
with the pK; of the free uncoordinated ligand (Fig. 7a) and the
reduction potential Epc of the free uncoordinated ligand [1]
(Fig. 7b), as well as with published results for the redox potential E°/
of the corresponding Fe'" redox couple of the related Fe(L)3*
complexes [2], containing the same substituted phenantroline li-
gands L as the Co(L)3* complex (Fig. 7 c). The relationship between
E°’ of the Co™! redox couple and the pKj; of the free uncoordinated
ligand is shown in (Fig. 7d). The relationship predicting the redox
potential E*/(Co™™ from the various experimental values are:

E“ (CO'"/") = —0.12(1)pKq(free ligand) + (0.55(7)) R? =0.93
EY (cO"/') — —0.10(1)pKq(free ligand) — (0.86(7)) R% =0.91

EY (CO'"/") = —0.9(1)Epc(free ligand) — (2.0(3)) R? =0.88

E (CO"I/H> — ~1.06(7)E” (Fem/"> —(0.78(5)) R? =0.97

A multilinear regression of the dependence of E"’(Com/") on all
three of the above mentioned experimental values (Fig. 7a—c) for
complexes 16 gives:
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Fig. 7. Relationships obtained between the redox potential E*/ (vs Fc/Fc™) of the Co™!! redox couple of the Co(ll) complexes 1-8 of this study, and (a) the pK; of the free ligand of
each, (b) with the reduction potential E,,. of the free ligand, (c) with the redox potential E*’ (vs Fc/Fc*) of the corresponding Fe' redox couple and (d) between the redox potential
E°’ (vs Fc/Fc*) of the Co"" redox couple and the pK, of the corresponding free ligand of the Co(Il) complexes 2—8 of this study. Data is given in Table 2.

E° (CO‘"/") = —0.16(2)pKq(free ligand)
— 0.8(1)Epc(free ligand) + 0.33(7)E” (Fe“‘/”)

—14(2) R?

=1.00

The relationship between the reversible redox potential E*’(Co""

1 that is Co-metal based, and the irreversible reduction potential of
the free ligand (Epc) that is ligand based, shows a regular curved
line; we however recommend applying a linear approximation,
which also gives acceptable results (Fig. 7 b), especially for our
purpose, where the aim is to evaluate redox potentials of analogous
species. The slope of the graph between redox couple E*’ Co"™") and
the pK, of the free uncoordinated ligand (Fig. 7a) and the other
redox couple E°'(Co"") and the same pKj; of the free uncoordinated
ligand (Fig. 7d) is very similar, according to expectation, due to the
same influence of the ligands on the electron density of Co' in
complexes 1—8. Since the reduction of complex 1 does not involve
Co, but is NO; ligand based instead (see Section 3.2), data of com-
}Jlex 1 is not used when considering relationships involving E°'(CoV
).

The linear relationships between both the redox potentials
E°’(Co™M) and E°’(Fe™ in Fig. 7(c), show that the electronic in-
fluence of the differently substituted phenantrolines on the
different metals which they are coordinated to (Co or Fe), is very
similar for both metals. The relationship obtained between the
redox values E°/(Co™) and E°’(Fe', for the same ligands com-
plexed to different metals, can be used to forecast the experimental

redox potential data for any new customized Co(L)3* or Fe(L)3*
complexes, enabling the identification of suitable groups to be
substituted on analogous phenantroline ligands L for desired redox
tuning of their metal complexes. Both the Co(phen)3™ and
Fe(phen)3* complexes have potential applications as potential
mediators and dyes in DSSC (solar cells) respectively, and the re-
lationships obtained here in Fig. 7 (as well as with theoretically
calculated energies, in Fig. 8) can be used in the customized design
of suitable dyes and mediators of DSSCs. The iodide/triiodide (I3/I7)
redox couple has been the preferred redox couple since the initial
development of dye-sensitized solar cells, DSSC [39]. An average
value obtained for E°(I3/I7) in acetonitrile, is —0.34 + 0.02 V vs Fc/
Fct [40]. In order to be considered for DSSC application, alternative
redox mediators may have redox potentials up to 0.5V more pos-
itive than that of iodide/triiodide [39], implying that complexes
2—8 may qualify as possible redox mediators. However, the election
of a redox couple as successful mediator, will also depend on the
electronic properties of the specific dye in a given cell [5].

3.3.2. Relationships with calculated values

The oxidation potential of a molecule is generally related to its
ionization potential (IP), since the oxidation potential is the energy
needed to move an electron from the HOMO of the solution species
into the electrode, while the IP is the amount of energy required to
remove a HOMO electron from an isolated gaseous molecule to
form a cation. From the Koopmans' theorem [41], also applicable to
the Kohn-Sham orbital energies of DFT calculations [42—44], it
follows that the lowest ionization energy (IP) of a molecular system
is related to the negative of the energy of its HOMO (-Eyomo). The
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theorem was later extended to also relate electron affinity (EA) to
the energy of the LUMO (-E ymo) [45,46]. Thus oxidation potential,
ionization potential and HOMO energies are all related. Similarly,
reduction potential, electron affinity and LUMO energies also are
related. The relationship between both the experimental E°/ (Com/ )
and E°'(CoM potentials of complexes 1-8 and the theoretically
calculated energies, are shown in Figs. 8 and 9 respectively. During
oxidation, an electron will be removed more easily from a higher
energy HOMO, i.e. it will be oxidized more easily at a lower, less
positive (more negative) redox potential. Similarly, during reduc-
tion, an electron will be added with more difficulty to a higher
energy LUMO, i.e. it will be more difficult to be reduced at a less
positive (more negative) redox potential. The relationship between
the E°’(Com/") oxidation and the energy of the HOMO of Co(ll), is
shown in Fig. 8(a), while the relationship between the E°/(Co'")
reduction and the energy of the LUMO of Co(Il), is shown in
Fig. 9(a), while Fig. 9(e) shows the relationship of the E°/(Co'")
reduction with the energy of the HOMO of Co(I). These three re-
lationships result in the following linear mathematical
relationships:

E (CO‘"/”) = —0.36(4)Egomo <C0H> ~3.4(4) R*=0.93
EY (CO“/') — —0.30(8)ELumo (CO“) —40(7) R*=0.75

E (CO“/') = —0.42(3)Egomo (CO') ~3.9(2) R*=097

Oxidation or reduction of the Co(phen)3* complexes 1-8, are

also linearly related to either the gas phase calculated adiabatic
ionization potential (IPc,c for oxidation) or to the adiabatic electron
affinity (EAcac for reduction), as shown in Figs. 8(b) and 9(b)
respectively, namely:

E° (CO'“/") = 0.33(4)1P(CO") ~36(5) R?=091

E° (c:o"/') = 0.36(6)1-:A<Co") ~40(4) R2=089

To obtain either the IP.c or the EAq,c values, the oxidized
Co(phen)%+ complexes (for IPcac, con), or the reduced Co(phen)§+
complexes (for EAcalc, conl = IPcalc, co) Were also optimized, for all
complexes 1-8. Further calculations from these calculated EA and
IP values produce the Mulliken electronegativity (7, a measure of
the tendency of an atom or molecule to attract electrons [24]) and
the global electrophilicity index (w, a measure of the electrophilic
power of atoms and molecules) of the Co(Il) complexes. Relation-
ships between the experimental E°’(Co"™") and E~’(Co™") values
with these calculated ycac and wcac values, are shown in Fig. 8(c)
and (d) for the E°'(Co"™M) redox couple, and in Fig. 9(c) and (d) for
the E°/(Co™") redox couple. Linear fits (with R? values > 0.91) are
obtained for relationships involving E°/(Co'™), while relationships
involving E°/ (Co”l 1 are slightly less accurate (with R? values > 0.75).
Abetter fit (R? = 0.97) is obtained between E*’(Co'") and the energy
of the HOMO of Co(I) (the MO from where the electron is removed
upon E*’(Co™ oxidation), than between E°/(Co™) and the energy
of the LUMO of Co(Il) (the MO where the electron is added upon
E°'(Co™) reduction) with (RZ=0.75). The R? value of the latter
increases slightly when a solvent is taken into account during the
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DFT calculations, see section 3.3.3 below.

For the Co™" redox couple, a multilinear regression of the
dependence of E*’(Co"™") on the three DFT calculated energies
Eromo(Co™), IP(Co™) and EA(Co™) for all complexes 1-8, results in
the following equation:

E” (CO“‘/") — ~0.34(6)Egomo (CO") +0.43(7)IP (CO")
+ 0.53(7)EA(C0“) ~25(2) R

=1.00

Similarly for the Co™' redox couple, a multilinear regression of

the dependence of E*(Co™") on the DFT calculated E;ymo(Co™) and
EA(Co") energies, as well as of E(Co™") on the DFT calculated

Enomo(Co') and IP(Co'") (which is the same as EA(Co')), for com-
plexes 2—8, gives the following linear equations:
E” (CO"/') — —0.5(1)Eumo (Co") + 0.9(1)EA(Co”)

~35(2)
=097

R2

E” (CO"/') — —0.7(1)Egomo (CO‘) + 0.3(1)1P(Co')
-37(22) R?
~1.00
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Once again, a better fit (R*>=1.00) is obtained when using
HOMO energies, rather than LUMO energies, when considering
relationships between E°/(Co'") and DFT calculated energies.

3.3.3. Influence of the solvent on DFT calculated values

All the above relationships were obtained from DFT calculations
of the complexes in the gas phase (¢ = 1). In order to determine the
effect of increasingly polar solvents on the DFT calculations, full
geometry optimizations were also obtained for complexes 1-8 in
DCM (e =8.9) and CH3CN (e =37.5) as solvent. Fig. 10 shows the
relationship between redox potential and frontier MO energy. The
results in Fig. 10 show that increasing solvent polarity leads to an
increase in the slope of the graphs, from ca. —0.4 (gas phase cal-
culations) to —1 (calculations in CH3CN), with sometimes a slight
increase in the accuracy of the linear equations (improved R?
values), for example:

E° (CoHl/lI) = —0.36(4)Enomo (Co") _34(4) R?
= 0.93(gas phase)

E” <C0m/ ") — —0.89(9)Exomo (CO") —45(4) R
— 0.94(DCM)

E” (CO"'/") = —1.0(1)Exomo (CO") —4.7(5) R%=0.93(DCM)

Redox potentials obtained from voltammetry are employed in
calculations of the HOMO level, since the HOMO energy (Exomo(-
Co") is related directly to the absolute oxidation potential
[42—44,47]. By multiplying the HOMO energy with the electron
charge (—1), the absolute oxidation potential in eV is obtained. This
can be seen from the slope of —1 of the graph between E~’(Co""/")
and Eomo(Co™), as calculated in the experimental solvent CH3CN.
The intercept of the graph should be equal to the electron energy at
the origin of the scale, in this case at the absolute potential of Fc+/
Fc. High-level ab initio molecular orbital theory benchmark calcu-
lated values for the absolute redox potentials of the Fc+/Fc couple
in acetonitrile, are either 4.988 V (calculated at the G3(MP2)-RAD-
Full-TZ level, using gas-phase energies and COSMO-RS solvation
energies) [48], or otherwise +4.97 V (calculated at the SMDB3LYP-
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D2/def2-QZVPPD//B3LYP/LanL2TZf/6-31G(d) level) [49]. In this

study we obtained a value of +4.75 V, which is very close to both

reported values, see Fig. 10(a). E” (Co"l/”) —0.30(8)ELumo (Co”) —4.0(7) R?=0.75(gas)
Similarly for the LUMO level, when evaluating either the slope of

the graphs of E°/(Co™") vs Erymo(Co") (Fig. 10b) or the slope of the

graphs of E°/(Co™ vs Eqomo(Co') (Fig. 10c), we observe that DFT

calculations in the experimental solvent CH3CN do result in the E° (COIII/II> — —0.9(1)Eyumo (Co") —4.9(6) RZ — 0.87(DCM)

expected slope of —1 and an y-axis intercept close to the reported

values of 4.988 V [48] or +4.97 V [49]. However, in both cases re-

lationships between redox potentials and HOMO energies (Fig. 10a

and c) gave more accurate fits (better R? values) than between o ( ol /1)
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E” (CO“/‘) = —0.42(3)Egomo (Co‘) ~3.9(2) R?=0.97(gas)
E” (Co“/') — —0.84(3)Enomo (CO‘) —4.6(1) R%=0.99(DCM)

E (Co“/‘) = —0.97(4)Egomo <COI> —49(1) R?
= 0.99(CH;CN)

The effect of using increasingly polar solvents in the DFT cal-
culations, on the calculated IP.;c and EAcaic values, as well as on the
Mulliken electronegativity () and the global electrophilicity index
(w), is shown in Fig. 11. The linear relationships between the
EO’(COH/I) redox potentials and the DFT calculated energies gave
high R? values (>0.88) with no specific trend, when comparing gas
phase calculations to calculations conducted in solvents DCM or
CH3CN. The relationships obtained between redox potentials and
DFT calculated energies, were obtained both from gas phase and
solvent calculations with similar accuracies, therefore indicating
that the computationally less expensive gas phase calculations may
be used if absolute potentials are not required.

4. Conclusion

Theoretical DFT calculations complemented the experimental
electrochemical study, by indicating the locus of the oxidation and
reduction processes of this study and also by providing an
impressive variation of linear relationships between the two Co""
and Co™" redox couples and their theoretically calculated energies.
The DFT calculations further shed light on the character of the
irreversible reduction of the tris(5-nitro-1,10-phenanthroline)
cobalt(Il) complex 1, by proving that the irreversible reduction is
instead based on the NO, group of the ligand, rather than being a
Co"" process, as was observed for the other complexes 2—8 of this
study. Relationships obtained between redox potentials and DFT
calculated energies, as obtained from both gas phase and solvent
calculations, showed similar accuracies, suggesting that the
computationally less expensive gas phase calculations may be used
in further studies.
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This paper presents detailed electrochemical data of eight
octahedral  Co(ll) complexes containing functionalized
phenanthrolines-ligands. The data illustrate the shift in the Co"/!!
and Co"" redox couples due to different substituents on the phe-
nanthrolines. Polypyridine Co(Il) and Co(Ill) complexes exhibit
properties as potential mediators in dye-sensitized solar cells
(DSSCs) (Gajardo and Loeb, 2011; Yu et al., 2011) [2,3]. The ability
of a compound to act as a redox mediator to be used in DSSC,
depends on the redox potential of the compound (Gritzel, 2005)
[4]. Accurate data of the Co"/" redox couple is presented here.
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Experimental factors Samples was used as synthesized. The solvent-electrolyte solution in
the electrochemical cell was degassed with Ar for 10 min, the sample
was added, the sample-solvent-electrolyte solution was then degassed
for another 2 min and the cell was kept under a blanket of purified
argon during the electrochemical experiments.

Experimental features All electrochemical experiments were done in a 2 ml electrochemical
cell containing three-electrodes (a glassy carbon working electrode, a
Pt auxiliary electrode and a Ag/Ag™ reference electrode), connected to a
BAS 100B/W electrochemical analyzer. Data obtained were exported to
excel for analysis and diagram preparation.

Data source location Department of Chemistry, University of the Free State, Nelson Mandela
street, Bloemfontein, South Africa.

Data accessibility Data is with article.

Related research article Hendrik Ferreira, Marrigje M. Conradie and Jeanet Conradie, Electro-

chemical properties of a series of Co(Il) complexes, containing sub-
stituted phenanthrolines, Electrochimica Acta 292 (2018) 489-501.
DOI:10.1016/j.electacta.2018.09.151.

Value of the data

e This data provide cyclic voltammograms and detailed electrochemical data for a comprehensive
series of eight functionalized phenanthroline-Co(Il) complexes, for scan rates over two orders of
magnitude (0.05-5.0Vs~1).

® This data illustrate the influence of differently functionalized phenanthroline ligands on the redox
potential of the metal they are coordinated to.

® This data illustrate that up to three reversible redox couples can be obtained in acetonitrile as
solvent for tris(1,10-phenanthroline)Cobalt(Il) and differently functionalized phenanthroline-Co(II)
complexes.

1. Data

The data presented in this paper are related to the research article entitled “Electrochemical
properties of a series of Co(ll) complexes, containing substituted phenanthrolines” [1]. This paper pre-
sents detailed electrochemical data of eight octahedral Co(Il) complexes containing functionalized
phenanthrolines-ligands. Polypyridine Co(Il) and Co(Ill) complexes exhibit properties as potential
mediators in dye-sensitized solar cells (DSSCs) [2,3]. The ability of a compound to act as a redox
mediator to be used in DSSC, depends on the redox potential of the compound [4]. The data of the
eight functionalized phenanthroline-Co(Il) complexes, namely tris(5-nitro-1,10-phenanthroline )Cobalt
(II) nitrate, [Co(5-NO,-phen)3](NO3), (1), tris(4,7-dichloro-1,10-phenanthroline)Cobalt(Il) nitrate,
[Co(4,7-di-Cl-phen)3](NO3), (2), tris(5-chloro-1,10-phenanthroline)Cobalt(Il) nitrate, [Co(5-Cl-phen)s]
(NOs3), (3), tris(1,10-phenanthroline)Cobalt(Il) nitrate, [Co(phen)s](NOs), (4), tris(5-methyl-1,10-phe-
nanthroline)Cobalt(Il) nitrate, [Co(5-Me-phen)s](NOs3), (5), tris(5,6-dimethyl-1,10-phenanthroline)
Cobalt(II) nitrate, [Co(5,6-di-Me-phen)s](NOs), (6), tris(1,10-phenanthroline-5-amine)Cobalt(II) nitrate,
[Co(5-NH,-phen)s](NO3), (7) and tris(3,4,7,8-tetramethyl-1,10-phenanthroline)Cobalt(Il) nitrate,
[Co(3,4,7,8-Me-phen)s](NOs), (8), is presented in this contribution, see Fig. 1 for the structures of 1-8.

