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The cyclic voltammograms of a series of substituted terpyridine ligands are presented, showing that reduction
occur generally below —2 V versus the redox potential of ferrocene. Density functional theory (DFT) calculated
energies and the theoretically calculated reduction potentials of a large series of substituted oligo(aza)pyridine
ligands (terpyridine, bipyridine and phenanthroline) are determined and related to experimentally measured
reduction potentials. A linear relationship is observed for the reduction potential of tpy ligands and the sum of

the Hammett constant of the substituents on the ligands. It was found that the reduction potential of terpyridines
relate linearly with various DFT calculated energies. It was further demonstrated that different oligo(aza)pyri-
dines, namely phenanthrolines, bipyridines and the terpyridine ligands of this study, follow the same “reduction
potentials — DFT energies” relationships.

1. Introduction

Oligo(aza)pyridines (Scheme 1) are an important class of ligands that
coordinate to many transition metals. These oligo(aza)pyridine ligands
and their metal complexes have applications in many fields of chemistry,
such as supramolecular chemistry [1,2], molecular electronics, homo-
geneous [2] and redox [3] catalysis [4], fluorescence [5], photochem-
istry [6], biomedical applications, light-emitting devices, nonlinear
optical (NLO) materials [7], photosensitizers in dye-sensitized solar cells
(DSSC) [8], redox and photochemistry [9,10]. The free ligands are
reduced at potentials more than 2 V below the redox couple of free
ferrocene [11,12]. New 2,2":6/,2"-terpyridine ligands with different
substituent groups to tailor them for specific applications, are continu-
ously being synthesized [13-15] and theoretically designed [7,16]. The
reactivity of metal complexes containing substituted oligo(aza)pyridine
ligands are related to the properties of the ligands [17], including the
redox activity of the ligands [11]. It is thus of importance to find de-
scriptors (e.g. Hammett substituent parameters, Lever’s additive elec-
trochemical parameters, pK,’s, theoretically calculated energies) that
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correlate to the redox activity of substituted oligo(aza)pyridine ligands
and therefore also to the redox activity of their metal complexes.
There are a couple of examples in literature where the redox po-
tentials of homoleptic transition-metal complexes containing
substituted 2,2:6',2"-terpyridine (tpy) ligands, [M(tpy)z]2+ complexes,
correlate well to the sum of the Hammett parameters of the tpy sub-
stituents, for M = Mn [18,19], Fe [17-19], Co [17,18], Ni [18] and Zn
[18]. Both the metal- and ligand-based reductions of iron(II) and cobalt
(II) complexes of tris-azinyl analogues of tpy correlates well with Lever’s
additive electrochemical parameters for the heterocyclic donor groups
[20], as well as with sum of the pK,’'s of the different ligand donor
groups of the tris-azinyl ligands [20]. The metal-based reductions of
cobalt(II) complexes with substituted bidentate (phenanthrolines and
bipyridines) and tridentate (terpyridines) oligo(aza)pyridine ligands
correlates with the pK, of uncoordinated substituted bidentate and tri-
dentate oligo(aza)pyridine ligands [11,21]. The phenanthroline-ligand-
based reduction potential of ruthenium(II) complexes containing 1,8-bis
(2-pyridyl)-3,6-dithiaoctane and substituted 1,10-phenanthrolines,
related to the the pK, of free phenanthrolines with a correlation
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1,10-Phenanthroline
(bpy) (phen) (tpy)

2,2'-bipyridine 2,2"6',2"-terpyridine

Scheme 1. Structure and atom numbering scheme of the oligo(aza)pyridine
ligands of this study. The tpy ligands are shown in Scheme 2 and the bpy and
phen ligands are tabulated in Table 2.

coefficient R* = 0.94 [22].

Density functional theory (DFT) calculated energies (e.g. lowest
unoccupied molecular orbital (LUMO) energy, electron affinity, global
electrophilicity index, Mulliken electronegativity) of substituted phe-
nanthrolines revealed a strong correlation to reduction potential of the
same ligands [11]. DFT calculated energies of metal complexes con-
taining substituted oligo(aza)pyridines (phenanthrolines and bipyr-
idines) revealed a strong correlation to metal-based oxidation potential
of the same molecules for metal = Fe [23,24], Ru [25], Os [26], Mn [27],
Co [28] and Cu [29]. It was demonstrated that the DFT calculated LUMO
energies of a simplified model system of aryl substituted 4'-aryl-tpy li-
gands, namely aryl-pyridine molecules, revealed a strong correlation to
the Hammett parameters of the substituents. In addition, the sum of the
Hammett parameters of the substituents on 4’-aryl-tpy correlated to the
electrochemical data of metal complexes containing substituted 4'-aryl-
tpy, [M(4'-aryl-tpy)2] 2+ complexes, for M = Mn, Fe, Co, Fe and Zn [18],
suggesting DFT calculated energies of simplified systems may be used to
predict the redox potentials of larger metal-containing molecules.

