SHORT COMMUNICATION
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Co" complexes based on the triazine ligand 2,4-di(2'-pyri-
dyl)-6-(p-R-CgHy)-1,3,5-triazine have been synthesized and
characterized. Cyclic voltammetry shows that the Co™™ re-
dox couple is more positive than previously described Co
complexes of tridentate ligands. The Co™™ redox couple

may be varied depending on the nature of the substituent on
the phenyl ring of the triazine ligand.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Dye-sensitized solar cells (DSSCs) have been intensely
studied in the last fifteen years since Grétzel published his
landmark work.[? In order to advance the field, many
groups have focused their efforts on improving the excited-
state properties of the polypyridine Ru'! complexes that act
as the photosensitizers in the Gritzel cell.l}] Much less at-
tention has been paid to the redox mediator, even though
it contributes directly to the maximum photocurrent attain-
able by the DSSC.>31 Whereas the classic redox mediator
in such systems is the volatile and corrosive /I3~ couple,
its redox potential is fixed and, therefore, cannot be varied
to improve the efficiency of the DSSC. Recently, Co!!
complexes of heterocyclic ligands have been shown to be
effective redox mediators in DSSCs, as they are non-corros-
ive, non-volatile and modifiable.>71 Herein we report on a
new family of Co™® complexes based on tridentate triazine
ligands that are easily synthesized and modified. Their con-
siderably more positive Co'" redox couples than pre-
viously reported Co" complexes of polypyridine ligands fa-
vors their use in DSSCs.[5-0]

Results and Discussion

The synthesis of triazines ligands 1al®! and 1b%! has pre-
viously been reported. Ligand lc¢ was synthesized by the
addition of p-bromobenzonitrile to a solution of LiNMe,
in anhydrous diethyl ether.[>>!”) The amidinate intermediate
that forms reacts with two equivalents of 2-cyanopyridine
to afford ligand 1c after loss of dimethylamide. A series of
homoleptic Co™ complexes of ligands la—¢ were synthe-
sized by allowing the ligands to react with CoCl,-6H,O fol-

[a] Département de Chimie, Université de Montréal,
2900 Edouard-Montpetit, Montreal, Quebec, H3T 1J4, Canada
Fax: +001-514-343-7586
E-mail: garry.hanan@umontreal.ca

Eur. J. Inorg. Chem. 2005, 1223-1226

DOI: 10.1002/ejic.200400831

lowed by precipitation of complexes 2a—c¢ from the reaction
mixture by the addition of NH4PFg [see (a) in Scheme 1].['"]
Heteroleptic complexes 3a—¢ may be obtained directly by
treating ligands 1la—c with one equivalent of CoCl,6H,O in
the presence of tetrabutylammonium chloride (BuyNCl)
[see (b) in Scheme 1] or indirectly when BuyNCl is intro-
duced into an acetone solution of complexes 2a—c [see (c)
in Scheme 1].1%! It has previously been established that an
equilibrium exists between the homo- and heteroleptic state
of Co" complexes of 2.,4,6-tripyridyl-s-triazine in acidic
solution.['3] In this case, heteroleptic Co' complexes 3a—c
could be obtained by the addition of BuyNCI to complexes
2a-c.
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Scheme 1. Synthesis of Co" homo- and heteroleptic complexes.

The '"H NMR chemical shifts of the homoleptic com-
plexes are typical of paramagnetic Co" complexes that are
low spin, with chemical shifts ranging over approximately
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110 ppm (Table 1).'4! The signals are broadened consider-
ably, and therefore no coupling constants could be obtained
from the spectra. The greatest shifts are observed for the
protons ortho to the pyridine nitrogen atoms and, therefore,
closest to the paramagnetic Co'' center. The protons far-
thest from the paramagnetic center, those on the phenyl
ring, have the smallest shift as compared to the free li-
gands.!

Table 1. '"H NMR chemical shifts of homoleptic complexes 2a, 2b
and 2¢ in CD;CN.