Cyclic voltammograms of the complexes 1-8, are presented in Figs. 2-9 and tabulated in
Tables 1-8. The electrochemical data is obtained in CH3CN for ca 0.002 moldm~2 (or saturated)
analyte solution. Complexes 3-8, all have three reversible peaks, namely the Co"" redox couple
(peak 1), the Co"" redox couple (peak 2) and the ligand reduction peak (peak 3). For complex 2 the
ligand reduction peak (peak 3) is irreversible and for complex 1 the irreversible peak 2 is NO,-ligand
based. Data at scan rates 0.05-5.00 Vs~ ! are provided. Data for the irreversible anionic nitrate oxi-
dation peak at ca 1.63V vs FcH/FcH™, is not included in the tables. The data obtained in this study,
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1 - 2=3=4=6=7=8=9=H;5=NO,
2 - 2=3=5=6=8=9=H;4,7=Cl

3 - 2=3=4=6=7=8=9=H;5=ClI

4 - 2=3=4=5=6=7=8=9=H

5 - 2=3=4=6=7=8=9=H;5=CHj
6 - 2=3=4=7=8=9=H;5=6=CH,
7 - 2=3=4=6=7=8=9=H;5=NH,
8 - 3=4=7=8=CHj; 2=5=6=9=H

Fig. 1. Structure and complex numbering of the functionalized phenanthroline-Co(Il) complexes.
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Fig. 2. Cyclic voltammograms of complex 1 at scan rates of 0.05Vs~! (lowest peak current) —5.00Vs~! (highest peak
current). All scans initiated in the positive direction.
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Fig. 3. Cyclic voltammograms of complex 2 at scan rates of 0.05Vs~' (lowest peak current) —5.00Vs~! (highest peak
current). All scans initiated in the positive direction.

compare good with available published data on some of the complexes, namely complex 2 [5],
complex 4 [6-9], complex 7 [9] and complex 8 [9], obtained under different experimental conditions
(different solvents, scan rates and supporting electrolytes).
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Fig. 4. Cyclic voltammograms of complex 3 at scan rates of 0.05Vs~! (lowest peak current) —5.00Vs~! (highest peak
current). All scans initiated in the positive direction.
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Fig. 5. Cyclic voltammograms of complex 4 at scan rates of 0.05Vs~' (lowest peak current) —5.00Vs~"! (highest peak
current). All scans initiated in the positive direction.
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Fig. 6. Cyclic voltammograms of complex 5 at scan rates of 0.05V s~ ! (lowest peak current) —5.00 Vs~ (highest peak cur-
rent). All scans initiated in the positive direction.
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Fig. 7. Cyclic voltammograms of complex 6 at scan rates of 0.05Vs~! (lowest peak current) —5.00Vs~! (highest peak
current). All scans initiated in the positive direction.
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Fig. 8. Cyclic voltammograms of complex 7 at scan rates of 0.05Vs~! (lowest peak current) —5.00Vs~! (highest peak
current). All scans initiated in the positive direction.
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Fig. 9. Cyclic voltammograms of complex 8 at scan rates of 0.05Vs~! (lowest peak current) —5.00Vs~! (highest peak
current). All scans initiated in the positive direction.
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Table 1

Electrochemical data (potential in V vs FcH/FcH™) in CH3CN for ca 0.002 mol dm~3 of complex 1 at indicated scan rates in
Vs~ Peak 1 is the Co"" redox couple.

Scan rate/Vs ! EpalV vs FcH[FcH* Epc/V vs FcH/FcH™* E°'|V vs FcH/FcH™* AEIV
Peak 1 0.05 0.275 0.110 0.165 0.193
0.10 0.290 0.115 0.175 0.203
0.20 0.320 0.120 0.200 0.220
0.30 0.290 0.110 0.180 0.200
0.40 0.300 0.110 0.190 0.205
0.50 0.300 0.105 0.195 0.203
1.00 0.330 0.095 0.235 0.213
2.00 0.415 0.050 0.365 0.233
5.00 0.560 0.005 0.555 0.283

Table 2

Electrochemical data (potential in V vs FcH/FcH*) in CH5CN for ca 0.002 mol dm—3 of complex 2 at indicated scan rates in
Vs~1. Peak 1 is the Co""" redox couple, peak 2 the Co'"" redox couple.

Scan rate/Vs~' Epa/V vs FcH/FcH™ Epc/V vs FcH/FcH™ E°'|V vs FcH/FcH™* AEIV
Peak 1 0.10 0.200 0.070 0.130 0.135
0.20 0.260 0.070 0.190 0.165
0.30 0.250 0.050 0.200 0.150
0.40 0.270 0.050 0.220 0.160
0.50 0.260 0.030 0.230 0.145
1.00 0.300 0.020 0.280 0.160
2.00 0.380 0.000 0.380 0.190
5.00 0.400 —0.070 0.470 0.165
Peak 2 0.10 —1.120 —1.200 0.080 —1.160
0.20 —1.105 —1.195 0.090 —1.150
0.30 —1.105 —1.200 0.095 —1153
0.40 —1.100 —1.210 0.110 —1155
0.50 —1.100 —1.225 0.125 —1.163
1.00 —1.080 —1.250 0.170 —1.165
2.00 —1.075 —1.260 0.185 —1.168
5.00 —1.060 —1.310 0.250 —-1.185

For Co(5-NO,-phen);®* complex 1, see Fig. 2 and Table 1.

For Co(4,7-di-Cl-phen);2* complex 2, see Fig. 3 and Table 2.
For Co(5-Cl-phen);?* complex 3, see Fig. 4 and Table 3.

For Co(phen);*>* complex 4, see Fig. 5 and Table 4.

For Co(5-Me-phen);2* complex 5, see Fig. 6 and Table 5.

For Co(5,6-Me-phen)s2* complex 6, see Fig. 7 and Table 6.
For Co(5-NH,-phen)s2* complex 7, see Fig. 8 and Table 7.

For Co(3,4,7,8-Me-phen);?* complex 8, see Fig. 9 and Table 8.

2. Experimental design, materials, and methods

Electrochemical studies by means of cyclic voltammetry (CV) were performed either on 0.002 mol
dm~3 or on saturated compound solutions of the complexes in dry acetonitrile, containing 0.1 mol
dm 3 tetra-n-butylammoniumhexafluorophosphate (["(Bu4)N][PFg]) as supporting electrolyte, under
a blanket of purified argon, at 25°C, utilizing a BAS 100B/W electrochemical analyzer. A three-
electrode cell was used, with a glassy carbon (surface area 707 x 10~° m?) working electrode, Pt
auxiliary electrode and a Ag/Ag* (0.010moldm~—3 AgNO; in CHsCN) reference electrode [10],
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Table 3
Electrochemical data (potential in V vs FcH/FcH™ and current in A) in CHsCN for ca 0.002 mol dm~> of complex 3 at indicated
scan rates in Vs~ . Peak 1 is the Co"""" redox couple, peak 2 the Co"' redox couple.

Scan rate/Vs~! EpalV vs FcH[FcH  Eyc/V vs FcH[FcH*  E°'[V vs FcH[FcH*  AE[V 1061pa/A Ipcllpa

Peak 1  0.05 0.108 0.034 0.071 0.074 175 1.0
0.10 0.122 0.032 0.077 0.090 26.0 1.0
0.20 0.122 0.034 0.078 0.088 395 1.0
0.30 0.136 0.022 0.079 0114 442 1.0
0.40 0.142 0.016 0.079 0126 514 11
0.50 0.144 0.010 0.077 0134 63.0 11
1.00 0.152 0.004 0.078 0.148 875 11
2.00 0.176 —0.024 0.076 0200 1170 11
5.00 0.202 —0.070 0.066 0.272  200.0 1.0
Peak 2 0.05 -1.220 -1.292 —1.256 0.072 170 0.9
0.10 -1216 -1.296 —1.256 0.080 25.0 1.0
0.20 -1.218 —1.292 —1.255 0.074 370 1.0
0.30 -1.210 —1.300 —1.255 0.090 423 11
0.40 -1210 -1314 -1.262 0104 53.0 1.0
0.50 —1.208 -1314 —1.261 0106  64.8 1.0
1.00 —1.206 -1.318 -1.262 0.112 98.0 1.0
2.00 -1.192 —1.346 -1.269 0154 135.0 1.0
5.00 -1.180 —1.398 —1.289 0.218 192.0 12
Table 4

Electrochemical data (potential in V vs FcH/FcH™ and current in A) in CHsCN for ca 0.002 mol dm > of complex 4 at indicated
scan rates in Vs~ . Peak 1 is the Co""" redox couple, peak 2 the Co'/' redox couple and peak 3 the ligand reduction peak.

Scan rate/Vs ™! EpalV vs FcH[FcH*  Epe/V vs FcH/FcH™ E°'|V vs FcH/FcH™ AEIV ]Oslpa/A Ioc/lpa

Peak 1  0.05 0.012 —0.076 —0.032 0.088 178 112
0.10 0.010 —0.082 —0.036 0.092 295 1.08
0.20 0.026 —0.082 —0.028 0108 345 110
0.30 0.032 —0.086 —0.027 0.118 44.0 1.07
0.40 0.038 —0.092 —0.027 0130 510 114
0.50 0.040 —0.094 —0.027 0134 62.0 113
1.00 0.060 —0.096 —0.018 0156  59.0 1.20
2.00 0.074 -0.116 —0.021 0190  82.0 1.20
5.00 0.130 —0.180 —0.025 0.310 136.0 1.07
Peak 2 0.05 -1.326 —1.398 —-1.362 0.072 228 0.99
0.10 —1.328 —1.404 —1.366 0.076 323 1.04
0.20 —1.322 —1.404 —1.363 0.082 413 0.99
0.30 -1.318 —1.410 —1.364 0.092 54.0 0.98
0.40 -1.316 —1414 —1.365 0.098 60.0 1.08
0.50 —-1314 —1.416 —1.365 0102  76.0 1.01
1.00 —1.304 —1.424 —1.364 0120 810 0.98
2.00 -1.292 —1.446 —1.369 0154  99.0 119
5.00 —1.256 —1.516 —1.386 0.260  150.0 1.20
Peak 3 0.05 —2.026 —2.104 —2.065 0.078 21.0 1.93
0.10 —2.026 —-2114 —2.070 0.088 45.0 151
0.20 —2.018 —2.130 —2.074 0.112 56.0 147
0.30 —2.016 —2.140 —2.078 0124  75.0 141
0.40 —2.010 —2.144 —2.077 0134 910 143
0.50 —2.008 —2.152 —2.080 0.144 114.0 137
1.00 —1.998 —2172 —2.085 0.174 108.0 141
2.00 —1.984 —2.206 —2.095 0222  148.0 144

5.00 —1.964 —2.316 —2.140 0352  200.7 15




Table 5

Electrochemical data (potential in V vs FcH/FcH* and current in A) in CH5CN for ca 0.002 mol dm 3 of complex 5 at indicated scan rates in Vs~ !. Peak 1 is the Co

2 the Co"" redox couple and peak 3 the ligand reduction peak.

111/11

redox couple, peak

Scan rate/Vs~! Epa/V vs FcH[FcH* Epc/V vs FcH[FcH™* E°'[V vs FcH/FcH™* AEIV 1061,,/A Ipcllpa
Peak 1 0.05 —0.046 -0.118 —0.082 0.072 22.0 1.0
0.10 —0.042 —0.116 —0.079 0.074 25.0 11
0.20 —0.036 —0.122 —0.079 0.086 375 10
0.30 —0.028 —0.126 —0.077 0.098 45.0 11
0.40 —0.026 —0.130 —0.078 0.104 54.5 11
0.50 —0.018 —0.134 —0.076 0.116 62.0 13
1.00 0.002 —0.144 —0.071 0.146 84.0 11
2.00 0.014 —0.166 —0.076 0.180 120.0 11
5.00 0.070 —0.222 —0.076 0.292 188.0 11
Peak 2 0.05 —1.350 —1.418 —1.384 0.068 22.5 0.9
0.10 —1.348 -1414 —1.381 0.066 25.0 1.0
0.20 —1.342 —1.422 —1.382 0.080 39.5 10
0.30 —1.338 —1.428 —1.383 0.090 48.0 1.0
0.40 —1.332 —1.430 —1.381 0.098 56.0 11
0.50 —1.332 —1.436 —1.384 0.104 69.0 1.0
1.00 —1.322 —1.448 —1.385 0.126 104.0 10
2.00 —-1312 —1.470 —1.391 0.158 144.0 1.0
5.00 —1.274 —1.528 —1.401 0.254 230.0 1.0
Peak 3 0.05 —2.046 —2.128 —2.087 0.082 371 13
0.10 —2.050 —2.138 —2.094 0.088 45.8 13
0.20 —2.046 —2.156 —2.101 0.110 61.0 14
0.30 —2.034 —2.160 —2.097 0.126 84.0 13
0.40 —2.030 —2.168 —2.099 0.138 105.0 13
0.50 —2.026 —2.174 —2.100 0.148 124.0 1.2
1.00 —2.012 —2.204 —2.108 0.192 172.0 13
2.00 —2.002 —2.228 —2.115 0.226 214.0 13
5.00 —1.974 —2.332 —2.153 0.358 250.0 1.6
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Table 6

Electrochemical data (potential in V vs FcH/FcH™ and current in A) in CH3CN for ca 0.002 mol dm ™~ of complex 6 at indicated scan rates in Vs~'. Peak 1 is the Co™"
2 the Co"" redox couple and peak 3 the ligand reduction peak.

redox couple, peak

1

Scan rate/Vs~ Epa/V vs FcH/FcH™ Epc/V vs FcH/FcH™ E°'|V vs FcH/FcH* AEIV 10%50/A Ioe/Ipa
Peak 1 0.05 -0.118 —-0.180 —-0.149 0.062 11.0 0.9
0.10 -0.114 —0.188 —0.151 0.074 23.0 1.0
0.20 —0.108 —0.188 —-0.148 0.080 33.0 1.0
0.30 —0.104 —-0.192 —0.148 0.088 42.0 1.0
0.40 —0.096 —0.198 —0.147 0.102 49.0 1.0
0.50 —0.094 —0.198 —0.146 0.104 57.0 1.0
1.00 —0.086 —-0.210 —0.148 0.124 80.0 1.0
2.00 —0.068 —0.228 —-0.148 0.160 112.0 1.0
5.00 —0.026 —0.288 —-0.157 0.262 173.0 1.0
Peak 2 0.05 —1.366 —1.428 —-1.397 0.062 134 0.9
0.10 —-1.360 —1430 —1.395 0.070 25.7 0.9
0.20 —1.352 —1.432 -1.392 0.080 435 0.8
0.30 —-1.352 —1.436 —1.394 0.084 48.0 0.9
0.40 —1.344 —1.444 —1.394 0.100 56.0 0.9
0.50 —1.346 —1.444 —1.395 0.098 63.0 1.0
1.00 —1.340 —1.454 —-1.397 0.114 93.0 1.0
2.00 —-1.326 —1.476 —1401 0.150 127.0 0.9
5.00 —1.292 —1.532 —1412 0.240 204.0 1.0
Peak 3 0.05 —2.064 —2.146 —2.105 0.082 29.5 13
0.10 —2.068 —2152 -2.110 0.084 41.2 13
0.20 —2.058 —-2.162 —-2.110 0.104 60.5 13
0.30 —2.054 —2172 —2113 0.118 72.5 13
0.40 —2.046 —2.190 —-2.118 0.144 87.0 13
0.50 —2.046 —2.184 —-2115 0.138 103.0 13
1.00 —2.034 —2.206 —2.120 0.172 144.0 13
2.00 —2.022 —2.246 —-2134 0.224 188.0 13
5.00 —1.994 —2.342 —2.168 0.348 238.0 1.5
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Table 7

Electrochemical data (potential in V vs FcH/FcH* and current in A) in CHsCN for ca 0.002 mol dm > of complex 7 at indicated scan rates in Vs~'. Peak 1 is the Co"/!
2 the Co"" redox couple and peak 3 the ligand reduction peak.

redox couple, peak

Scan rate/Vs~! Epa/V vs FcH[FcH* Epc/V vs FcH/FcH™* E°'|V vs FcH/FcH™* AEIV 1061,,/A Ipcllpa
Peak 1 0.05 —-0.128 —0.216 -0172 0.088 12.5 1.0
0.10 —-0.127 —0.213 —0.170 0.086 16.2 10
0.20 —-0.121 —0.218 —0.170 0.097 233 10
0.30 —0.116 —0.227 -0.172 0.111 29.0 1.0
0.40 -0.116 —0.230 -0.173 0.114 35.0 0.9
0.50 —0.109 —0.234 -0.172 0.125 41.0 0.9
1.00 —0.091 —0.244 —0.168 0.153 55.5 0.9
2.00 —0.080 —0.256 —0.168 0.176 78.0 0.8
5.00 —0.053 —0.272 —0.163 0.219 130.5 0.8
Peak 2 0.05 —1.401 —1.486 —1.444 0.085 154 1.0
0.10 —1.402 —1473 —1.438 0.071 20.5 0.9
0.20 —1.398 —1.480 —1.439 0.082 29.0 0.9
0.30 —1.393 —1.482 —1.438 0.089 325 11
0.40 -1391 —1.485 —1.438 0.094 42.8 1.0
0.50 —1.388 —1.491 —1.440 0.103 51.0 0.9
1.00 —1.376 —1.497 —1.437 0.121 75.0 0.9
2.00 —1.360 —-1.515 —1.438 0.155 109.0 0.9
5.00 —1.340 —1.533 —1.437 0.193 179.0 0.9
Peak 3 0.05 —2.088 —2.186 —2.137 0.098 28.2 11
0.10 —2.086 —2.174 —2.130 0.088 294 14
0.20 —2.079 —2.194 —2.137 0.115 38.2 1.5
0.30 —2.071 —2.195 —2.133 0.124 47.8 14
0.40 —2.066 —2.199 —2.133 0.133 52.0 1.6
0.50 —2.063 —2.215 —2.139 0.152 544 1.7
1.00 —2.049 —2.232 —2.141 0.183 69.4 1.8
2.00 —2.037 —2.263 —2.150 0.226 85.8 19
5.00 —2.010 —2.303 —2.157 0.293 1334 2.0

228-998 (8102) 1Z Jorig ut pInq / ‘v 12 pliaLid] ‘H

GL8



Table 8

Electrochemical data (potential in V vs FcH/FcH* and current in A) in CH3CN for ca 0.002 mol dm 2 of complex 8 at indicated scan rates in Vs~ . Peak 1 is the Co""" redox couple, peak

2 the Co"" redox couple and peak 3 the ligand reduction peak.