Redox potentials of many metal complexes containing substituted
oligo(aza)pyridines are published (e.g. Fe [6,17-19,23,24], Ru [5,25],
Os [5,26],Mn [18,19,27],Co [11,17,18,21,28],Zn [18], Ni [18] and Cu
[301), but not much data in non-aqueous solvents could be found on the
reduction potential of the uncoordinated oligo(aza)pyridine [11,12],
that reduce at potentials c.a. 1 V lower than the reduction of coordinated
oligo(aza)pyridines in metal-oligo(aza)pyridine complexes.

This contribution thus presents the experimental reduction of a series
of substituted tpy ligands, see Scheme 2, as measured by cyclic vol-
tammetry. The reduction potential of the tpy ligands, as well as data of
substituted bipyridine (bpy) and phenanthroline (phen) ligands from
literature [11,12], listed in Table 2, are shown to be related to

]
X \N ‘ X
N N _~
2,2',6',2"-terpyridine (tpy) 4,4',4"-tBu-tpy
Cl CHjy

4'-4CIPh-tpy 4'-4MePh-tpy
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theoretically calculated reactivity descriptors, using DFT calculations.
The ultimate goal is to identify theoretical methods that can be used to
predict the redox potentials of other substituted oligo(aza)pyridine li-
gands and their metal complexes.

2. Experimental
2.1. General

Liquid-state 'H NMR spectra were recorded at 25.0 °C on a 300 MHz
Bruker Avance DPX spectrometer using deuterated chloroform as sol-
vent. The chemical shifts (8) are reported in parts per million (ppm) and
the spectra were referenced relative to Me4Si internal standard at 0 ppm.
Reagents were obtained from Sigma-Aldrich. Solid reagents employed in
preparations were used directly without further purification. Solvents
were distilled prior to use.

2.2. Synthesis of ligands

Seven 4'-substituted terpyridine ligands and the tpy analogue 2,6-di
(pyrazinyl)pyridine (4,4”-N-tpy), were used to perform electrochemistry
on. Three ligands were synthesised using the methods below, while the
following ligands were obtained from Sigma-Aldrich: 2,2":6/,2"-terpyr-
idine (tpy); 4'-chloro-2,2":6'.2"-terpyridine (4'-Cl-tpy); 4'-(4-Methyl-
phenyl)-2,2":6/,2"-terpyridine  (4'-MePh-tpy);  4,4’,4”-Tri-tert-Butyl-
2,2":6/,2"-terpyridine  (4,4',4"-tBu-tpy) and 4'-(4-Chlorophenyl)-

Table 1

Electrochemical data for the substituted tpy ligands and 2,6-di(pyrazinyl)pyri-
dine, obtained in DMF with 0.1 M TBAHFP as supporting electrolyte, at 0.100
V s~ reported in V versus Fc/Fc™.

Ligand Epe Eonset ¥ Hammett®
4'-4CIPh-tpy —2.324 —2.230 0.12
4'-Cl-tpy —2.299 -2.170 0.23

4,4 -N-tpy —2.293 —2.150 -
4'-OMe-tpy —2.677 —2.415 —0.27
4'-4MePh-tpy ~2.564 -2.390 -0.03
4'-pyrr-tpy —2.763 —2.563 —-0.83

tpy® —-2.630 —2.420 0.00
4,4',4"-tBu-tpy —2.617 —2.453 ~0.60

a para Hammett constant, except for 4,4’,4”-tBu-tpy for which 3 x the para
Hammett constant for ‘Bu was used.
b tpy in CH3CH: Ej (V vs Fe/Fct) = -2.584, Eqgnser (V vs Fe/Fch)) = -2.455.
7z
N
N‘ N N | SN
L~ N

2,6-di(pyrazinyl)pyridine (4,4"-N-tpy)

4'-Cl-tpy

()

4'-pyrr-tpy 4'-OMe-tpy

Scheme 2. Structure and abbreviations used for the substituted terpyridine ligands of this study.
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Table 2
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DFT data (this study) and electrochemical data at a scan rate of 0.100 V s~ ! of the tpy ligands (this study), as well as electrochemical data of bpy and phen ligands from
literature [11,12]. All data in eV except for E,. and E;  that is in V vs F¢/Fc'. Numbering of ligand’s substituents according to Scheme 1.

+

Ligand Epc, experimental E1/2, calculated Enomo Erumo n H B p [ [0} ©

4'-4ClPh-tpy —2.324 —2.628 —6.779 -1.819 4.960 —4.299 —5.54 -3.06 1.863 3.09 0.94
4'-Cl-tpy —2.299 —2.680 —6.911 -1.739 5.172 —4.325 —5.62 -3.03 1.808 3.05 0.89
4,4-N-tpy —2.293 —2.459 —7.013 —2.047 4.967 —4.530 —5.77 -3.29 2.066 3.35 1.09
4'-OMe-tpy —2.677 —2.852 —6.658 —1.454 5.204 —4.056 —5.36 —-2.75 1.580 2.76 0.73
4'-4MePh-tpy —2.564 —2.755 —6.623 —1.599 5.024 —4.111 —5.37 —-2.85 1.682 2.87 0.81
4 -pyrr-tpy —2.763 —3.040 —5.818 —1.201 4.617 —3.510 —4.66 —2.36 1.334 2.36 0.60
tpy —2.630 —2.869 —6.690 —1.511 5.180 —4.100 —5.40 —-2.81 1.623 2.81 0.76
4,4 ,4"-tBu-tpy —2.617 —3.027 —6.480 -1.237 5.243 —3.858 -5.17 —2.55 1.420 2.55 0.62
3,4,7,8-Me-phen —2.635 —2.883 —6.249 —1.668 4.580 —3.958 -5.10 —2.81 1.710 2.84 0.86
2,9-Me-phen —2.603 —2.902 —6.293 —1.604 4.689 —3.949 —5.12 —2.78 1.663 2.80 0.82
5-NH2-phen —2.600 —2.820 —5.843 —1.696 4.147 -3.770 —4.81 —-2.73 1.713 2.79 0.90
4-Me-phen —2.577 —2.830 —6.473 -1.774 4.699 —4.124 —5.30 —2.95 1.810 2.99 0.93
5-Me-phen —2.562 —2.879 —6.429 -1.742 4.687 —4.085 —5.26 —-2.91 1.781 2.95 0.91
5,6-Me-phen —2.550 —2.840 —6.322 —1.654 4.668 —3.988 -5.16 —2.82 1.703 2.85 0.85
phen —2.533 —2.835 —6.574 -1.786 4.788 —4.180 —5.38 —2.98 1.824 3.02 0.93
4,7-Ph-phen —2.393 -2.715 —6.323 -1.817 4.507 —4.070 -5.20 —2.94 1.838 3.00 0.96
5-Cl-phen —2.321 —2.620 —6.648 —2.042 4.606 —4.345 —5.50 -3.19 2.050 3.28 1.11
5,6-O-H2-phen —2.252 —2.587 —6.850 —1.955 4.896 —4.403 —5.63 -3.18 1.980 3.23 1.03
4,7-Cl-phen —2.221 —2.486 —6.818 —2.223 4.595 —4.521 —5.67 -3.37 2.224 3.50 1.24
5-NO2-phen —1.348 —1.408 —7.203 -3.070 4.133 —5.137 —6.17 —-4.10 3.192 4.61 2.04
5,6-O2-phen —0.925 —0.920 —7.265 —3.680 3.585 —5.473 —6.37 —4.58 4.177 5.66 2.92
4,4 -tBu-bpy —2.666 —3.006 —6.699 —1.244 5.456 -3.972 —5.34 -2.61 1.445 2.61 0.62
4,4'-Me-bpy —2.679 —2.869 —6.748 —1.412 5.336 —4.080 —5.41 —-2.75 1.560 2.75 0.71
4,4'-OMe-bpy —2.612 —2.962 —6.780 —1.218 5.562 —3.999 -5.39 —2.61 1.438 2.61 0.61
bpy —2.542 —2.802 —6.890 —1.553 5.338 —4.221 —5.56 —-2.89 1.669 2.89 0.78

2,2":6/,2"-terpyridine (4’-CIPh-tpy). The synthesis of the following three
ligands was done as described below.

2.2.1. 4'-methoxy-2,2':6',2" -terpyridine (4'-OMe-tpy)

A published method was used with slight changes [17]. Small pieces
of sodium (0.100 g) were added to methanol (15 ml) at room temper-
ature. Once all the sodium reacted, solvent was removed in vacuo. So-
dium methoxide was suspended in dry DMF (10 ml) and 4’-chloro-
2,2":6,2"-terpyridine (0.248 g, 0.9264 mmol) was added. The suspen-
sion was heated at 125°C for 4 h. After cooling to room temperature, the
suspension was added into water (50 ml) and the off-white precipitate
was collected by suction filtration. Spectroscopically pure 4’-methoxy-
2,2":6,2"-terpyridine (white flakes) was obtained (0.2114 g, 75.47 %).
8y (300 MHz, CDCls): 8.706-8.684 (2H, m, CH), 8.623 (2H, d, CH),
8.028 (2H, s, CH), 7.875-7.824 (2H, m, CH), 7.356-7.311 (2H, m, CH),
7.261 (3H, s, CH).