1

Scan rate/Vs~ Epa/V vs FcH/FcH™ Epc/V vs FcH[FcH™ E°'|V vs FcH[FcH* AEIV 10°I,./A Ioe/Ipa
Peak 1 0.05 —-0.216 -0.314 —0.265 0.098 13.2 1.0
0.10 —0.210 -0.320 —0.263 0.110 19.5 11
0.20 —-0.210 —-0.314 —0.262 0.104 28.5 11
0.30 —-0.200 —-0.316 —0.258 0.116 345 1.2
0.40 -0.192 —-0.318 —0.255 0.126 39.0 13
0.50 —0.182 —-0.324 —0.253 0.142 43.0 14
1.00 —0.166 —-0.326 —0.246 0.160 56.0 14
2.00 -0.142 —-0.336 —-0.239 0.194 86.0 13
5.00 —0.136 —0.348 —0.242 0.212 137.0 13
Peak 2 0.05 —1.546 —-1.610 —1.578 0.064 14.0 1.0
0.10 - 1560 —-1.615 —1.581 0.055 20.8 1.0
0.20 —1.542 -1.616 -1.579 0.074 315 1.0
0.30 —1.540 —-1.616 —1.578 0.076 395 1.0
0.40 —1534 —-1.622 —1.578 0.088 45.0 1.0
0.50 —1.532 —1.628 —1.580 0.096 53.5 11
1.00 —1.530 —1.626 —1.578 0.096 81.0 1.0
2.00 —-1.526 —1.634 —1.580 0.108 117.5 1.0
5.00 —-1514 —1.646 —1.580 0.132 190.0 11
Peak 3 0.05 —2.196 —2.382 —2.289 0.186 10.0 4.0
0.10 —2.202 —2.298 —2.250 0.096 8.0 6.1
0.20 —2.204 —2.392 —2.298 0.188 12.0 6.3
0.30 —2.218 —2.396 -2.307 0.178 19.0 44
0.40 —2.218 —2.402 -2.310 0.184 22.0 4.6
0.50 —2222 —2.400 -231 0.178 20.0 5.6
1.00 —2.222 —2.428 —2.325 0.206 220 71
2.00 —2.218 —2.462 —2.340 0.244 22.0 103
5.00 —2.204 —2.532 —2.368 0.328 27.0 13.0

9.8
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mounted on a Luggin capillary [11]. Scan rates for the CVs were 0.050—5.000V s~ !. Successive
experiments under the same experimental conditions showed that all oxidation and reduction
potentials were reproducible within 0.010 V under our experimental conditions. Electrochemical data
in Tables 1-8 is obtained from the cyclic voltammograms presented in Figs. 2-9. Potentials tabulated
are referenced against the FcH/FcH™ couple, as suggested by IUPAC [12].
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Keywords: DFT calculations show that, due to Jahn-Teller distortion, the d” [Co(N,N)3]®>* complexes, with S = %
Cobalt (N,N = bipyridine or substituted bipyridine ligand) have two longer axial and four shorter equatorial Co-N
Reduction potential bonds (elongation Jahn-Teller), while [Co(terpyridine),]?* with S = ¥, instead has two shorter central (axial)
DFT

Co-N bonds and four longer distal Co-N bonds (compression Jahn-Teller), since in the latter, the distal Co-N
bonds are more flexible than the Co-N axial bonds in the rigid structure of the tridentate terpyridine ligand. The
same trend is observed for the related high spin S = 3/2 Co(II) complexes, though less pronounced. The cyclic
voltammograms of [Co(terpyridine)z]2+ and a series of the [Co(N,N)5]?™" complexes show at least three che-
mically as well as electrochemically reversible redox couples, namely Co™", Co'”" and a ligand based reduction
of the polypyridine-Co(I) complex. The reduction of the uncoordinated free polypyridine ligand is more than

Polypyridine ligands

0.5V more negative than the reduction of the coordinated ligand in the polypyridine-Co(I) complex.

1. Introduction

The aromatic N-donor ligands, phenanthroline and bipyridine, both
coordinate bidentately to most metals (e.g. Cr [1], Mn, Fe [2], Co, Ni,
Cu, Zn [3]), while terpyridine is a tridentate ligand which coordinates
to metals at three meridional sites [4,5]. This complexation leads to
various octahedral M(N,N);" and M(N,N,N),” complexes (where
N,N = bidentate phen, or bpy ligands with two N donor atoms; and
N,N,N = tridentate tpy ligand with three N donor atoms; n = charge of
complex). The electrochemical behaviour of tris-bipyridine-cobalt and
bis-terpyridine-cobalt in organic solvents has been reported under
various conditions, see Table 5. It has been shown that substitution of
the H at the 4,4’ position of bipyridine with methoxy or Cl, leads to an
decrease or increase in the Co(III)/Co(II) redox couple of 0.23V and
0.19V respectively, compared to that of tris-bipyridine-cobalt(Il)
(0.56 V vs NHE in CH3CN) [6]. We have previously reported on the
reduction potential of differently substituted phenanthroline ligands
[7] and the influence which different substituents on the ligands exert
on the reduction potential of the free ligand, and the metal which it is
co-ordinated to [8,9]. Here we present electrochemical results obtained
for a selected series of polypyridine ligands, as well as their corre-
sponding polypyridine-Co(II) complexes, all obtained under the same
experimental conditions. Fig. 1 shows the ligands and polypyridine-Co
(ID) complexes of this study, with polypyridine ligands 2,2:6,2”-
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terpyridine (tpy, ligand 1a, complex 1), 2,2’-bipyridyl (bpy, ligand 2a,
complex 2), 4,4’-dimethyl-2,2"-bipyridine (4,4’-di-Me-bpy, ligand 3a,
complex 3), 4,4’-Di-tert-butyl-2,2’-bipyridyl (4,4’-di-‘Bu-bpy, ligand 4a,
complex 4) and 4,4’-dimethoxy-2,2’-bipyridine (4,4’-di-Me-bpy, ligand
5a, complex 5).

2. Experimental
2.1. General

The polypyridine ligands were obtained from Sigma Aldrich and
used as is. UV-visible spectra and infrared spectra were measured on a
Shimadzu UV-2550 spectrometer and a Bruker Tensor 27 FTIR spec-
trophotometer respectively.

2.2. Synthesis

The paramagnetic [10,11] polypyridine-Co(II) complexes (con-
taining the anion (NOs3),) were synthesized according to literature
methods, with slight modifications [12]: Co(NO3),-6H,0 was dissolved
in a minimum of absolute ethanol. A slight excess of the desired ligand
(3.3 eq bipyridine for Co(N,N);*>* or 2.2eq for Co(N,N,N),>* terpyr-
idine) was also dissolved in a minimum of absolute ethanol. The Co
(NO3)»6H,0 solution was added dropwise to the respective ligand
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Fig. 1. The series of Co(N,N,N),%* and Co(N,N)352* complexes employed in this
study. N,N,N = the tridentate tpy ligand with three N donor atoms (complex 1)
and N,N = the bpy or substituted bpy ligands, with two N donor atoms (com-
plexes 2-5).

solution whilst stirring. The mixture was left to stir for 6-8h. A pre-
cipitate formed in each case. The mixture was filtered and the pre-
cipitate left to dry overnight in air. The electrochemical behaviour of
complexes 1, 2 and 5 has been reported previously (see Table 5), while
that of complexes 3 and 4 is reported here for the first time.

2.2.1. Characterization data for bis(2,2%:6’,2”-terpyridine)Cobalt(Il)
nitrate, [Co(tpy)2](NO3)2 (1)

Yield 49.8%. Colour: light yellow. Melting point greater than 310 °C.
Amax(methanol) = 317nm; ¢ = 70652molldm™3cm™ 1.
~ = 1333 cm ™ L. Elemental Anal. Calc. for CoC3oNgH22N5Og: C, 55.5; H,
3.4. Found: C, 55.5; H, 3.3%.

Uc-

2.2.2. Characterization data tris(2,2’-bipyridyl)Cobalt(Il) nitrate, [Co
(bpy)3](NO3); (2)

Yield 82.2%. Colour: light yellow. Melting point 184°C.
Amax(methanol) = 294nm; &= 23579mol 'dm*ecm™!. e
~ = 1337 cm ™ L. Elemental Anal. Calc. for CoC3oNgH24N>Og: C, 55.3; H,
3.7. Found: C, 55.3; H, 3.6%.

2.2.3. Characterization data tris(4,4’-dimethyl-2,2’-bipyridine) Cobalt(I)
nitrate, [Co(4,4’-di-Me-bpy)3](NO3)> (3)

Yield 84.8%. Colour: light yellow. Melting point greater than 310 °C.
Amax(methanol) = 292nm; ¢ = 23579molldm™3em™!. wc
~ = 1332 cm ™ L. Elemental Anal. Calc. for CoC36NgH36N2Og: C, 58.8; H,
4.9. Found: C, 58.9; H, 4.8%.

2.2.4. Characterization data tris(4,4’-Di-tert-butyl-2,2’-bipyridyl) Cobalt
(D) nitrate, [Co(4,4’-di-'Bu-bpy)3](NO3)2 (4)

Yield 81.8%. Colour: light yellow. Melting point greater than 245 °C.
Amax(methanol) = 292nm; e = 31533mol'dm*3cm™t. o
~ = 1333 cm ™ L. Elemental Anal. Calc. for CoCs4NgH,5N>Og: C, 65.6; H,
7.3. Found: C, 65.4; H, 7.2%.

2.2.5. Characterization data tris(4,4’-dimethoxy-2,2’-bipyridine) Cobalt(I])
nitrate, [Co(4,4’-di-OMe-bpy)3](NO3), (5)

Yield 83.2%. Colour: light yellow. Melting point 223°C.
Amax(methanol) = 224nm; e = 87302mol'dm*3ecm™'. e
~ = 1329 cm ™. Elemental Anal. Calc. for CoC3gNgH36N20O15: C, 52.0;
H, 4.4. Found: C, 51.8; H, 4.3%.

2.3. Theoretical calculations

Density functional theory (DFT) calculations were performed, using
the Amsterdam Density Functional program (ADF2014 and updates)
[13]. The GGA functionals BP86 [14,15] and OLYP [16,17], as well as
the hybrid functional B3LYP [14,17,18], with the TZP (Triple { polar-
ized) basis set, were used. All complexes were fully optimized in the gas
phase, spin unrestricted with spin S =1/2, 3/2 and 5/2 for Co(II)
[10,11],S = 0, 1 and 2 for Co(I) (reduced), and spin S = 0, 1 and 2 for
Co(IIl) (oxidized). The absolute redox potential were calculated from

_AGox(sol)
nF

Ecalculated,absalute = where _AGox(sol) was obtained from the
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AG

+ _ ox(g)
[CO(NN)g* ) - &g ——— [Co(N,N)I*
AG(solv)(Co”) AG=0 AG(solv)(Com)
AGox(sol)

[CO(N,N)31** son) = €7(g) [CO(N,N)3** (soi)

Scheme 1. Thermodynamic cycle for the absolute potential of Co(N,N);2*
(where N,N = the bpy or substituted bpy ligands), for complexes 2 — 5. The
cycle for Co(N,N,N),2* (with N,N,N = tpy) for complex 1, is similar. AGoyg) =
free energy change in gas phase; AGoy = solvation energy of gas phase
species; AGoxsol) = change of free energy in solution.

thermodynamic cycle shown in Scheme 1 [19], where n is the number
of transferred electrons and F is the Faraday constant. Redox calcula-
tions utilized the gas phase optimized geometries obtained with the
B3LYP/6-311G(d,p) functional and basis set, as implemented in the
Gaussian 09 package [20]. Frequency calculations were performed on
all optimized structures at the same level of theory as geometry opti-
mizations. Minima exhibited only positive frequencies. Single point
calculations in CH3CN solvent (dielectric constant = 36.64) were per-
formed with the default solvent model IEFPCM. The absolute redox
potential was converted to a relative redox potential versus the Ferro-
cene/Ferrocinium (Fc/Fc™) couple, by subtracting an experimentally
obtained absolute reduction potential of Fc/Fc* in acetonitrile solution

(4.980V [21]), from the calculated absolute redox potential:

E 4= _AGux(suI)_

calculatedvsFc/Fc nF EFC/Fc+

2.4. Electrochemistry

Electrochemical studies by means of cyclic voltammetry (CV) and
linear sweep voltammograms (LSVs) were performed, either on
0.002 mol dm ~3 or on saturated compound solutions of the free ligands
la - 5a and their corresponding complexes 1 — 5, in dry acetonitrile
containing 0.1 moldm ™2 tetra-n-butylammoniumhexafluorophosphate
(["BuyN]1[PFg]) as supporting electrolyte, under a blanket of purified
argon, at 25°C, utilizing a BAS 100B/W electrochemical analyser. A
three-electrode cell was used, with a glassy carbon (surface area 7.07 x
10 m? working electrode, Pt auxiliary electrode and a Ag/Ag*
(0.010mol dm 3 AgNOs; in CH3CN) reference electrode [22], mounted
on a Luggin capillary [23]. Scan rates for the CVs were
0.050—5.000 Vs ™1, and the scan rate for LSVs was 0.002Vs~!. Suc-
cessive experiments under the same experimental conditions showed
that all oxidation and reduction potentials were reproducible within
0.010V. All cited potentials were referenced against the Ferrocene/
Ferrocinium (Fe/Fc™) couple, as suggested by IUPAC [24]. For different
solvents under our experimental conditions, Ferrocene (Fc) exhibited a
peak separation of AE, = E,, — E,. = 0.070V and ratio i,c/ip, = 1.00
in solvents CH;CN and CH,Cl,, but AE, = 0.090V and ratio i,/
ipe = 0.97 in solvent THF [25], where E,, (E,.) = anodic (cathodic)
peak potential and i, (i,c) = anodic (cathodic) peak current. AE, for an
electrochemically reversible process is 0.059V [23], but based on the
AE,, values of ferrocene obtained in different solvents under our ex-
perimental conditions, values up to 0.090 V, will be considered to be
electrochemically reversible [25,26].

3. Results and discussion
3.1. Synthesis of complexes

The cobalt complexes Co(N,N,N),>* complex 1 and Co(N,N);>*
complexes 2 — 5, were synthesized by adapting a typical published

procedure [12], see Scheme 2. Co(NO3),6H,0 was used instead of Co
(ClOy),, due to the explosion hazard posed by dry perchlorate salts.
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EtOH, RT
Co(NO3),.6H,0 + 3.3 (N,N) ————3= [Co(N,N)5](NO3),
stir 6h
Scheme 2. Synthesis of the Co(N,N)3>* complexes, with 3.3(N,N) = 3.3 eq of
the bpy or substituted bpy ligands (in complexes 2-5). On the other hand, for
the synthesis of Co(N,N,N),2" with N,N,N = tpy (complex 1), 2.2 eq of ligand
(N,N,N) was used instead.

Both Co(NO3)>6H,0 and a slight excess of the desired ligand were
dissolved in a minimum amount of absolute ethanol, after which the Co
(NO3)2'6H,0 metal solution was added dropwise to the ligand solution.
The solution turned yellow upon addition of the cobalt salt, indicating
the formation of the complex. While stirring at room temperature for
6-8 h, the light yellow product precipitated and was filtered from the
solution.

3.2. Quantum chemical calculations

In the electrochemical study that will be presented in the next
section, complexes 1 — 5 will be oxidized and reduced to the corre-
sponding Co(IlI) and Co(I) complexes respectively. Therefore a
knowledge of the electronic and structural properties of Co(I), Co(II)
and Co(Ill) is important. Some recent reports, using computational
methods, are available on electronic and structural properties of [Co
(bpy)s]™* (n=1-3) [5,27] and [Co(tpy)z]2+ (n =1-3) [4,5,28],
without substituents on the 2,2”:6,2”-terpyridine or 2,2’-bipyridyl li-
gands. Here we present density functional theory (DFT) calculations,
also on the three differently substituted 2,2’-bipyridyl-Co complexes 3 —
5, as well as on the different oxidation states of all five complexes 1 -5,
namely Co(I), Co(I) and Co(III). The results will also shed light on the
locus of the oxidation and reduction centre, as well as on the electronic
influence of the various polypiridyl ligands on the oxidation state of
cobalt.

The relative electronic energies obtained by different functionals for
different possible spin states of [Co(tpy)z]1** and [Co(bpy)s]"*,
n = 1-3, is given in Table 1 (Table S1 provides more detail on results
obtained, using different symmetry constraints), while the Co-N dis-
tances of the lowest energy geometries of 1 — 5 are given in Table 2. The
results in Table 1 clearly show, in agreement with previously published
experimental and DFT results, that

(1) [Co(bpy)3]3 * is a diamagnetic low spin complex, exhibiting D5
symmetry [5].
(i) [Co(bpy)s]®* and [Co(tpy)o]®>" both are paramagnetic spin
crossover complexes between S = 1/2 and S = 3/2 [27].
(iii) [Co(bpy)g]1 * is a paramagnetic complex with S = 1, exhibiting D5
symmetry [5].

Table 1

Relative electronic energies (eV), obtained theoretically by different functionals
and symmetry constraints, for the indicated spin states of [Co(tpy)2]?* and [Co
(bpy)s]"", n = 1-3.

Symmetry S Functional
BP86 B3LYP OLYP
[Co(bpy)s]"* Dy’ 0.61 1.97 1.05
1 0.00 0.00 0.00
[Co(bpy)s]** Cy Y 0.00 0.26 0.00
3/2 0.48 0.00" 0.04"
[Co(bpy)s]®* Ds? 0 0.00 0.00 0.00
1 1.70 1.88 1.39
[Co(tpy)2]** G A 0.00 0.13 0.00
3/2 0.65 0.00 0.28

2 The C, input geometries under a C, symmetry constraint, converged to D3
geometries.
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Table 2
Summary of the average bond lengths (&), for d(Co-N), of the BP86,/TZP cal-
culated geometries, for the Co complexes 1 — 5.

CoS=0 Co()S=1/2 Co()S=3/2 CoMS=1
Complex 1  1.885;1.983"  1.885; 2.099°  2.074; 2.173°  2.027; 2.155°
Complex 2 1.972 2.206; 1.975°  2.151 2.123
Complex 3  1.967 2.207; 1.972° 2.147 2.125
Complex 4  1.964 2.205; 1.972°  2.146 2.122
Complex 5  1.964 2.203;1.977°  2.147 2.132

@ Complex 1: the first value is the average of the two shorter central (axial)
Co-N bonds; the second value is the average of the four longer distal Co-N bonds
(z-in compression).

b Complex 2-5, Co(Il) S = 1/2: the first value is the average of the 2 longer
tetragonal/axial elongated Co-N bonds, the second value is the average of the 4
shorter equatorial bonds.

3.2.1. Co(Ill) complexes

The DFT optimized structures of the d® polypyridine-Co(II) com-
plexes display the characteristic structural features of octahedral low-
spin cobalt(IIl) species. All three functionals used (BP86, OLYP and
B3LYP), showed similar results, namely that the complexes are low spin
t26g eg Co(II) complexes. The terpyridine-Co(II) complex 1 exhibits near
D4 symmetry and the bipyridyl-Co(III) complexes 2 — 5 exhibit near D3
symmetry. The two central (axial) Co-N bonds are ca. 0.1 A shorter than
the four distal Co-N bonds in terpyridine-Co(III) complex 1, since the
distal Co-N bonds are more flexible than the Co-N axial bond in the
rigid structure of the tridentate terpyridine ligand.

A molecular orbital (MO) energy level diagram of selected frontier
orbitals of complexes 1 — 5, is shown in Fig. 2. Due to the near Doqg
symmetry of complex 1, the two lowest energy unoccupied molecular
orbitals, LUMO and LUMO + 1 of 1 differ in energy, while for com-
plexes 2 — 5 with near D3 symmetry the LUMO and LUMO + 1 are near
degenerate with more than 50% Co-d 2 and Co—dxk 2> character each,
and antibonding to the bipyridyl nitrogens (ca. 27% N). For [Co
(bpy)s]®*, complex 2, the degenerate highest occupied molecular or-
bital (HOMO) and HOMO-1 are ligand based, followed by the Co-based
orbitals d,, (HOMO-3) and the degenerate d,; and d,, (HOMO-4 and
HOMO-5), irrespective of the functional (BP86, OLYP or B3LYP) used to
optimize complex 2. For complexes 3 — 5 with electron donating sub-
stituents, the Co-based orbitals are destabilized to the HOMO and the

=189 LUMO, LUMO+1

d

115 4 d

oy
-12.0 1

12.5 1 d
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Fig. 2. BP86/TZP MO energy level diagram of selected frontier orbitals of Co
(I11) complexes 1-5. The Co-d-based MOs are shown in blue (if occupied) or red
(if unoccupied). Ligand based MOs are shown in green. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)



H. Ferreira et al.

near degenerate HOMO-1 and HOMO-2 (Fig. 2, also see Table S2 for
further detail). The Co-N distances are given in Table 2 for complexes 1
- 5. The Co-N distances decrease slightly in going from complex 2 to 5
with increasingly electron donating substituents, as quantified by the
para Hammett constants and the ease of reduction, see Table 6 in the
Electrochemistry section below. The Co—N distances in the Co(III)
complexes 1 — 5 are shorter than in the related Co(II) and Co(I) com-
plexes, see bond lengths in Table 2.

3.2.2. Co(Il) complexes

It is well known that the spin state of spin cross over (SCO) poly-
pyridine-Co(II) complexes depends on various factors determined by
the environment of the complex, such as the nature of the counter
anions [11,29], the temperature [10,30], pressure [31], solvent [11] or
solvent in crystal lattice [29]. DFT can be used for discriminating
among spin states of transition metal complexes, but it is a delicate
matter, with a delicate energy balance [28,29,32,33]. Generally, the
“classic” pure functionals such as BLYP, PW91 and BP86 favour low
spin states, while the hybrid functionals such as B3LYP favour the op-
posite. DFT calculations on the spin-crossover complex Fe(salen)(NO),
showed that the newer pure functionals OLYP and OPBE, as well as the
hybrid functional B3LYP*, predict nearly isoenergetic S = 1/2 and 3/2
states, as required for a spin-crossover complex [34]. The polypyridine-
Co(II) complexes 1 - 5 of this study contain the anion (NO3),, and are
reported to be low spin S =1/2 complexes at room temperature
[10,11]. Therefore the BP86 functional that predicts low spin S = 1/2
for polypyridine-Co(II) complexes 1 — 5, will mainly be used here to
evaluate the properties of the low and high spin Co(II) complexes 1 — 5.

Results for both the low-spin S = 1/2 (tzﬁgeé) and high spin S = 3/2
(tzsgeg) d” polypyridine-Co(I) complexes are given in Tables 2 and 3.
The S = 3/2 geometries of the bipyridyl-Co(II) complexes 2 — 5 con-
verged to near D3 symmetry, while the S = 1/2 optimized geometries
exhibit near C, symmetry, with elongation of the axial bonds due to
Jahn-Teller distortion (Table 2). The Co-N bond lengths of the Co(II)
S = 3/2 geometries (ca. 1.97 A) are ca. 0.18 A longer than the Co-N
bond lengths of the corresponding Co(IIl) S = 0 complexes. The Co(II)
S = 1/2 complexes have two even longer axial (ca. 2.21 f\) and four
shorter equatorial (ca. 1.97 [o\) Co-N bonds, due to Jahn-Teller distor-
tion. The Mulliken spin population on the Co metal, for complexes 2 - 5
is 0.98 (S = 1/2) and 2.6 (S = 3/2), consistent with low and high spin
Co(ID).

The relative energies for both the low-spin S = 1/2 (t5,¢;) and high
spin S = 3/2 (t5,¢2) d” [Co(tpy).]>* complex 1, are given in Table 1 for

2%
a selection of functionals. Both the high and low spin geometries exhibit

Table 3
Summary of average Mulliken spin values of the BP86/TZP calculated geome-
tries of the Co(II) complexes 1 — 5, as well as their reduced Co(I) complexes.

Co(ID S = 1/2 Co(I) S = 3/2 Co(DS=1
Co N Co N Co N
Complex 1 0.899 -0.015; 2.601  0.060; 2.188 0.029;
0.048° 0.064° 0.037°
Complex 2 0.892 0.066; 2.612 0.062 2.073 0.034
0.002"
Complex 3 0.890 0.064; 2.610 0.061 2.091 0.034
0.002°
Complex 4 0.890 0.064; 2.606 0.061 2.053 0.034
0.002"
Complex 5 0.886 0.062; 2.610 0.060 2.106 0.033
0.002°

2 Complex 1: the first value is the average of the two shorter central (axial)
Co-N bonds; the second value is the average of the four longer distal Co-N bonds
(z-in compression).

b Complex 2-5, Co(Il) S = 1/2: the first value is the average of the 2 longer
tetragonal/axial elongated Co-N bonds, the second value is the average of the 4
shorter equatorial bonds.
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near D,y symmetry. The pseudo-Jahn-Teller instability of the S = 1/2
state, may lead to a lower C,, symmetry [35], though the C,, symmetry
geometry was only 0.03eV lower in energy than the Doy symmetry.
Both OLYP and BP86 favour the low spin geometry, while the B3LYP
functional favours the high spin geometry by 0.12eV, in agreement
with published DFT calculations [28]. Due to Jahn-Teller distortion
(compression), the two central (axial) Co-N bond lengths of low spin
[Co(tpy),]?* are 0.21-0.23 A shorter, with four longer distal Co-N
bonds, see Table 2. The Mulliken spin population on Co is near 1 for the
S = 1/2 geometries (Table 3), consistent with a low spin Co(II) centre.

For the high spin S = 3/2 geometry, the D, and D,y geometries
respectively were 0.05-0.06 eV and 0.11-0.18 eV higher in energy than
the geometries without any symmetry constraint. Results for the high
spin [Co(tpy)z]zJr structure are given in Table 2. The two central (axial)
Co-N bonds of the high spin [Co(tpy).]>* complex, are only 0.10 A
shorter, with four longer distal Co-N bonds, i.e. the difference is much
less pronounced for the high spin S = 3/2 geometry, than the ca. 0.22 A
that was obtained for low spin [Co(tpy)2]2+. The Mulliken spin popu-
lation on Co is 2.60-2.69 for the S = 3/2 geometries (Table 3), con-
sistent with a high spin Co(II) centre.

3.2.3. Co(I) complexes

The S = 1 spin state is more than 0.6 eV stable (depending on the
functional used) than the S = 0 state for the d® (tfg eg) polypyridine-Co
(I) complexes. The terpyridine-Co(I) complex 1 exhibits Doy symmetry
and the bipyridyl-Co(I) complexes 2 — 5 exhibit near D3 symmetry. The
four distal Co-N bonds are ca. 0.13 A longer than the two central (axial)
Co-N bonds in terpyridine-Co(I) complex 1, since the Co-N axial bond is
less flexible than the distal Co-N bonds in the rigid structure of the
tridentate terpyridine ligand, while all six the Co-N bonds in the bi-
pyridyl-Co(I) complexes 2 - 5 are of equal length, see Table 2. The spin
population of ca. 2.1 on Co (Table 3) confirms that polypyridine-Co(I)
complexes 1 -5 are true Co(I) complexes with S = 1. The Co(I)-N bonds
are slightly longer than the Co(II)-N bonds, and significantly longer
than the Co(III) bonds.

3.2.4. Redox potentials

The theoretical B3LYP/6-311G(d,p) calculated redox potentials,
Ecale, for the Co™™ redox couple of the complexes of this study (ac-
cording to Scheme 1) are given in Table 4. Experimentally measured
redox potentials, Eo’exp, (see Section 3.4 below) were added for com-
parative purposes. The results obtained show that the DFT level used
can reproduce the experimental redox potentials with a lowest and
highest absolute error of 0.18 and 0.06 V respectively, with a mean
absolute error (MAD) of 0.033V. This MAD value is comparable to
published MAD values between 1.62 and 0.059V (depending on the

Table 4

Experimental and calculated redox potentials (in V) of the Co couple of the
indicated Co(N,N,N),2* and Co(N,N)32" complexes (including an additional
complex 6 from literature).

II1/11

No N,N,N or Absolute Ecyc  Ecale VS EO'exp Vs Absolute error

N,N Fc/Fc™* Fe/Fc™ = |Ecalc —
“expl

1 Tpy 4.900 —0.080 —-0.136 0.056

2 Bpy 4.843 —-0.137 —0.081 0.056

3 4,4’-di-Me-  4.651 —0.329 -0.213 0.116
bpy

4 4,4’-di-tBu-  4.644 —0.336 —0.238 0.098
bpy

5 4,4’-di- 4.542 —0.438 —0.266 0.172
OMe-bpy

6 4,4’-di-Cl- 5.189 0.209 0.130% 0.079
bpy

Mean absolute error 0.033

(MAD)

2 From reference [6].
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Experimental and selected published electrochemical data for the reduction potentials (in V) of Co(II) complexes 1 — 6, obtained in the indicated solvents vs the
indicated reference electrodes.

Complex Ligand Reference Solvent [Co™(N,N),13* /[Co"(N,N),]%* [Co™(N,N)»]12* /[Co'(N,N),]* * [Co'(N,N),]* /[Co'(N,N)(N,N7)]° Reference
number N,N electrode”
Reported s Fc/Fe™* Reported vs Fe/Fe* Reported vs Fe/Fe*

1 tpy Fc/Fc* CH5CN -0.136 —1.189 —2.075 This study

1 tpy SSCE DMF 0.27 -0.15 -0.77 -1.19 —-1.66 —2.08 [42]

1 tpy SSCE acetone 0.32 —-0.10 [43]

1 tpy SSCE CH5;CN 0.30 -0.12 [44]

1 tpy Fc/Fc™ CH5CN -0.13 -1.17 —2.04 [39]

1 tpy Fc/Fc* DMEF/H,0 -0.17 -1.17 —-2.03 [45]

1 tpy Fc/Fe* CH5;CN -0.139 —1.183 —2.056 [46]

2 bpy Fc/Fc* CH5CN —0.081 —1.369 -2.032 this study

2 bpy NHE CH,CN 056 ~0.10 [61

2 bpy SCE CH3CN 0.34 —0.08 —-0.95 -1.37 -1.57 -1.99 [471

2 bpy Fc/Fe™ CH5CN 0.07 -1.21 [48]

3 4,4-di-Me- Fc/Fc* CH5CN —-0.213 —-1.517 —-2.107 this study
bpy

4 4,4’-di- Fc/Fe™ CH5;CN —0.238 —1.484 —2.093 this study
tBu-bpy

5 4,4’-di- Fc/Fc* CH3;CN —0.266 —-1.673 —2.141 this study
OMe-bpy

5 4,4’-di- NHE CH3CN 0.370 —0.290 [6]
OMe-bpy

6 4,4-di-Cl- NHE CH3CN 0.790 0.130 [6]
bpy

2 To convert published potential values vs Fc/Fc™, the following values have been used: E” (Fc/Fc™) = 0.66(5) V vs SHE in ["BuyN][PFs]/CH5CN [49]; Saturated
calomel (SCE) = 0.2444V vs SHE; Calomel electrode, saturated NaCl (SSCE) = 0.2360 vs SHE.

method and level of theory used), obtained for redox calculations of
Fischer-Type chromium aminocarbene complexes [36]. The linear fit of
the E.,c versus Eo’e,(P values for the substituted Co(bipy)s>* complexes
2 - 6, afforded a R? value of 0.99, which is similar to the published R*
value of 0.97, obtained for the linear fit between the calculated Fe'™"
reduction potentials vs experimentally determined reduction potentials
of a series of substituted Fe(bipy)32+ complexes [37].