2.2.2. 4'-(N-pyrrolidinyD)-2,2':6',2"-terpyridine (4'-pyrr-tpy)

A published method was used with slight modifications [17]. 4'-
Chloro-2,2":6',2"-terpyridine (0.252 g, 0.9413 mmol) was added to
pyrrolidine (25 ml). The mixture was refluxed at 60-80 °C under Argon
gas for 72 hrs. After cooling the solution was added to HoO (125 ml)

§ N
JEEEI DN

Br” >N’ “Br N” SN

[Pd(PPh3)4]
— y

resulting in precipitation of the desired product. Off white solid was
isolated by suction filtration and washed with distilled water (6 ml).
Spectroscopically pure 4’-(N-pyrrolidinyl)-2,2':6’,2"-terpyridine (brown
powder) was obtained (0.288 g, %). 5(300 MHz, CDCls): 8.686-8.667
(2H, m, CH), 8.625 (2H, d, CH), 7.853-7.796 (2H, m, CH), 7.621 (2H, s,
CH), 7.314-7.269 (2H, m, CH), 3.579-3.535 (4H, m, CH), 2.085-2.040
(4H, m, CH).

+ HCI

2.2.3. 2,6-di(pyrazinyDpyridine (4,4"-N-tpy)

A published method was used with slight changes [20]. A schlenk
tube was filled with 2,6-dibromopyridine (0.088 g, 0.3715 mmol), 2-
(tributylstannyl)pyrazine (0.25 ml), [Pd(PPh3)4] (0.0350 g) and dry
toluene (6.5 ml) under Ar gas and heated at 110°C to reflux for 16 hrs.
Water (6.25 ml) was then added to cool the mixture. The organic layer
was extracted with DCM (10 ml x 3), dried with MgSOy, filtered and
evaporated to dryness. The solid was suspended in n-pentane (10 ml),
was filtered to obtain the product as yellow solid. Spectroscopically pure
2,6-di(pyrazinyl)pyridine was obtained (0.054 g, 61.78 %). &y (300
MHz, CDCl3): 9.854 (2H, d, CH), 8.670 (4H, s, CH), 8.493 (2H, d, CH),
8.050 (1H, t, CH).

X

bz [

[ N

N™ n
Reflux, 16 hrs k/N N\/ K/\
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Scheme 3. Thermodynamic cycle for the absolute reduction potential of the
oligo(aza)pyridine ligands L of this study. AGredrg) and AGreqeson are the free
energy change associated with reduction in the gas and solvent phase respec-
tively; AGsolvy(L) = solvation energy of L.

2.3. Electrochemistry

Cyclic voltammetric (CV) measurements were as described in a
previous publication [31], namely using a BAS100B Electrochemical
Analyzer linked to a personal computer, utilizing the BAS100W Version
2.3 software. A three-electrode cell was used, with a glassy carbon
(surface area 0.0707 cm?) working electrode, Pt auxiliary electrode and
an Ag/AgCl (3 M NaCl sat) reference electrode (BASI P/N MF-2052). The
solvent used was anhydrous DMF and the supporting electrolyte was
tetra-n-butylammonium hexafluorophosphate (TBAHFP) (0.1 mol
dm™3). A purified Ar gas blanket was employed and all measurements
were taken at 25 °C. The concentration of the different samples was ca
0.002 mol dm 3. Scan rates were varied between 0.05 Vs~ ! and 1.00 V

Results in Chemistry 4 (2022) 100667

s~1. Repetitions with the same experimental conditions showed all
reduction potentials were reproducible within 0.01 V. The working
electrode was polished on a Biihler polishing mat, first with 1 ym and
then with % micron diamond paste (in a figure-of-eight motion), rinsed
with acetone and dried before each experiment. Ferrocene was used as
an internal standard and cited potentials were referenced against the Fc/
Fc* couple, as suggested by IUPAC [32]. E,. = peak cathodic potential
and iy, = peak cathodic current.