3.3. Molecular orbital interpretation of oxidation and reduction

The frontier molecular orbitals (FMO) of a complex play an im-
portant role in the reduction and oxidation of the complex, since re-
duction and oxidation involve the addition or removal of an electron to
or from a FMO of the complex respectively.

The locus of the reduction centre of the polypiridyl ligands 1a - 5a,
and the S = 0 Co(Ill) complexes 1 — 5 can therefore be identified by
evaluating the nature of their respective LUMOs, see Fig. 3. Since in rare
cases a reorganisation of the molecular orbitals (MOs) occurs after re-
duction, consequently leading to the reduction of a higher unoccupied
MO [38], it is good to also evaluate the HOMO or the spin density profile
of the reduced compound. The polypyridine-Co(II) complexes 1 — 5 of
this study contain the anion (NOj3),, which are reported to be low spin
S = 1/2 complexes at room temperature [10,11]. Therefore, the reduced
polypyridine-Co(II) complexes 1 — 5 are modelled here as low spin
S = 1/2. Since the polypiridyl ligands 1a — 5a and the Co(III) complexes
1 - 5 are diamagnetic (no unpaired electrons), the spin density profile of

the reduced ligands and complexes shows the distribution of the added
unpaired electron, see Fig. 3. The spin plots in Fig. 3 show that the first
reduction of polypiridyl ligands 1a — 5a will thus lead to the formation of
an anion radical, with the added electron distributed over the hetero-
cyclic rings, while the Co(IIl) reduction of complexes 1 — 5 is metal
based, i.e. Co™" reduction. This assignment of the locus of reduction to
Co is in agreement with the experimental electrochemical Co(III) re-
duction process, as measured by cyclic voltammetry, which will be dis-
cussed in the next section. The Co-d character of the Co(Il) HOMO was
also used to assign the Co(IIl/II) redox couple of a series of bis-terpyr-
idine based Co(II) complexes [4]. The character of the spin plots of the
reduced complexes 1 — 5 are all very similar (Fig. 3), indicating that the
substituents on the polypiridyl ligands do not change the locus of the
reduction centre for complexes 1 — 5.

The locus of the reduction of the Co(Il) S = 1/2 complex is its
LUMO, where the electron is added upon reduction. The spin plot of the
reduced Co(I) complex will show the distribution of the added electron.
The spin plot of Co(I) and the Co(II) LUMO for complexes 1 — 5, as
visualized in Fig. 4, clearly show that the Co(II) reduction is metal
based, therefore it is a Co™" reduction.

The locus of the reduction of the Co(I) S = 1 complex also is its
LUMO, where the electron is added upon reduction. However this
LUMO of Co(I), also shown in Fig. 4, is mainly on one of the co-
ordinated polipyridyl ligands, implying that reduction of the Co(I)
complex in this case will involve the polipyridyl N,N-ligands instead.
These assignments are in agreement with the experimentally observed

Table 6

Electrochemical data (V vs F¢/Fc™) of Co(I) complexes 1 - 5, related Fe(II) complexes from literature, as well as their corresponding polipyridyl free ligands 1a - 5a.
No Ligand E%(Co™™/v E%(Co™/v E®(Co" reduction)/V E%(Fe™M)/v? Ep (ligand)/V Opara”
1 tpy —0.136 —1.189 —2.075 0.720 —2.584 -
2 bpy —0.081 —1.369 —2.032 0.682 —2.641 0
3 4,4’-di-Me-bpy -0.213 -1.517 —-2.107 0.523 —2.679 -0.17
4 4,4’-di-tBu-bpy —0.238 —1.484 —2.093 —2.720 -0.10
5 4,4’-di-OMe-bpy —0.266 —1.673 —2.141 0.363 —2.656 -0.27

a E%(Fe™™y from reference [8].
b Hammett constants Opara; Obtained from reference [41].
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LUMO of Co(lll)
involved in the
Co""" redox process

Spin plot of Co(Il)

S = %, showing the
distribution of the added
electron during the Co"""

redox process

Spin plot of the
reduced ligand

1 Co(tpy)"*

2 Co(bpy)s™

3 Co(4,4"-di-
CHs-py)s™

4 Co(4,4'-di-
Busz-py)s™

5 Co(4,4'-di-
OCHs-py)s"™*

’

Fig. 3. DFT calculated BP86,/TZP spin density plot and LUMO of the indicated complexes 1-5, showing the locus of the Co™" redox process. The contour used for the

MO and spin figures are 0.06 and 0.006 e/A® respectively.

electrochemical reduction processes of the Co(II) and Co(I) complexes,
as measured by cyclic voltammetry, which are presented in the next
section.

3.4. Electrochemistry

Fig. 5 (top) shows the 0.100 and 0.300 Vs~ ! cyclic voltammetry
scan and linear sweep voltammograms for [Co(tpy)2](NO3),, complex
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1, of this study, over a broad potential window. Four chemically and
electrochemically reversible redox couples were observed in the solvent
window for CH3CN, as well as a few irreversible oxidation or reduction
peaks. The chemically and electrochemically reversible redox couple at
—0.136 V vs Fc/Fc™ (AE = 0.084V at 0.100Vs™1), is ascribed to the
Co"™™ redox couple, while the other chemically and electrochemically
reversible redox couple at —1.189V vs Fc/Fc™ (AE = 0.086V at
0.100Vs™1), is attributed to the Co™! redox couple. Further, the
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LUMO of Co(ll)
involved in the
Co"" redox process

Spin plot of Co(l),

distribution of the
added electron during
Co"" redox process

LUMO of Co(l)
involved in the
Co' ligand based
reduction process

showing the

1 Co(tpy)2"*

2 Co(bpy)s"™*

3 Co(4,4'-di-
CHs-py)s"*

4 Co(4,4'-di-
Bus-py)s"*

5 Co(4,4'-di-
OCHs-py)s™

Fig. 4. The DFT calculated BP86/TZP spin density plot and LUMO of Co(tpy)z” and Co(bpy)31 * (middle and right) as well as the LUMO of Co(tpy)22+ and Co

(bpy)s®* (left), showing the locus of the Go™"

e/A? respectively.

chemically and electrochemically reversible peak at —2.075V vs Fc/
Fc™ (AE = 0.090V at 0.100Vs™ 1Y) is ascribed to ligand reduction,
therefore [CoI(tpy)z] ty [CoI(tpy)(tpy_)]o reduction. The next reduction
peak at —2.44V vs Fc/Fc* (AE = 0.130V at 0.300 Vs~ 1), is ascribed
to a second ligand based reduction, namely [CoI(tpy)(tpy_)]O/
[Co'(tpy) )21~ [39]. This assignment is in agreement with reported
electrochemical data on [Co(tpy),]®>* and [Co(tpy),]®>* (see Table 5),
as well as with the DFT computational chemistry study presented
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and Co(I)-polipyridyl complex reduction processes. The contours used for the MO and spin figures, are 0.06 and 0.006

above. Linear responses were obtained for the plots of the peak currents
versus the square root of the scan rate, for the oxidation of
[Co"(tpy)o]®t to [Co™(tpy),]®*, also for the reduction of
[Co"(tpy)2]®t to [Co'(tpy)o]*™, as well as for the reduction of
[Co'(tpy)2]* to [Co'(tpy)(tpy )1° (see Supporting Information asso-
ciated with this manuscript). The linear response of peak currents versus
the square root of the scan rate, indicates diffusion-controlled electro-
chemical processes for the three main redox events of [Co(tpy).]
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Fig. 5. Top: Cyclic voltammogram (CV) at only two scan rates 0.100 Vs~ ! (red)
and 0.300 Vs~ ! (navy), as well as the linear sweep voltammogram (LSV, black,
scan rate 0.002Vs™1) obtained for either ca. 0.002moldm ™2 or a saturated
solution of [Co(tpy).](NO3)> (complex 1), in solvent CH3CN/0.1 mol dm~2
["BusN][PF¢], on a glassy carbon-working electrode. Bottom: Cyclic voltam-
mograms of a 0.002 mol dm ™2 solution of [Co(tpy)2]1(NO3), (complex 1), at
nine different scan rates (0.05-5.00 Vs~ 1), over different potential ranges. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

(NO3),, complex 1. The sigmoidal curves in Fig. 5 are the linear sweep
voltammograms (LSVs) for electrolysis, obtained for the oxidation and
the reduction of [Co(tpy)>](NO3)», complex 1. The value of the limiting
current of a LSV, is directly proportional to the concentration of the
complex [Co(tpy)2]1(NO3),, and can therefore be used for quantitative
analysis [40]. The limiting current values obtained for the different
oxidation and reduction processes of complex 1, can therefore be
compared. The LSV for complex 1 shows a 1:1:1 ratio for the Go™",
Co™" and [Co(tpy).]™ /[Co(tpy)(tpy ~)1° redox processes, consistent
with an observed le™ transfer process for each redox process. The first
three cell reactions observed can be written as:

[Co™(tpy), P+ + e~ = [Coll(tpy),]**, with ES

‘exp

(vs Fc/Fct) = —0.136V
[Col(tpy),]** + e~ = [Col(tpy),]'*, with Egp (vs Fc/Fct) = —1.189V

[Col(tpy)o]t + e~ = [Col(tpy)(tpy )]°, with Egp (vs Fc/Fct) = —2.075V

Fig. 5 (bottom) shows the CVs for [Co(tpy)>](NO3),, complex 1,
obtained over different potential ranges. The same redox character is
obtained when the Co™" redox couple is scanned alone, or when the
Co™™ and Co™" redox couples are scanned together, or when all three
redox couples are scanned together.

The 0.100 Vs~ ! cyclic voltammetry scans of the free polypyridine
ligands 1a - 5a, as well as their corresponding polypyridine-Co(II)
complexes 1 - 5, are shown in Fig. 6, with data provided in Table 6.
Each polypyridine-Co(II) complex 1 — 5 shows a chemically and elec-
trochemically reversible Co™™ redox couple, followed by a chemically
and electrochemically reversible Co™" redox couple, followed by the
reduction of the coordinated polypyridine ligand in the polypyridine-Co
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Fig. 6. Cyclic voltammograms at only one scan rate of 0.100 Vs, obtained for
either ca. 0.002 mol dm ™3, or saturated solutions of both the free ligands 1a —
5a (dotted lines), as well as their corresponding Co(II) complexes 1 - 5 (solid
lines), in a CH5CN solution with 0.1 moldm ™2 ["BuyN][PFs] at supporting
electrolyte, using a glassy carbon-working electrode.

(I) complexes. The reduction of the free uncoordinated polypyridine
ligands 1a - 5a is more than 0.5 V more negative than that of the ligand
based reduction redox processes of [Co(N,N,N),]*/[Co(N,N,N)
(N,N,N)" 71° (complex 1) and [Co(N,N)s]*/[Co(N,N),(N,N)" ~1°
(complexes 2 — 5). In Table 5 the electrochemical data of polypyridine-
Co(II) complexes 1 - 5 is compared with available electrochemical data
from literature, and also electrochemical data of the uncoordinated li-
gand is provided in Table 6. From Table 5 it is clear that the current
electrochemical redox data obtained in CH3CN with the Fc/Fc™* couple
as reference, agrees well with available literature values obtained under
different experimental conditions (varying solvents, reference elec-
trodes and supporting electrolytes). The electrochemical data for
complexes 3 and 4 is reported here for the first time.

Comparing the CVs of the unsubstituted complexes 1 and 2, we see
that the redox potential for E*'(Co™™) increases as follows:

Co(tpy).>* (—0.136V) < Co(bpy)s>*™ (—0.081V), implying that
Co is the more electron rich in the Co(tpy),>* complex.

For the Co(4,4"-di-X-bpy)s>* complexes with X = H (2), Me (3), ‘Bu
(4) or OMe (5), we observe that the redox potential for both E*(Co™™)
and E*'(Co™" increases as follows:

OMe (5) < ‘Bu (4) = Me (3) < H (2), in agreement with the order
of the para Hammett constants Opara: OMe (—0.27) < Me (—0.17) =
‘Bu (—0.10) <H (0) [41]. The OMe group donates more electron
density to Co than H, leading to a more negative redox potential for
complex 5 (with X = OMe) than for complex 2 (with X = H).

Electrochemical data of complexes 1 - 5, the free ligands 1a - 5a, as
well as related Fe(II)-pyridyl complexes (Table 6), all show a similar
trend in ease of reduction: namely that the reduction generally becomes
increasingly difficult (more negative) in going from complex 1 to 5,
therefore as the substituent on the ligand becomes increasingly electron
donating. This similar influence exerted by ligands 1a — 5a on the re-
duction of their corresponding Co- as well as their Fe-pyridyl com-
plexes, indicates that good electronic communication exists between
the ligand and the metal which it is coordinated to.

4. Conclusion

DFT calculations show that d® Co(tpy),>* and d® Co(N,N)53*
complexes (where N,N = bpy or substituted bpy ligands), are low spin
tz‘sg eg complexes of near Dyg and D3 symmetry respectively. Due to Jahn-
Teller distortion, the d” [Co(N,N)3]®>* complexes with S = 1/2 have
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two longer axial and four shorter equatorial Co-N bonds, while the d”
[Co(tpy)2]2+ complex with S = 1/2 has two shorter central (axial) Co-
N bonds and four longer distal Co-N bonds, since in the latter complex,
the distal Co-N bonds are more flexible than the Co-N axial bond in the
rigid structure of the tridentate terpyridine ligand. The same trend is
observed for the related high spin S = 3/2 Co(II) complexes, though
less pronounced. The d® Co(tpy),'* and Co(N,N);'* complexes are
paramagnetic with S = 1, exhibiting D,4 and near D3 symmetry re-
spectively.

The electrochemical reduction of the polypyridine free ligands
generally is irreversible at low scan rates. However, when coordinated
to Co, the reduction of the coordinated ligand is reversible at all scan
rates and occurs at ca. 0.5V more positive than that of the free un-
coordinated ligand. The electrochemical data obtained for a series of
polypyridine-Co(II) complexes, shows that the ease of reduction of the
Co metal or the coordinated ligands is directly influenced by the elec-
tronic properties of the groups substituted on the polypyridine ligand,
the redox potential is increasing with increasingly electronegative
substituents on the ligands. Similar trends were observed for the Co™™
redox couple, the Co™" redox couple, the ligand based reduction of the
Co(I) complex, as well as the reduction potential of the free ligand.
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Experimental factors Samples were used as synthesized. The solvent-electrolyte solution in the
electrochemical cell was degassed with Ar for 10 min, the sample was
added, the sample-solvent-electrolyte solution was then degassed for
another 2 min and the cell was kept under a blanket of purified argon
during the electrochemical experiments.

Experimental features All electrochemical experiments were done in a 2 ml electrochemical cell
containing three-electrodes (a glassy carbon working electrode, a Pt
auxiliary electrode and a Ag/Ag™ reference electrode), connected to a BAS
100B/W electrochemical analyzer. Data obtained was exported to excel
for analysis and diagram preparation.

Data source location Department of Chemistry, University of the Free State, Nelson Mandela
Street, Bloemfontein, South Africa.
Data accessibility Data is with article.

Related research article Hendrik Ferreira, Marrigje M. Conradie and Jeanet Conradie, Electro-
chemical and electronic properties of a series of substituted polypyridine
ligands and their Co(ll) complexes, Inorganica Chimica Acta, 2019, 486,
26-35. DOI 10.1016/j.ica.2018.10.020 [1].

Value of the data

e This data provides cyclic voltammograms for five polypyridine ligands, 2,2’:6,2”-terpyridine (tpy,
ligand 1a), 2,2’-dipyridyl (bpy, ligand 2a), 4,4’-dimethyl-2,2’-bipyridine (4,4’-di-Me-bpy, ligand 3a),
4,4’ -di-tert-butyl-2,2'-dipyridyl (4,4'-di-'‘Bu-bpy, ligand 4a) and 4,4'-dimethoxy-2,2’-bipyridine
(4,4'-di-OMe-bpy, ligand 5a).

e This data provides cyclic voltammograms and detailed electrochemical data for Co(tpy)>(NOs3),,
complex 1, Co(bpy)s(NO3),, complex 2, Co(4,4'-di-Me-bpy)3(NOs),, complex 3, Co(4,4'-di-‘Bu-
bpy)3(NOs),, complex 4 and Co(4,4’-di-OMe-bpy)(NOs3),, complex 5.

® The current contribution is the first to present complete electrochemical data for all three rever-
sible redox peaks at different scan rates, over two orders of magnitudes, for terpyridine-Co(II),
bipyridine-Co(II), as well as substituted bipyridine-Co(Il) complexes.