2.4. DFT methods

Density functional theory (DFT) calculations were performed using
the Gaussian 16 program [33]. The B3LYP functional (with the Becke 88
exchange functional [34] in combination with the LYP correlation
functional [35]) and the triple-( basis set 6-311 + G(2df,2p) was used.
Optimizations were performed in gas phase. The input coordinates for
the compounds were constructed using Chemcraft [36]. From the opti-
mized gas phase output files, the energies of the highest occupied mo-
lecular orbital (HOMO), Egomo, and the lowest unoccupied molecular
orbital (LUMO), Erymo, were obtained. These frontier molecular orbital
(FMO) energies give, according to Koopmans theorem, an approxima-
tion of the ionization potential (IP) [37] and electron affinity (EA) [38]:

IP = -Enomo
EA = -ELumo

Using the FMO energies as approximation of the EA and IP, the
following calculated reactivity and response indexes and descriptors

(a) (b)

(c) (d)

R P TR E—
neutral

DR TS
reduced

(9

bpy

phen

9
’ neutral (38.9°)

) DP9 —C PSS
reduced

tpy

neutral (72.5°)
MJ

reduced (25.2°)

2
> b

neutral (74.0°)

reduced (57.3°)

4’-4CIPh-tpy

SNt

Fig. 1. B3LYP gas phase calculated (a) geometry and (b) LUMO of the indicated neutral ligands and (c) spin density plot of the indicated reduced ligands, showing
the locus of the unpaired electron added upon reduction. (d) Comparison of the twisting of the pyridine rings in the neutral (top) and reduced (bottom) ligand. The
dihedral angle between the non-co-planar pyridine rings are indicated. Contours of 0.05 e/A% and 0.008 e/A® were used for the MO and spin plots respectively.
Colour code of the atoms (online version): N (blue), C (grey), Cl (green), H (white). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. CVs of tpy with 0.1 M TBAHFP as supporting electrolyte, at the indicated scan rates, reported versus Fc¢/Fc™ in (a) DMF (0.002 M) and (b) CH3CN (0.004 M) as
solvent. CVs over different potential ranges of tpy in (¢) DMF and (d) CH3CN as solvent at a scan rate of 0.100 V s L. Relationship between peak reduction current and
the square root of the scan rate (Randles-Sevéik equation) for tpy in (d) DMF and (e) CH3CN as solvent.

were calculated using the following formulae [39-44]:

Mulliken electronegativity: y = (IP + EA)/2

chemical potential: p = —(IP + EA)/2 = -y

chemical hardness: n = IP — EA

global electrophilicity index: ® = (p2/2q)

chemical potential governing charge donating process: p” = —(1/4)(3IP + EA)

chemical potential governing charge accepting process: p™ = —(1/4)(IP +
3EA)

electro-donating power: ® = (p')2/2n
electro-accepting power: ot = (p+)2/2n

as also described in our previous publications [45,46].

To theoretically calculate the adiabatic electron affinity (EA) of
ligand L, the gas phase energy difference between the neutral (E(L)) and
reduced ligand (E(L")) are used:

EAL) = EL7) — EL)

To theoretically calculate the absolute redox potential,
Eed.calculated absolute> TOT the reduction of the oligo(aza)pyridine ligands of
this study, the following thermodynamic equation was used:

.  —AG
red,calculated,absolute ——
nF

Here n is the number of transferred electrons during the reduction
reaction, F is the Faraday constant and AGreqsol) the free energy of the
reduction reaction in the experimental solvent. AGredcsol) Was obtained
from using a thermodynamic cycle similar as what was reported in
literature to determine the absolute reduction potential of the standard
hydrogen electrode [47]. Scheme 3 show the thermodynamic cycle used
to determine AGreqsor) for the oligo(aza)pyridine ligands of this study.
The absolute redox potential was converted to a relative redox potential
versus the Ferrocene/Ferrocenium (Fc/Fc™) couple, by subtracting the
calculated absolute reduction potential of Fc/Fc' from the calculated
absolute redox potential:

—AG eq(sol

)
Ered.calcululed vs Fe/Fet = nF - EFC/FC’

Reported high level ab initio calculated absolute reduction potential
of Fe/Fc' is 4.988, 4.927, and 5.043 V in acetonitrile, 1,2-dichloro-
ethane, and dimethylsulfoxide solutions, respectively [48].

Redox calculations were done on the same level of theory as the
geometry optimizations, using energies and free energies obtained by
gas phase B3LYP/6-311 + G(2df,2p) optimization and frequency cal-
culations. Single point calculations in solvent (CH3CN or DMF) were
performed using the Polarizable Continuum Model (PCM) [49] solvent
model, IEFPCM [50], in Gaussian, on the same level of theory.
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180 1 —
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Fig. 3. CVs at a scan rate of 0.100 Vs ! of ca 0.002 M DMF solution containing
the indicated 4’-substituted tpy ligands with 0.1 M TBAHFP as supporting
electrolyte, reported versus Fc/Fc'. Scans were done at room tempera-
ture, 25 °C.

3. Results and discussion
3.1. DFT results

The optimized geometries of the unsubstituted phen, bpy and tpy, as
well as 4-4CIPh-tpy are shown in Fig. 1. The neutral phen ligand is flat,
while the pyridine rings are twisted relative to each other in bpy and tpy.
For 4-4RPh-tpy (R = Me or Cl) ligands, it is found that the central
pyridine ring, the phenyl ring and the other two pyridines are twisted
relative to each other, Fig. 1 (d). Upon reduction the bpy, tpy and 4'-
4RPh-tpy ligands become more flat, see Fig. 1 (d). Reduced bpy is totally
flat, the dihedral between the side pyridines in tpy decrease from 72.5°
(neutral) to 25.2° in the reduced tpy. For reduced 4’-4RPh-tpy the
central pyridine ring and the phenyl ring become co-planar, while the
other two pyridines are still twisted relative to each other (57.3°),
though less tilted than in the neutral ligand (74.0°). The more flat
reduced ligands enhance the electron communication through the
reduced ligands. The LUMO of the neutral ligand is the MO where the
electron is added upon reduction. The character of the LUMO, Fig. 1 (b)
thus shows the locus of the added electron, that is of the same character
as the HOMO (not shown) of the reduced ligand, the locus of the added
electron if no MO rearrangement upon reduction occur [51]. The spin
density Fig. 1 (c) of the reduced ligand visualize the locus of the added
electron upon reduction. The neutral ligand’s LUMO, the reduced li-
gand’s HOMO and the reduced ligand’s spin density plots are all of
similar 7 character.

Upon evaluation of the distribution of the added unpaired electron
over the reduced ligand, see spin density plots in Fig. 1 (c), different
tendencies are observed. For reduced bpy there is 0.13 e~ on each ni-
trogen- and for reduced 4’-4CIPh-tpy there is 0.24 e on the central
nitrogen, while reduced phen and reduced tpy has less than 0.001 and
0.04 e on the nitrogens respectively. For reduced phen, reduced bpy
and reduced tpy, the spin density is distributed over all the pyridine
rings, while for 4'-4CIPh-tpy the spin density if distributed over the
central flat part of the reduced ligand, namely the central pyridine and
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phenyl ring. The different spin density profiles of the reduced ligands
suggest that the position and type of substituent groups on the different
ligands, as well as the type of ligand, determine electronic and resonance
effects of the substituent groups on the ligands, thereby influencing the
ease of reduction of the ligand.

3.2. CV results

The electrochemical activity of the substituted phen ligands and the
substituted bpy ligands, using cyclic voltammetry, was reported previ-
ously [11,12]. Here we present the observed electrochemical behaviour
of tpy and substituted tpy ligands. The CVs of unsubstituted tpy, ob-
tained at different scan rates in DMF and acetonitrile as solvents, are
shown in Fig. 2. An irreversible reduction process is observed at a po-
tential below —2.4 V versus Fc/Fc'. The reduction peak is broad. The
first irreversible reduction is followed by more irreversible reduction
events, see Fig. 2 (c) and (d). The first reduction peak is broader in DMF
than in CH3CN as solvent; the difference between the onset potential
(the potential in an electrochemical cell that drives the electrochemical
reaction) and the peak reduction potential is 0.21 and 0.13 V for DMF
and CH3CN respectively (0.100 vs! scan, see data in Table 1). The
amount and rate of change in the geometry during reduction form the
neutral form to a more flat reduced form (Fig. 1 (d)), could contribute to
the slow reduction process as observed by the broad reduction peaks.

Upon reduction an unstable reduced radical anion is formed with
unpaired electron distribution as shown in Fig. 1 (c). Most of the un-
stable radical anions formed in the electrochemical cell, decompose and
diffuse away from the working electrode, before re-oxidation can take
place. No re-oxidation peak is observed for the first reduction of tpy in
DMF, while in CH3CN a small re-oxidation peak appears at higher scan
rates, though with large peak current voltage separations AE > 0.13 V.
However, when tpy is coordinated to a metal, a reversible tpy ligand-
based reduction (of the coordinated tpy ligand), is reported for
various bis-terpyridine-metal(II) complexes [12,23,27]. The peak
reduction current of the first reduction is directly proportional to the
square root of the scan rate as described by the Randles-Sevéik equation,
indicating a diffusion controlled reduction [52] for tpy, see Fig. 2 (e) and
.

All the substituted tpy ligands did not dissolve in CH3CN, therefore
the CVs of the substituted tpy ligands are presented in DMF here. In
Fig. 3 CVs of the substituted tpy ligands at a scan rate of 0.100 V s},
obtained in DMF as solvent, are compared, while in Fig. 4 CVs obtained
at different scan rates in DMF for the substituted tpy ligands and 2,6-di
(pyrazinyl)pyridine are presented, with selected data in Table 1. Ligands
with electron withdrawing substituents such as 4’-Cl and 4’-4CIPh, have
reduction potentials more than 0.3 V more positive than that of
unsubstituted tpy. Ligands with electron donating substituents such as
4'-OMe and 4'-pyy, have reduction potentials more negative than that of
unsubstituted tpy. All ligands have broad irreversible reduction peaks,
with more irreversible reduction events at lower potentials (not shown),
as observed for tpy. For 4'-4CIPh and 2,6-di(pyrazinyl)pyridine, the first
and second reduction peaks are closely overlapping.