® Accurate redox data is important to determine the potential of a compound, in order to determine
its suitability to act as a redox mediator, to be used in dye-sensitized solar cells (DSSC) [2-4].

1. Data

Fig. 1 gives the structures of ligands 1a-5a and complexes 1-5. Fig. 2 shows the cyclic voltammetry
(CV) scans for the polypyridyl free ligands 1a-5a at different scan rates (0.10V s~ scans from [1]).
Cyclic voltammograms of the complexes 1-5, showing four redox events each, are presented in

1a (NO3), (NO3),
6—nN Ne—
5 5
\ / \/
4 3 3 4
2a-4=4'=H 3a - 4=4'=CH, — —
4a - 4=4'="Bu 5a - 4=4'=OCHj3 1

2-4=4'=H 3-4=4'=CH,3
4 - 4=4'='Bu 5 - 4=4'=0CHj,

Fig. 1. Structure and numbering of the terpyridine (1a) and substituted bipyridine (2a-5a) ligands, as well as the terpyridine-
Co(Il) complex 1 and substituted bipyridine-Co(Il) complexes, 2-5.
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Fig. 2. Cyclic voltammograms of ca. 0.002 mol dm 3 or saturated solutions of the free ligands 1a-5a, at the indicated scan rates
(010Vs~! top left for the comparative graph and 0.05-0.50V s~ for all other graphs). The reduction peak of ligand 5a is
chemically (ipa/ipe = 0.9) and electrochemically (AEp = E,,-Ep. = 0.088 V) reversible at all scan rates above 0.05Vs~!, while
the reduction of free ligands 2a-5a 1a - 4a is irreversible at low scan rates.

Figs. 3-8 (0.10 Vs~ ! scans from [1]), with the data summarized in Tables 1-5. The redox events are
the Co™" redox couple (peak 1), the Co™' redox couple (peak 2) and the ligand reduction peak
(peak 3), as well as an irreversible peak at ca. 1.63V vs FcH/FcH™ (preliminary assigned to anionic
nitrate oxidation). The data obtained in this data article, compares well with available published data
on some of the redox events for some of the complexes, namely complex 1 [5-10], complex 2 [11-13]
and complex 5 [11]; obtained under different experimental conditions (different solvents, scan rates
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Fig. 3. Cyclic voltammograms of complex 1, [Co(tpy),](NOs),, at scan rates of 0.05V s~ ! (lowest peak current) —5.00Vs~! to
5.00 V s~ ! (highest peak current). All scans were initiated in the positive direction from 1V. Data is summarized in Table 1.
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Fig. 4. The linear relationship between the peak currents (i,) vs the square root of the scan rate (v/*) for the three main redox
events, in the CV of [Co(tpy)2](NO3), (complex 1) in Fig. 3. This relationship can be described by the linear Randles-Sevcik
equation i, = (2.69X10°)n'3AD**C.05 (n = the number of exchanged electrons, A = electrode area (cm?), D = diffusion coef-
ficient (cm? s~ ), C = bulk concentration (mol cm~?3) of the electroactive species.
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Fig. 5. Cyclic voltammograms of [Co(bpy),](NOs), (complex 2), at scan rates of 0.05 Vs~ (lowest peak current) —5.00V s~ to
5.00 V s~! (highest peak current). All scans were initiated in the positive direction from 1V. Data is summarized in Table 2.
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Fig. 6. Cyclic voltammograms of [Co(4,4'-Me-bpy),](NOs), (complex 3), at scan rates of 0.05 Vs~ (lowest peak current) —5.00
Vs~!t05.00 Vs~ (highest peak current). All scans were initiated in the positive direction from 1V. Data is summarized in
Table 3.
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Fig. 7. Cyclic voltammograms of [Co(4,4'-'Bu-bpy),](NOs), (complex 4), at scan rates of 0.05 Vs~ (lowest peak current)—5.00
Vs~ !t05.00V s~ (highest peak current). All scans were initiated in the positive direction from 1V. Data is summarized in
Table 4.
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Fig. 8. Cyclic voltammograms of [Co(4,4'-OMe-bpy),](NOs), (complex 5), at scan rates of 0.05Vs~! (lowest peak current)
—5.00Vs~'t05.00 Vs~ (highest peak current). All scans were initiated in the positive direction from 1V. Data is summarized

in Table 5.

Table 1

Electrochemical data (potential in V vs FcH/FcH* and current in A) obtained in CH5CN for ca. 0.002 mol dm > of [Co(tpy),]
(NO3), (complex 1), at indicated scan rates in Vs~ . Peak 1 is the Co"/"" redox couple, peak 2 the Co

3 the ligand reduction peak.Pl

redox couple and peak

Scan rate Epa Epc E AE 10%I,a Inc/Tpa

Peak 1 0.05 —0.090 —-0.174 —-0.132 0.084 28.0 1.0
0.10 —0.094 —0.178 —-0.136 0.084 40.0 1.0

0.20 —0.088 —0.184 —0.136 0.096 63.5 1.0

0.30 —0.080 —-0.192 —-0.136 0.112 80.0 1.0

0.40 —0.072 —0.208 —0.140 0.136 98.0 1.0

0.50 —0.072 —0.202 —-0.137 0.130 115.0 1.0

1.00 —-0.054 —0.208 —-0.131 0.154 113.0 1.0

2.00 —0.030 —-0.234 —-0.132 0.204 165.0 1.0

5.00 0.026 —0.294 —-0.134 0.320 248.0 1.0

Peak 2 0.05 —1.148 —1.230 —-1.189 0.082 27.0 1.0
0.10 —1.146 —1.232 —1.189 0.086 395 1.0

0.20 —1.140 —1.240 —1.190 0.100 67.0 1.0

0.30 —-1.134 —1.248 —1.191 0.114 845 1.0

0.40 —-1130 —1.262 —1.196 0.132 99.0 1.0

0.50 —-1.126 —1.262 —1194 0.136 118.0 1.0

1.00 —1.116 —1.274 —-1.195 0.158 115.0 1.0

2.00 —1.098 —1.308 —1.203 0.210 168.0 1.0

5.00 —1.058 —-1.378 -1.218 0.320 263.0 1.0

Peak 3 0.05 —2.028 —-2.120 —-2.074 0.092 30.0 1.0
0.10 —2.030 —2.120 —2.075 0.090 38.0 1.1

0.20 —2.022 —2.128 —2.075 0.106 61.5 11

0.30 —-2.020 —2.138 -2.079 0.118 89.0 1.0

0.40 —2.020 —2.154 —2.087 0.134 90.0 11

0.50 —2.014 —2.148 —2.081 0.134 110.0 1.1

1.00 —2.012 —-2174 —2.093 0.162 110.0 11

2.00 —2.006 —2.208 —2.107 0.202 155.0 11

5.00 —1.990 —2.290 —2.140 0.300 205.0 1.2
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Table 2

Electrochemical data (potential in V vs FcH/FcH™ and current in A) obtained in CHsCN for ca. 0.002 moldm ™3 of [Co(bpy),]
(NOs), (complex 2), at indicated scan rates in Vs~ . Peak 1 is the Co"" redox couple, peak 2 the Co'"" redox couple and peak
3 the ligand reduction peak.

Scan rate Epa Epc E° AE 10%0,a Ipc/lpa

Peak 1 0.05 —0.038 —0.120 —0.079 0.082 16.5 1.0
0.10 —0.038 —0.124 —0.081 0.086 23.0 11

0.20 —-0.032 —0.128 —0.080 0.096 34.0 11

0.30 —0.016 —0134 —0.075 0.118 36.5 1.2

0.40 —0.002 —0.140 —0.071 0.138 430 1.2

0.50 0.000 —0.144 —0.072 0.144 46.0 1.2

1.00 0.008 —0.150 —0.071 0.158 49.0 1.2

2.00 0.034 —0.168 —0.067 0.202 66.0 14

5.00 0.086 —-0.216 —0.065 0.302 100.0 14

Peak 2 0.05 —1332 —1.402 —1.367 0.070 16.5 11
0.10 —1.334 —1.404 —1.369 0.070 235 0.9

0.20 —1.330 —1.412 —1371 0.082 35.0 11

0.30 —1324 —1.416 —1.370 0.092 40.0 12

0.40 —1.320 —1.420 —1.370 0.100 450 1.3

0.50 —1.318 —1.426 —1.372 0.108 55.0 1.2

1.00 —1.316 —1.428 -1.372 0.112 56.0 1.2

2.00 —1.304 —1.448 -1376 0.144 83.0 1.2

5.00 —1.288 —1.500 —1.394 0.212 120.0 13

Peak 3 0.05 —1.950 —2.028 —1.989 0.078 33.5 11
0.10 —1.946 —2.032 —1.989 0.086 46.5 1.2

0.20 —1.944 —2.048 —1.996 0.104 57.0 1.5

0.30 —1.934 —2.052 —1.993 0.118 83.0 12

0.40 -1.932 —2.062 —1.997 0.130 96.0 1.2

0.50 —1.930 —2.066 —1.998 0.136 110.0 1.2

1.00 —1.928 —2.078 —2.003 0.150 118.0 1.2

2.00 -1.920 —2116 —2.018 0.196 156.0 1.3

5.00 —1.906 —2186 —2.046 0.280 230.0 13

Table 3

Electrochemical data (potential in V vs FcH/FcH* and current in A) obtained in CH3CN for ca. 0.002 mol dm 2 of [Co(4,4'-Me-
bpy)2](NOs), (complex 3), at indicated scan rates in Vs~ Peak 1 is the Co"/" redox couple, peak 2 the Co"" redox couple and
peak 3 the ligand reduction peak.

Scan rate Epa Epc E* AE 101, Ioc/Ipa

Peak 1 0.05 —0.166 —0.262 —0.214 0.096 10.0 1.2
0.10 —0.162 —0.264 —0.213 0.102 15.0 1.2

0.20 —0.152 —0.268 —0.210 0.116 20.0 14

0.30 —0.146 —0.274 —0.210 0.128 25.5 1.4

0.40 —0.132 -0.276 —0.204 0.144 28.5 1.5

0.50 —0.132 —0.284 —0.208 0.152 33.0 14

1.00 —0.104 —0.296 —0.200 0.192 44.0 1.6

2.00 —0.058 —0.318 —0.188 0.260 58.0 17

5.00 0.040 —0.352 —0.156 0.392 95.0 1.5

Peak 2 0.05 —1.482 —1.546 —1.514 0.064 115 1.0
0.10 —1.486 —1.548 —1.517 0.062 16.0 11

0.20 —1.482 —1.554 —1518 0.072 225 1.2

0.30 —1.480 —1.562 —1.521 0.082 28.0 1.2

0.40 —1.476 —1.564 —-1.520 0.088 34.0 12

0.50 —1.478 —1.568 —1.523 0.090 40.0 1.2

1.00 —1.468 —1.578 —~1.523 0.110 57.0 13

2.00 —1.464 —1.598 —1.531 0.134 88.0 14

5.00 —1.440 —1.636 —1.538 0.196 155.0 1.0
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Table 3 (continued )

Scan rate Epa Epc E' AE 10%I,, Ipc/Tpa

Peak 3 0.05 —2.068 —2138 —-2.103 0.070 23.0 1.2
0.10 —-2.070 —2.144 —2.107 0.074 340.0 1.2

0.20 —2.066 —2.154 —2.110 0.088 50.5 1.2

0.30 —2.062 —2.164 —-2113 0.102 65.0 1.2

0.40 —-2.056 —2.166 —-2111 0.110 75.0 1.2

0.50 —2.058 —-2172 —-2115 0.114 90.0 1.2

1.00 —2.048 —2.190 —-2119 0.142 123.0 1.2

2.00 —2.042 —2.220 —2.131 0.178 174.0 1.2

5.00 —2.022 —2.280 —2.151 0.258 240.0 14

Table 4

Electrochemical data (potential in V vs FcH/FcH* and current in A) obtained in CH5CN for ca. 0.002 mol dm~3 of [Co(4,4'-‘Bu-
bpy)2](NO3), (complex 4), at indicated scan rates in Vs~ 1. Peak 1 is the Co"!" redox couple, peak 2 the Co'"" redox couple and
peak 3 the ligand reduction peak.

Scan rate Epa Epc E°' AE 10%I,, Inc/Tpa

Peak 1 0.05 —-0.184 —-0.294 —-0.239 0.110 13.0 1.2
0.10 —-0.174 —0.302 —0.238 0.128 20.5 1.2

0.20 —0.144 —0.298 -0.221 0.154 210 14

0.30 —0.044 -0.310 —-0177 0.266 215 1.6

0.40 0.020 —-0.312 —0.146 0.332 25.0 1.6

0.50 0.002 -0.316 —0.157 0.318 28.0 1.6

1.00 —0.088 —-0.328 —0.208 0.240 55.0 13

2.00 0.050 —0.358 —-0.154 0.408 48.0 1.8

5.00 0.114 —0.402 —0.144 0.516 53.0 2.4

Peak 2 0.05 —1.448 —1.516 —1.482 0.068 14.0 0.9
0.10 —1.448 —-1.520 —1.484 0.072 24.0 11

0.20 —1.444 —-1.520 —1.482 0.076 25.0 1.2

0.30 —1.440 —1.530 —1.485 0.090 32.0 1.2

0.40 — 1434 —1.532 —1.483 0.098 36.0 13

0.50 —1.434 —1.536 —1.485 0.102 43.0 13

1.00 —1.426 —1.548 —1.487 0.122 65.0 13

2.00 —1418 —1.574 —1.496 0.156 82.0 14

5.00 —1.400 —-1.616 —1.508 0.216 126.0 13

Peak 3 0.05 —2.034 —-2.130 —2.082 0.096 28.0 13
0.10 —2.046 —2.140 —2.093 0.094 42.5 13

0.20 —2.046 —2.146 —2.096 0.100 45.0 14

0.30 —2.040 —2.156 —2.098 0.116 56.0 14

0.40 —2.038 —2.162 —2.100 0.124 67.0 13

0.50 —2.038 —2.164 -2.101 0.126 75.0 14

1.00 —2.028 —2.190 —2.109 0.162 115.0 13

2.00 —2.028 —2222 —-2.125 0.194 136.0 14

5.00 —-2.012 —2.288 —2.150 0.276 195.0 1.5

and supporting electrolytes). The linear responses obtained for the graphs of the peak currents vs the
square root of the scan rate, for three main redox events in the CV of complex 1 (see Fig. 4), are in
agreement with the Randles-Sevcik equation [14].

2. Experimental design, materials, and methods

Electrochemical studies, by means of cyclic voltammetry (CV), were performed at 25 °C on a BAS
100B/W electrochemical analyser under inert conditions as described previously [1]. The con-
centration of the analyte was 0.002 mol dm~3 or saturated. The solvent was dry acetonitrile and the
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Table 5

Electrochemical data (potential in V vs FcH/FcH* and current in A) obtained in CH5CN for ca. 0.002 mol dm~2 of [Co(4,4'-OMe-
bpy)2](NOs), (complex 5), at indicated scan rates in Vs~ '. Peak 1 is the Co"/" redox couple, peak 2 the Co'' redox couple and
peak 3 the ligand reduction peak.