3.3. Relationships involving reduction potentials of tpy ligands

The electronic effect of different substituents on the tpy ligands can
be describe by the combined Hammett constant values of the sub-
stituents [53]. A general linear trend is obtained for the reduction po-
tential - Hammett constant relationship, see Fig. 5 (a). The relationship
between the onset potential of the reduction process with the combined
Hammett constant values of the substituents, gave a higher correlation
coefficient R? = 0.75, than the peak current reduction potential —
Hammett constant relationship with R = 0.64. However, a even better
correlation is obtained between the DFT calculated LUMO energy and
the combined Hammett constant values of the substituents, R? = 0.86,
see Fig. 5 (b). The poorer relationship of the combined Hammett
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Fig. 4. CVs of a ca 0.002 M DMF solution containing the indicated ligand with 0.1 M TBAHFP as supporting electrolyte, at the indicated scan rates, reported versus

Fc/Fct.

constant values with the peak current reduction potential, could be
related to the change in geometry that occur during reduction that may
occur at different time scales for the different tpy ligands, depending on
the type and position of the substituents. Accurate relationships between
redox potentials of bis-terpyridine-metal(II) complexes and the com-
bined Hammett constant values were reported, probably since the tpy
ligands become flat upon coordination with a metal [17-19,21].

The onset and peak reduction potential of the reduction process of
the tpy series, is related to theoretically calculated LUMO energies
(ELumo); electrophilicity index (w), electrochemical potential (p) and the
calculated reactivity and response indexes “chemical potential govern-
ing charge donating process (yi-), chemical potential governing charge
accepting process (p+), electro-donating power (»-) and electro-
accepting power (0+)” [21] in Fig. 6. The relationships with the onset

potential led to higher correlation coefficients (R? values) than for the
peak reduction potential for the tpy series of this study. This could be
related to the difference in broadness of the reduction peak for the
different tpy ligands. The results indicate that computed energies and
descriptors of the acceptor molecules can be successfully used for the
estimation of the expected onset reduction potential of a related tpy
ligand.

3.4. Relationships involving reduction potentials of oligo(aza)pyridine
ligands

Since the theoretically calculated values correlate well with the
experimental reduction potentials for the tpy series, we extended the
experimental series to include redox potentials available in literature for
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phen and bpy [11,12], see Fig. 7 for relationships involving LUMO en-
ergies and the electrophilicity index and electrochemical potential. The
results show that the extended oligo(aza)pyridine series show the same
linear trends as the tpy ligands alone. However, the data of bpy, and in
some cases also tpy, lies slightly off the linear line if the phen data point
are considered alone, see Fig. 7 a, ¢ and d. Data points of 5-NO2-phen
and 5,6-O2-phen were excluded from the relationships, since the
reduction of these ligand occur on the NO3 and O [11]. In Fig. 8, the
relationships involving the extended poly pyridine series and the
different the reactivity and response indexes are shown. The highest
correlation coefficients were obtained for the relationships involving the
chemical potential governing charge accepting process (™) and electro-
donating power (). The charge accepting process (™) is related to the

reduction process and the electro-donating power (") to the nitrogen
lone-pair donation of the ligands upon coordination to metals [21].
Depending on the type of ligands considered in the “reduction po-
tentials — LUMO energy (Erymo)” relationships, the correlation coeffi-
cient (R? value) changes, namely 0.81 (tpy ligands Fig. 6a2), 0.84 (phen
ligands Fig. 7 a) and 0.71 (all points Fig. 7 b). Similarly for the
“reduction potentials — global electrophilicity index ()" relationships,
R2 are 0.82 (tpy ligands Fig. 6b2), 0.84 (phen ligands Fig. 7 ¢) and 0.77
(all points Fig. 8 a). For the “reduction potentials — chemical potential
()" relationships, R? are 0.77 (tpy ligands Fig. 6¢2), 0.78 (phen ligands
Fig. 7 d) and 0.72 (all points Fig. 8 b). All relationships, however, gave
R2 > 0.77. The slightly more accurate relationships when only the phen
data points are considered, could be related to the fact that no large
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geometry change occur for the phen ligands upon reduction; both the
neutral and reduced ligands are flat (Fig. 1 d).

The relationships presented in this and the previous section were
obtained from data obtained from the optimized neutral ligand only. All
the DFT calculated energies and reaction descriptors involved the LUMO
energy (energy of the MO where the reduction takes place) and the
HOMO energy. The reduction of the substituted tpy, bpy and phen li-
gands of this study all followed a similar trend when compared to DFT
calculated energies and reaction descriptors. Only the data of 5-NO2-
phen and 5,6-O2-phen deviated from the trends, since the LUMOs of
these ligands are mainly on NOy and O [11].

3.5. Theoretical calculated adiabatic electron affinity

Calculated adiabatic electron affinity (EA) values are obtained from
the energies from the optimized neutral and reduced ligands. The larger
the EA (more positive), the larger the “electron hunger” of the ligand,
the easier the reduction process (an electron is taken up easier), thus the
more positive is the reduction potential. For the tpy ligands, the peak
reduction potential relate to the EA with R? value of 0.87, see Fig. 9 (a),
slightly higher than the relationship using the data of only the phen li-
gands R? = 0.82), Fig. 9 (b). The similar R? value obtained, could be
since the energy of the optimized reduced ligand is also used, thus for
the tpy ligands, the energy used to change to a more flat geometry upon
reduction, is already taken into account. The same relationship,
considering the only the phen ligands, or including data of all the ligands
(tpy, bpy and phen), give similar linear trends, see Fig. 9 (b) - (d).

3.6. Theoretical calculated reduction potentials
The reduction potential of all the ligands in this study were calcu-

lated according to Scheme 3, with the values given on Table 2. To
calculate the reduction potential, both the neutral and the reduced

10

ligands were optimized. The relationship between the experimental
peak reduction potential (E,.) and the calculated reduction potential
(E1/2) is given in Fig. 10. In Fig. 10 (a) (Ep) versus (E;2) of the phen data
points only gives Epc experimental = 0.85 E1/2 calculated — 0.14 (RZ =0.99),
while in Fig. 10 (b) (Epc) versus (Ey/2) of the all the data points give a very
similar relationship, namely Eycexperimental = 0.85 E1/2,calculated — 0.13
(R? = 0.98). Data for the NO2-phen and 5,6-O2-phen ligands were
included here. When excluding the data for NO2-phen and 5,6-02-phen
ligands, Fig. 10 (c), the linear relationship through all data points
(except NO2-phen and 5,6-02-phen) gives Epc experimental = 0.91 E1/2,
caleulated + 0.04 (R2 = 0.85) with a slope and intercept nearer to the ideal
values of 1 and O for a perfect fit. These results show that the reduction
potential of oligo(aza)pyridine ligands can be calculated to a high ac-
curacy, with a calculated mean average deviation (MAD) of only 0.066 V
(all data points). When only considering the only the ligands of this
study, peak reduction potential relate to the calculated reduction po-
tential with a slightly lower value of R? = 0.79, Fig. 10 (d).

All the relationships between experimental reduction potential and
DFT calculated energies Epymo, ® and i, were obtained from the DFT
energies obtained from the gas phase geometry optimization of the
neutral ligand only. To calculate the adiabatic EA, both the neutral and
reduced gas phase optimized geometries are needed; thus 2x the
computational resources. The “experimental reduction potential —
calculated reduction potential” relationships in this section, need ca 3x
the computational resources; optimization of the neutral and reduced
gas phase geometries, as well as single point solvent calculations are
needed.

4. Conclusions

The terpyridine ligands 4’-pyrr-tpy, 4'-OMe-tpy and 4,4”-N-tpy were
successfully synthesized and characterized. An irreversible diffusion-
controlled reduction process, using cyclic voltammetry, was observed
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Fig. 10. The relationship between the experimental and calculated reduction potential (V vs Fc/Fc ) of the series of substituted phen, bpy and tpy ligands. (a) Linear
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at a potential below —2.4 V versus Fc/Fc*, for a series of 8 differently
substituted tpy ligands. The reduction peaks on the CV of tpy ligands are
broad with 0.09 - 0.26 V difference between the onset and peak
reduction potential. The broadness of the peaks could be related to the
change in geometry of the tpy ligand upon reduction; the dihedral be-
tween the side pyridines in tpy decreases from 72.5° in the neutral
ligand to 25.2° in the reduced tpy. Relationships between the onset
reduction potential and DFT calculated energies, gave higher R? values
than the relationships between peak reduction potential and DFT
calculated energies, possibly since the rate of geometry change upon
reduction does not influence the onset potential as much as the peak
reduction potential. The calculated reduction potential, that takes the
energies of both the neutral and the reduced geometry into account,
leads to the most accurate “experimental reduction potential — calcu-
lated reduction potential” relationship with R? > 0.98 when all data
points are considered.
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