Scan rate Epa Epc E° AE 10%0,a Ipc/lpa

Peak 1 0.05 —0.218 -0.314 —0.266 0.096 13.0 1.2
0.10 —0.216 —0.316 —0.266 0.100 19.0 1.2

0.20 —-0.210 —0.324 —0.267 0.114 295 1.2

0.30 —0.192 —0.330 —0.261 0.138 33.0 1.3

0.40 —0.196 —0.338 —0.267 0.142 40.0 1.3

0.50 —0.192 —0.340 —0.266 0.148 47.0 1.2

1.00 —0.170 —0.366 —0.268 0.196 64.0 13

2.00 —0.146 —0.390 —0.268 0.244 93.0 1.2

5.00 —0.072 —0.434 —0.253 0.362 135.0 1.2

Peak 2 0.05 —1.640 —1.706 -1673 0.066 13.0 11
0.10 —1.638 —1.708 —1.673 0.070 18.0 1.2

0.20 —1.638 -1.714 —~1.676 0.076 225 15

0.30 —1.634 —1.728 —1.681 0.094 375 11

0.40 —1.636 —1.724 —1.680 0.088 34.0 1.6

0.50 —1.632 —1.728 —1.680 0.096 40.0 1.5

1.00 —1.628 —1.744 —1.686 0.116 53.0 2.0

2.00 —1.608 —1.778 —1.693 0.170 87.0 15

5.00 —1.588 —1.818 —1.703 0.230 120.0 1.8

Peak 3 0.05 —2.084 —2.178 —2131 0.094 14.0 17
0.10 —2102 —2.180 —2141 0.078 17.0 23

0.20 —2122 —2.196 —2159 0.074 275 2.3

0.30 —2118 —2216 —2.167 0.098 48.0 17

0.40 —2.120 —2.210 —2.165 0.090 51.0 2.0

0.50 —2116 —2214 —2165 0.098 65.0 1.8

1.00 —2.110 —2.238 —2174 0.128 99.0 1.6

2.00 —2.090 —2.296 —2193 0.206 156.0 14

5.00 —2.072 —2356 —2214 0.284 250.0 14

supporting electrolyte 0.1 mol dm 2 tetra-n-butylammoniumhexafluorophosphate ([*(Bu,)N][PFs]). A
three-electrode cell comprising of a glassy carbon (surface area 7.07 x 10~® m?) working electrode,
Pt auxiliary electrode and a Ag/Ag* (0.010moldm—3 AgNO; in CH3CN) reference electrode [15],
mounted on a Luggin capillary [16] was used.
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Dye-sensitized solar cell technology holds huge potential in renewable electricity generation of the
future. Due to demand urgency, ways need to be explored to reduce research time and cost. Against this
background, quantum computational chemistry is illustrated to be a reliable tool at the onset of studies in
this field, simulating charge transfer, spectral (solar energy absorbed) and electrochemical (ease by
which electrons may be liberated) tuning of related photo-responsive dyes. Comparative experimental
Keywords: and theoretical DFT studies were done under similar conditions, involving an extended series of
DFT ) electrochemically altered phenanthrolines, bipyridyl and terpyridyl complexes of Fe'. Fe" oxidation
'electrochemlstry' waves vary from 0.363V for tris(3,6-dimethoxybipyridyl)Fe!! to 0.894V (versus Fc/Fc") for the 5-
iron phenanthroline nitrophenanthroline complex. Theoretical DFT computed ionization potentials in the bipyridyl sub-series

bipyridyl
dyl?ises,sitized achieved an almost 100% linear correlation with experimental electrochemical oxidation potentials,
solar cell while the phenanthroline sub-series gave R? =0.95. Apart from the terpyridyl complex which accorded an

almost perfect match, in general, TDDFT oscillators were computed at slightly lower energies than what
was observed experimentally, while molecular HOMO and LUMO renderings reveal desired complexes

with directional charge transfer propensities.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

More than 70 years ago (1942) Fe-phenanthrolines, also known
as ferroins, gained renown as titration redox indicators, with Fe!
complexes changing color from red to blue during oxidation to Fe'"
[1]. Shortly thereafter (1954) its metal-to-ligand charge transfer
properties became a topic of investigation [2], which eventually
led to its inclusion in modern-day dye-sensitized solar cell (DSSC)
research. Mostly, bipyridyl complexes of Ru", but also Re', Os", Fe!!
and Cu' are involved as dyes in solar cell research and applications
[3]. Due to scarcity of the platinum group metals and consequent
high cost, a search for earth abundant alternatives ensued,
especially so amongst the first row transition metals. The short-
lived excited states of these metals hamper charge injection into
the TiO;, conduction band of DSSC’s. Charge injection in the case of
Fe"' polypyridyl [Fe''(bpy)«]** complexes nevertheless do take place
- in the ultrafast time domain [4]. Fe-phenanthroline and pyridyl
derivatives have the advantage of absorbing strongly in the UV-
visible section of the solar emission spectrum [5]. Weber,

* Corresponding authors.
E-mail addresses: veschwkg@ufs.ac.za (K.G. von Eschwege), conradj@ufs.ac.za
(J. Conradie).

http://dx.doi.org/10.1016/j.electacta.2016.09.034
0013-4686/© 2016 Elsevier Ltd. All rights reserved.

Constable and Housecroft concluded in their review article on
earth-abundant element DSC research that: “The final impression
is one of optimism that in the mid-term it may be possible to
partially or completely replace materials based on platinum group
metals by those involving Earth abundant metals. Our primary aim
in writing this review was to ... encourage further research in
this area.” [6].

In view of the above we set about to systematically and
comprehensively investigate series of metal-to-ligand charge
transfer complexes, building up a database from which dyes for
further research may be selected. To illustrate the prediction
capability of theoretical DFT techniques, with the purpose to
prevent time consuming and expensive experimental routines,
spectral and redox properties were experimentally measured and
correlated with quantum computational data. Towards this goal a
complex series consisting of electronically altered derivatives of
Fe!' phenanthroline, bipyridyl and terpyridyl complexes was
synthesized. The study follows as part of a larger group, starting
with the simple and progressing towards more involved molecular
systems. Initial findings, based on the neat electrochemical
behavior of a series of simple para-substituted nitrobenzenes,
showed how experimental reduction potentials may theoretically
be predicted to more than 99% accuracy by linear correlation with
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readily obtained computed LUMO (lowest unoccupied molecular
orbital) energies [7]. Similar studies then followed, progressing to
bidentate ligands [8,9], its metal [ 10-16] and bimetallic complexes
[17]. Recently Demissie et al. involved relativistic DFT methods to
calculate Gibbs free energies, by this alternative method also
obtaining results in close agreement with experimental redox data
[18].

Up to date, computational studies involving the large hexa-
coordinated Fe complexes under discussion here, are largely absent
in published literature. One reason may be the expense in
computational time required by these large structures. As for its
electrochemistry, to our knowledge only two wide-ranging
comparative investigations were published. These involved cyclic
voltammetry studies of altogether seventeen 4,7-substitution-
altered Fe-phenanthrolines [19,20].

2. Experimental
2.1. General

Solvents were used, as supplied by Merck (AR grade). Syntheses
chemicals were reagent grade and used as purchased from Sigma-
Aldrich. 'TH NMR spectra were obtained on a Bruker AVANCE II
600 MHz spectrometer. UV-visible spectra of dilute solutions in
quartz cuvettes were recorded on a Shimadzu UV-2550 spectrom-
eter and Infrared stretching frequencies were measured on a
Bruker Tensor 27 FTIR spectrophotometer.

2.2. Synthesis Procedure

Adapted from a published method [21,22], the following general
procedure was followed to synthesize the series of thirteen Fe'l-
phenanthroline and pyridyl complexes, using commercially
available ligands:

Ferrous ammonium sulfate (1.002g, 0.00255mol) was dis-
solved in water (0.005L) that contains H,SO,4 (0.001 L, 0.005 M).
1,10-Phenanthroline (1.613 g, 0.00895 mol) was dissolved in hot
water (0.030L) that contains HCIO4 (0.002 L, 1 M). While stirring,
the ferrous solution was added dropwise to the hot ligand solution.
A saturated NaClO4 solution was then added dropwise until
precipitation of the ferrous complex perchlorate salt occurred. The
mixture was left on a hot water bath for 30 minutes, after which it
was cooled to room temperature and filtered. The product
precipitate was left to dry in air, yielding pure [Fe'(1,10-phen)s]
(ClO4), (Product yields varied from 60 to 90%. Due to explosion
hazard posed by dry perchlorate salts, melting points were not
determined.).

2.3. Fe'' complex derivatives

2.3.1. Tris(5-nitro-1,10-phenanthroline)Fe" perchlorate

Amax (methanol)=511 nm; vc.n=1078cm™'; 'H NMR (DMSO-
d6, 600MHz) §=9.501 (d, ]=3.6Hz, 3 x 1H), 9.138 (m, 3 x 1H),
9.048 (ddd, J=8.1 Hz, 6.0 Hz, 4.6 Hz, 3 x 1H), 7.891 (m, 3 x 4H).

2.3.2. Tris(5-chloro-1,10-phenanthroline)Fe" perchlorate

Amax (methanol)=510nm; vcn=1080cm™!; 'TH NMR (DMSO-
d6, 600 MHz) 5=8.895 (dt, ]=5.1Hz, 3.8Hz 3 x 1H), 8.751 (m,
3 x 2H), 7.774 (m, 3 x 4H).

2.3.3. Tris(5,6-epoxy-5,6-dihydro-1,10-phenanthroline )Fe'
perchlorate

Amax (methanol)=527 nm; vcn=1066/1077cm™'; 'H NMR
(DMSO-d6, 600 MHz) 8 =8.595 (dd, ]=6Hz, 4.8 Hz, 3 x 2H), 7.548
(m, 3 x 4H), 5.124 (m, 3 x 2H).

2.3.4. Tris(2,2':6',2" -terpyridine )Fe' perchlorate

Amax (methanol)=551 nm; ven=1076cm™!; 'H NMR (DMSO-
d6, 600 MHz) 8=9.261 (d, ] =8.1 Hz, 2 x 2H), 8.833 (dd, ] = 15.9 Hz,
7.9Hz, 2 x 3H), 8.009 (m, 2 x 2H), 7179 (ddd, |=7.3Hz, 5.7Hz,
1.3Hz, 2 x 2H), 7142 (d, ]=4.9Hz, 2 x 2H).

2.3.5. Tris(2,2'-dipyridyl)Fe" perchlorate

Amax (methanol)=520nm; vc.n=1066/1077cm™'; 'H NMR
(DMSO-d6, 600 MHz) 8=8.864 (d, J=8.1Hz, 2 x 2H), 8231 (td,
J=8.5Hz, 1.3Hz, 2 x2H), 7530 (ddd, J=7.2Hz, 5.7Hz, 1.2Hz,
2 x 2H), 7.395 (d, J=5.3Hz, 2 x 2H).

2.3.6. Tris(1,10-phenanthroline)Fe" perchlorate

Amax (methanol)=509 nm; vcn=1071 cm~'; '"H NMR (DMSO-
d6, 600 MHz) 8=8.401 (s, 2H), 8.813 (d, ] =1.2 Hz, 2H), 7.75 (dd,
J=8.1Hz, 5.3Hz, 2H), 7.708 (dd, J=5.2 Hz, 1.2 Hz, 2H).

2.3.7. Tris(5-methyl-1,10-phenanthroline)Fe" perchlorate

Amax (methanol)=513 nm; vcn=1081cm™!; 'H NMR (DMSO-
d6, 600 MHz) 5=8.824 (m, 3 x 1H), 8.676 (m, 3 x 1H), 8.209 (d,
J=1.4Hz, 3 x 1H), 7.675 (m, 3 x 4H), 2.898 (s, 3 x 3H).

2.3.8. Tris(5,6-dimethyl-1,10-phenanthroline )Fe" perchlorate

Amax (methanol)=517 nm; vc.n=1077cm™'; 'H NMR (DMSO-
d6, 600 MHz) 5=8.884 (d, ]=8.5Hz, 3 x 2H), 7.718 (dd, J=8.5 Hz,
5.2Hz, 3 x 2H), 7.595 (d, ] =5.1 Hz, 3 x 2H), 2.824 (s, 3 x 6H).

2.3.9. Tris(4-methyl-1,10-phenanthroline)Fe" perchlorate

Amax (methanol)=510nm; vc.n=1082cm~'; 'TH NMR (DMSO-
d6, 600 MHz) 5=8.790 (t, ] =6.8 Hz, 3 x 1H), 8.471 (dd, ]=9.1 Hz,
2.6Hz, 3 x 1H), 8.406 (dd, ]=9.2Hz, 2.6Hz, 3 x 1H), 7.716 (m,
3 x 2H), 7.530 (m, 3 x 2H), 2.879 (d, ] =3.3 Hz, 3 x 3H).

2.3.10. Tris(5-amino-1,10-phenanthroline)Fe" perchlorate

Amax (methanol)=521nm; vey=1066cm™'; 'H NMR (DMSO-
d6, 600MHz) 5=8.90 (td, J=7.6Hz, 3.9Hz, 3x1H), 831 (t,
J=8.5Hz, 3 x 1H), 7.72-7.57 (m, 3 x 2H), 7.50-7.47 (m, 3 x 1H),
7.22-713 (m, 3 x 1H), 7.074 (d, ] =5 Hz, 3 x 1H), 6.93 (d, ] =4.3 Hz,
3 x 2H).

2.3.11. Tris(4,4'-dimethyl-2,2"-bipyridine)Fe" perchlorate

Amax (methanol)=527nm; vcn=1077/1091cm™'; 'H NMR
(DMSO-d6, 600MHz) 5=8.708 (s, 3 x 2H), 7.35 (d, J=5.8Hz,
3 % 2H), 7196 (d, ] =5.8 Hz, 3 x 2H), 2.516 (s, 3 x 6H).

2.3.12. Tris(3,4,7,8-tetramethyl-1,10-phenanthroline)Fe" perchlorate

Amax (methanol)=510nm; vc.y=1082cm™!; 'TH NMR (DMSO-
d6, 600 MHz) 8=8.493 (s, 3 x 2H), 7.306 (s, 3 x 2H), 2.790 (s,
3 x 6H), 2.192 (s, 3 x 6H).

2.3.13. Tris(4,4'-dimethoxy-2,2'-bipyridine)Fe' perchlorate
Amax (methanol)=537 nm; vc.n=1081cm™!; '"H NMR (DMSO-
d6,600MHz) 8 =8.500(s,3 x 2H), 7.17 (m, 3 x 4H), 3.987 (s, 3 x 6H)

2.4. Cyclic voltammetry

Electrochemical studies by means of cyclic voltammetry were
performed on 0.002 moldm > or saturated compound solutions in
dry acetonitrile containing 0.1 moldm™ tetra-n-butylammonium
hexafluorophosphate, (["(Bus)N][PFg]), as supporting electrolyte
and under a blanket of purified argon at 25 °C utilizing a BAS 100B/
W electrochemical analyzer. A three-electrode cell, with a glassy
carbon (surface area 7.07 x10 ®°m?) working electrode, Pt
auxiliary electrode and a Ag/Ag* (0.010 mol dm—3 AgNO; in CH3CN)
reference electrode [23], mounted on a Luggin capillary, was used
[24]. Scan rates were 0.050-5.000V s~ . Successive experiments
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Table 1

Ligand structures of Fe'' complexes [Fe(L3)]?*, formal reduction potentials, E” (exp) (V) arranged in decreasing order, E” (DFT) (V) calculated via linear correlation of
experimental E® with DFT computed ionization potentials, and experimental and DFT absorbance maxima, Ajax (nm), in gas phase and methanol.

Fe'' Complex Ligands L E” E” (DFT) Amax Amax (DFT) Amax (DFT)
(exp.) (exp.) Gas MeOH
CHsCN MeOH

1 phen-NO, oN 0.894 0.899 511 545 -
:ON NOj

2 phen-Cl al 0.802 0.773 510 550 -
S

3 phen-epoxy o 0.802 0.779 527 569 -
@QQ

4 tpy-H ® 0.720 0.723 551 528 554

N

or 10

5 phen-H 0.698 0.745 509 546 566
@Q@

6 bpy-H 0.682 0.678 520 563 576
e

7 phen-5Me 0.669 0.681 513 543 -
@Q@

8 phen-Me, 0.640 0.660 517 539 -

Q

Ol

9 phen-4Me 0.613 0.566 510 543 -
XONQ@

10 phen-NH, HAN 0.585 0.568 521 541 -
Q@

11 bpy-Me, 0.523 0.524 527 579 -
oe)

12 phen-Me4 0.452 0.462 510 543 -
%ONQQQ

13 bpy-(OMe), —o o— 0.363 0.362 537 628 -

(@)
[(@®

under the same experimental conditions showed that all oxidation
and formal reduction potentials were reproducible within 0.010 V.
All cited potentials were referenced against the Fc/Fc* couple as
suggested by IUPAC [25]. Ferrocene (Fc) exhibited peak separation,
AE,=Ep, — Epc=0.069V and ip/ipe=1.00 under our experimental
conditions. Ep, (Epc)=anodic (cathodic) peak potential and iy
(ipc)=anodic (cathodic) peak current. The formal reduction
potential E°'=(E, — Epc)/2 for a electrochemical reversible process.
E°' (Fc/Fc™)=0.66(5)V vs SHE in ["(Buy)N][PFs]/CH3CN [26].

2.5. DFT calculations

Density functional theory (DFT) calculations were performed
with the ADF 2014 program [27] with the GGA functional BP86
[28,29]. Full geometry optimization with tight convergence criteria
were done with the TZP basis set and a fine mesh for numerical
integration. The closed shell Fe"" complexes (q=2, S=0) were
calculated spin restricted and the Fe' (q=1 and S=1/,) and Fe"
(q=3 and S='},) complexes spin unrestricted.
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Reliability of the DFT method was tested by comparing single
crystal X-ray diffraction data [30] of [Fe'(phen)s;]** with geomet-
rical parameters obtained by three different functionals, BP86
[28,29], OLYP [31-34] and B3LYP [35,36]. Bond lengths and angles
around Fe centres were considered paramount. BP86 gave the best
agreement with experimental structural data. The difference
between calculated and average experimental Fe-N bond lengths
was 0.005A. A difference between calculated and experimental
metal-ligand bond lengths below a threshold of 0.02A are
considered meaningless [37]. For all three functionals the S=0
ground state of [Fe'(phen);]** had the lowest energy.

3. Results and discussion

Synthesis of the Fe'' complexes, being tris-coordinated with
phenanthroline, allowing a neat crystalline product that is readily
isolated after stirring a mixture of ligand and metal, may at first
glance appear to be unproblematic. However, X-ray crystallogra-
phy yields no reflections from ostensibly single crystals, while
cyclic voltammetry persistently results in the Fe'™" oxidation
wave being preceded by a smaller shoulder. On the other hand,
performing the reaction in acidic medium as reported by
Balakumar ensures a pure product, and was therefore the method
of choice for the syntheses of all complexes in this study (see
Table 1) [21,22].

As opposed to previous reports which compared redox
properties amongst Fe-phenanthrolines where only similar
substituents on the 4 and 7 phenanthroline positions were
varied [19,20], the scope of the present study is, apart from its
theoretical component, largely extended with regard to substitu-
tion pattern. Substituents were selected to vary from strongly
electron withdrawing to electron donating. For the purpose of
direct comparison, terpyridyl and bipyridyl ligands were also
incorporated, ensuring experimental data for three of the most
popular MLCT solar dye moieties to be acquired under similar
conditions.

Due to its pronounced redox waves and electrochemical
reversibility, iron was selected as first candidate amongst several
related studies presently under investigation. Fig. 1 presents the
Fe'/™ oxidation and reduction wave segments of the present series
of complexes, obtained in acetonitrile at 25°C as referenced
against the ferrocene redox couple. The redox potential of
unsubstituted [Fe'(phen)s;]** (5) here observed, agrees within
0.008 V with the value of 0.69 V reported elsewhere [ 19,20]. Formal
reduction potentials of the three unsubstituted complexes;
[Fe"(bpy)s]** (6), [Fe"(phen);]** (5) and [Fe"(tpy),]** (4) lie close
together, at 0.682, 0.698 and 0.720V respectively, the overall
variation being only 0.038V, see Table 1. Of these, 4 resists
oxidation more strongly, while 6 is most readily oxidized. The
order and close proximity of these Fe'™ formal reduction potential
values are reflected in it’s first reduction potentials, at —1.784(6),
—1.768 (5) and —1.685V (4) respectively, see Fig. 2.

An overall formal reduction potential decrease of 0.531 V is seen
for the entire series of Fe complexes, varying from 0.894 V where a
nitro group is on the 5-phenanthroline position (1), to 0.363V
where two methoxy groups are on the para-pyridyl (13) positions.
Clearly, whether substituents are on the inner phenanthroline ring
or on the side rings, plays a significant role in the electrochemical
tuning of these MLCT complexes, e.g. where the weak methyl
electron donor is on the 5-phen position (7, inner ring) Fe!' oxidizes
at 0.669V, while when on the 4-phen position (9, outer ring)
oxidation occurs more readily, namely at 0.613 V. In line with this
observation, it is also seen that the effect of the strong amine
electron donor on the 5-phen position (10) is much less than that of
the multiple methyls on the outer rings (12). Amongst the
phenanthroline sub-group in this study, the latter tetra-methyl

7 r

| 0.531V >
1 __/\
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: __/N
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1 —/\
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o 4 } i phen-H, 5 \/"—T
= 1 1
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- 1 _
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\E_//E. bpy-(OMe}, 13
0 1 1
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Potential vs FcH/FcH* / V

Fig. 1. Cyclic voltammograms of ca 0.002 mol dm~> or saturated solutions of 1-13
in CH3CN/0.1 moldm ™3 ["(Bu4)N][PFs] on a glassy carbon-working electrode at a
scan rate of 0.100 Vs~ Only Fe'""" redox segments are indicated. Ligand L of the [Fe
(L3)]** complex is indicated on the graph. Scans were initiated in the positive
direction as indicated by the arrow.

derivative is most readily oxidized. In general therefore, although
being part of a delocalized fused ring system, the inductive effect as
measured by corresponding Fe'"" redox potentials, nevertheless
significantly decreases over distance.

The ligand in this series that forms the complex that is most
readily oxidized, is the para-dimethoxy substituted bipyridyl
derivative, 13, with formal reduction potential of the complex

250
[Fe(tpy).]”

< 200
€
o
5 150
O [Fe(phen),”
2
T 100
4
o [Fe(bpy).]”
50

0

25 20 -15 -0 -05 00 05 10 15
Potential vs FcH/FcH" / V

Fig. 2. Comparative wide scan cyclic voltammograms of ca 0.002 moldm™
solutions of the indicated Fe" complexes in CH3;CN/0.1 moldm™3 ["(Bu,)N][PFg]
on a glassy carbon-working electrode at a scan rate of 0.100Vs~'. Scans were
initiated in the positive direction from —0.01V.

3
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being 0.363 V. This value compares closely with the analogue 4,7-
dimethoxyphenanthroline derivative synthesized by Schmittel
et al., who reported a formal reduction potential of 0.380V [20].
These authors also synthesized phenanthrolines with similar
amine substituents, N(CH,CH3), and NH(CH,)sNH,, on the 4 and 7
phenanthroline positions, whereby the Fe"™ formal reduction
potentials were decreased to as much as —0.230V.

DFT calculations performed on complexes 1-13 (q=2, 3), gave
geometry optimized electronic energies (E) of each state which
could directly or indirectly be used in correlations with experi-
mentally obtained formal reduction potentials (E®). The most
relevant computational descriptors that were considered [38],
were computed HOMO (highest molecular orbital) energies
(Enomo), as well as ionization potentials (IP=Ecompiex — Eoxidized
complex)-

Treatment of the entire series as a whole proved less than
optimal, since, as was previously concluded, only closely related
substances correlate linearly in this way [17]. By therefore
considering the pyridyl sub-series apart from the phenanthrolines,
a perfect correlation coefficient of 1.000 between IP and E® came to
the fore, see Fig. 3 and Table 2. R*=0.954 for the phenanthroline
series.

Since the electron in the HOMO is removed during oxidation,
correlation with HOMO energies usually also follow linear trends
[17]. Present data yielded R?=0.93, which is slightly worse than
found for the ionization potential correlation. As discussed in the
Introduction, our previous findings suggested comparison be-
tween experimentally measured potentials and computed HOMO
or LUMO energies of compounds where substituents are varied
only on similar positions, however, in this study phenanthroline
substituents were varied in the widest possible way, e.g. not only
different substituents, but different substituent quantities were
involved, as well as on different positions. In view of these large
substituent variations the slight worsening in correlation coeffi-
cient is thus expected.

The linear equations for trend lines as depicted in Fig. 3 are:

IP:
y=3.90x +9.44, R?=1.000 (pyr. sub-series)

y=3.51x+9.28, R2=0.954 (phen. sub-series)

Enomo:
y=-3.31x—7.64, R2=0.926 (phen. sub-series)
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Table 2
DFT computed ionization potentials (arranged in decreasing order) and HOMO
energies of the Fe complex series [Fe(Ls)]**.

Fe complex ligand L IP Enomo
(eV) (eV)
phen-NO, 12.430 —-10.669
phen-epoxy 12.372 -10.319
tpy-H 12.264 —~10.647
bpy-H 12.091 —10.338
phen-Cl 11.987 -10.221
phen-H 11.890 —10.018
phen-5Me 11.665 -9.818
phen-Me, 11.592 -9.638
bpy-Me; 11.491 —9.549
phen-NH, 11.268 -9.786
phen-4Me 11.263 -9.477
phen-Me4 10.896 -9.160
bpy-(OMe), 10.856 -9.291

y=-3.78x—7.79, R2=0.932 (pyr. sub-series)

Utilizing the above linear equations and based only on
theoretically computed Eq -5, Eq-3 and Eq-; values, E” values of
other related compounds may thus be predicted. These energies
are readily obtainable directly from computation output files. As a
test, the energies of three derivatives from the Schmittel group [20]
were computed. Ionization potentials from these energies were
calculated for the 4,7-(NO,),-phenanthroline-Fe!' electron-poor
derivative, where E° was determined to be 0.898V. The related
value for 4,7-(OCHs),-phenanthroline-Fe' is 0.367V, and for the
electron-rich 4,7-(N(CH,CH3),NO,),-phenanthroline-Fe!! it is
—0.039 V. Experimental E® values reported by these authors were
0.890, 0.380 and —0.090V, which lies within 0.009, 0.013 and
0.041V respectively from our theoretically predicted values. This
corresponds to a correlation coefficient of almost unity.

With regard to dyes that may be employed in dye-sensitized
solar cells, the ideal oxidation potential is determined by the
chosen redox electrolyte. For the commonly used iodide/triiodide
couple, the dye requires an oxidation potential around 0.4 to 0.5V
more positive than that of the electrolyte, since an overpotential is
needed for rapid dye re-reduction after photochemical oxidation
[39]. E® (I37/I") in acetonitrile is reported to be —0.276V vs
ferrocene [40]. Based on this criterion alone, the Fe-phenanthro-
line and pyridyl species of this study thus all qualify as suitable
dyes. It may be noted that derivitization is therefore not required,
with the unsubstituted species having potentials at ca 0.7 V.
Functionalization for the purpose of anchoring on e.g. a TiO,
substrate should therefore also not pose a problem, in fact, the

13
7 -9 |
R?=1.000
12 .70 >
> ()
(] -~
= g
o 9-10 ¢
11 1T}
10 L a L -11
0.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9

E® /V vs FcH/FcH*

E® /V vs FcH/FcH*

Fig. 3. Linear correlation graphs of experimental formal reduction potentials (E®') versus corresponding calculated ionization potentials (IP, left) and HOMO energies (Exomon
right) of 1-13. The trend corresponding to the Fe-phenanthroline sub-series is indicated by dashed lines, solid lines show the Fe-pyridyl sub-series.
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electron-withdrawing favoured —COOH anchor group is expected
to only slightly increase E'.

Molecular orbital renderings which include examples of the
HOMO and LUMO of selected complexes, are presented in Table 3.
The photochemical metal-to-ligand charge transfer capacity is
clearly illustrated, which implies that these complexes are suitable
as charge transfer dyes. In all the other complexes, including those

Table 3

not shown here (see Supporting Information), the HOMO is located
mainly on the central metal, while directional transfer takes place
during photochemical excitation, i.e. the charge being transferred
to the empty LUMO which is completely or at least mostly located
on the ligands.

Apart from desired electrochemical properties of potential dye
molecules, photo-physical properties, amongst others, also need

HOMO and LUMO orbital renderings of selected Fe'' complexes [Fe(L3)]?*. (Complete series may be viewed in Supporting Information.).

Fe'' Complex Ligands L HOMO

LUMO

tpy-H (4)

phen-H (5)

bpy-H (6)

bpy-OMe, (13)

phen-epoxy (3)
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simultaneously be optimized. Of primary importance is that the
absorbance spectrum of the dye overlap with the solar emission
spectrum as completely as possible. The Fe complexes of the
present series show particular promise, since the wavelengths of
maximum absorbance lie immediately to the right of the solar
maximum emission of about 490 nm. Also, the absorbance spectra
are relatively wide (see spectra in Fig. 4), although not as wide as
the solar emission spectrum, which very gradually fades into the
deep infrared.

The Fe-phenanthroline complex, 5 absorbs at highest energy,
namely 509 nm, and the Fe-terpyridyl complex at lowest energy, at
551 nm, which represents an overall spectral shift of only 42 nm, all
other derivatives lying in between. Within the Fe-phenanthroline
sub-series practically no spectral shift occurs as a result of widely
differing electronically altered substituents, e.g. for nitro deriva-
tive, 1, Amax =511 nm, while A\, for the tetra-methyl compound,
12, is 510 nm. Inclusion of extended aromatic systems or mixes of
ligands being coordinated to the central metal are however
expected to enhance absorbance band widths.

Fig. 4 also shows Time-Dependant DFT computed electronic
oscillators for the three unsubstituted compounds: 4, 5 and 6.
Apart from the Fe-terpyridyl compound, better simulation of
experimental spectra were obtained when gas phase conditions
were stipulated in computational input files. The general tendency
was for calculations done in solvent environment, e.g. methanol, to
yield redshifts in computed oscillators. For the unsubstituted Fe-
phenanthroline, 5, and Fe-bipyridyl, 6, compounds the strongest
gas phase calculated oscillators are about 40nm higher than
corresponding An.x experimental values. Solvent calculations

ABSORBANCE,
OSCILLATOR STRENGTH

650 750

ABSORBANCE,
OSCILLATOR STRENGTH

350 450 550 650 750
Alnm

resulted in an additional redshift of ca 20 nm, see Table 1. Solvent
calculations for the Fe-terpyridyl compound, 4, however, gave an
almost perfect match; experimental A,.x being at 551 nm and the
TDDFT value in MeOH at 554 nm (Figs. 4d). Also, both peaks at
shorter wavelengths and those being responsible for minor
shoulders, are in good agreement with experimental data.

4. Conclusions

Comparison between experimental electrochemistry and spec-
troscopy results, and DFT computational data illustrates to a high
level of confidence the reliability at which theoretical techniques
may be used to simulate aspect of dye molecules with potential
application in solar cells. Electrochemical redox potentials in the
Fe-bipyridyl series here investigated can theoretically be predicted
with almost 100% accuracy, the Fe-phenanthroline series at 95%
confidence level. Theoretical molecular orbital renderings give
upfront visual insight into the potential charge transfer character-
istics of dye molecules, while TDDFT calculations of even large
molecules like the present tris-coordinated Fe'' complexes may be
simulated fairly well, mostly to within 40 nm of experimental
absorbance maxima. Enhancing computed spectra, by defining
solvents, is dependent on the particular species under investiga-
tion.

The earth-abundant metal and ligands here investigated are of
direct relevance to the Grdtzel cell [41]. Theoretical methods that
may be of considerable aid during the fast-track research and
development of DSSC'’s were illustrated.
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Fig. 4. TDDFT calculated electronic oscillators (bars) of (a) [Fe'(phen)s]?*, 5, (b) [Fe'(bpy).]?*, 6, and (c) [Fe''(tpy).]?*, 4, all in gas phase, and (d) [Fe''(tpy),]?* in methanol.

Experimental UV-visible overlay spectra were acquired in methanol.
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Chapter 6

Conclusions

The presented material illustrates the effectiveness of Density Functional Theory (DFT) calculations
in the research of metal coordinated polypyridine complexes. The use of DFT calculations can

minimize research time and cost in the experimental laboratory.

An electrochemical study of substituted polypiridine ligands and their octahedral cobalt(ll) and
iron(ll) complexes, displayed redox peaks in acetonitrile as solvent as follows: the free,
uncoordinated polypyridine ligands (1,10-phenanthroline, 2,2'-bipyridine and terpyridine and all
derivatives) display their respective ligand reductions; the polypyridine-Fe(ll) coordinated complexes
displayed an Fe(lI/11l) redox couple as well as one to three coordinated ligand reduction events; and
the polypyridine-Co(ll) coordinated complexes displayed Co(ll/Ill), Co(ll/1) and coordinated ligand
reduction peaks. From the results obtained it is shown that when the ligand is coordinated to a
Co(ll) metal center, the coordinated ligands experience reduction at potentials that are 0.5 V more
positive than obtained for the uncoordinated ligand. When the ligand is coordinated to an Fe(ll)
metal center, the coordinated ligands experience reduction at potentials that are 0.8 V more positive
than the reduction of the free ligand. The uncoordinated ligand displayed reduction peaks that are
electrochemically and chemically irreversible while the organometallic polypyridine-metal(ll)
complexes, with the ligands coordinated to a metallic center, displayed ligand reduction peaks that

are chemically and electrochemically reversible.

When the experimentally determined electrochemical and physical properties are related to Density
Functional Theory (DFT) calculated energies, linear correlations are obtained with good R? values in
most cases. These linear correlations arise due to the high degree of electronic communication that
exists between the metal centers and the coordinating polypyridine ligands. This illustrates that DFT
could be used in research for the design of complexes that contain specific physical properties for
any given potential use, before synthesis. The cost of any unsuccessful or unnecessary experiment is
reduced due to the lower cost of calculations versus the cost of wet chemical methods. The time
duration between conceptualization of an experiment and the delivery of results can also be
shortened through the use of DFT if this is compared to the time needed for laboratory experiments.
The DFT calculations also allow for the visualization of the geometries and electronic structure (such

as the HOMO and LUMO orbitals) of the complexes being studied, displaying the unique properties
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of the complexes as was observed in the case of the Co(ll)- (Jahn-Teller distortion and locuses of
electrochemical oxidation/reduction) and Fe(ll)-polypyridines (locuses of electrochemical

oxidation/reduction and spectroscopic properties).

Of note in the research conducted is the use of perchlorate as an anion (Chapter 4). Transition metal
perchlorates are known to be potentially combustible (explosive), therefore there is a risk in the use
of the mentioned anion. Consideration may be made in the use of a different anion eg. nitrate as in
the case of the Co-polypyridine studies. It may even be of interest to investigate the use of the
iodide anion, due to the fact that the iodide/triiodide couple is used within dye-sensitized solar cells,
which would also allow for the introduction of less impurities (in this case the anion, if the iodide is

not used) to the electrochemical system.

From all the results obtained in the presented material, most of the octahedral, polypyridine-Co(ll)
and -Fe(ll) complexes possess the potential needed for dyes or mediators within dye-sensitized solar
cells, namely 0.5 V less than the redox potential of the well-known iodide/triiodide mediator.
However, the use of a specific redox couple as mediator in DSSC, also depends on the design of the

specific cell.
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