J [ppm]
Pyridyl Phenyl CH;3
1c 8.99 8187 8.74 7.60 8.74 7.73
2a  115.08 80.09 37.54 2287 13.51 6.17
2b 113.39 78.56 37.13 2199 1327 6.13 5.83
2¢ 111.88 79.38 36.28 2296 1336 6.66

The X-ray crystal structure of 2¢ is shown in Figure 1.1
The Co' ion is bound by two orthogonal ligands 1c¢ in a
pseudo-octahedral coordination environment as the periph-
eral pyridines in each ligand pinch in to form N-Co-N

Figure 1. Ball-and-stick representation of the X-ray crystal struc-
ture of 2¢. The counteranions and solvent of crystallization have
been omitted for clarity.

angles of 151.79°. The Co-N bond length to the central
triazine (1.986 A) is shorter than the Co-N bond length in
homoleptic terpyridine complex (2.022 A) and the homo-
leptic triazine complex of 2.4,6-tris(2’'-pyridyl)-1,3,5-tri-
azine ligand (2.058 A).['®!7) The Co—-N bond lengths to the
peripheral pyridine rings range from 2.134 A to 2.158 A,
similar to those found in terpyridine complexes of Co'.

The phenyl ring is twisted by 13.3° relative to the central
triazine ring (Figure 1). This near planar arrangement is
due to favorable N-to-CH hydrogen bonding interactions
between the N lone pairs and the hydrogen atoms ortho to
the interannular bond. The slight twist in the interannular
bond is a result of edge-to-face packing between the phenyl
rings in different molecules of 2¢, which are separated by
3.514 A (Figure 2). A planar arrangement should easily be
adopted in solution which would permit greater electron
delocalization between the triazine and the phenyl ring. The
two PF¢ counterions are found above and below the planes
of the triazine rings and do not interfere with the phenyl
packing arrangement, consistent with other extended pack-
ing arrangements in the solid state.'¥! There is also a short
Brl--Br2’ distance of 3.395 A between adjacent molecules
which is indicative of favorable van der Waals interactions
which give rise to a linear one-dimensional tape in the solid
state (Figure 2).

In the electronic spectra of complexes 2a—c¢, a very weak
metal-centered transition is found at approximately 470 nm
(Figure 3). The A, for these d—d transitions are difficult
to identify due to the low energy tail from the ligand-based
transitions but the extinction coefficients are in the order
of 500 M! cm™! for all three complexes. For applications in
DSSC, a low extinction coefficient is desirable so as to mini-
mise the competition between the redox mediator and sensi-
tiser for absorption in the visible region.>~") Intense ligand-
based m—7* transitions are observed in the UV region.
Lower energy m—m* transitions are observed for the Me-
and Br-substituted complexes as compared to the complex
with R = H. In 2b, the electron donating methyl groups
destabilise the ligand © orbitals to a greater extent than the
ligand * orbitals. Conversely, in 2¢ the ligand n* orbitals

i

Figure 2. Intermolecular packing forces in the solid-state structure of 2¢. Phenyl-to-phenyl distance = 3.514 A and the Brl--Br2’ distance
=3.395 A. The PF, counteranions and solvent of crystallization have been removed for clarity.
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are stabilized to a greater extent than ligand r orbitals due
to the electron withdrawing nature of the bromine substitu-
ent.
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Figure 3. Electronic absorption spectra of complexes 2a (solid line),
2b (dashed line) and 2¢ (dotted line).

The electrochemical parameters of complexes 2a, 2b and
2¢ were measured in acetonitrile vs. tetrabutylammonium
PF¢ using a Pt electrode and ferrocene as the internal stan-
dard. The data (reported vs. SCE) are gathered in Table 2.
The Co'! couples are centered at approximately +0.75 V,
which is considerably more positive than previously re-
ported Co'! of heterocyclic ligands.>~" In each case, oxidat-
ive processes are irreversible, which may be a result of lim-
ited solubility of the Co'! species. It had previously been
noted that irreversibility of the Co™™ couple does not nec-
essarily translate into inefficient redox mediators, but some-
times give rise to the most efficient redox mediators.[] The
more positive oxidation potential of 2a—c as compared to
terpyridine complexes of Co'! is favorable with respect to
an increased photocurrent in DSSCs.”! The Co'™! couple
is only slightly affected by substituent on the phenyl ring,
with complex 2¢ being the most difficult to oxidise as a
result of the electron withdrawing Br substituent and 2b
being the easiest as a result of the electron donating Me
substituent. The Co'"! couple is also affected by the various
substitutents, with 2b being the hardest to reduce and 2¢
the easiest to reduce. The greater variability in the Co'!
reduction potential is a reflection of the increased back-
bonding of the metal center to the ligand upon reduction.
The two remaining reductions are independent triazine-
based reductions and follow the electron-withdrawing effect
of the substitutents.

Table 2. Electrochemical redox potentials for complexes 2a—c¢ in
argon-purged acetonitrile solutions (vs. SCE).

Eip (V) [AEE (mV)]
Compound ColVim Co'! Triazine reductions
2a 076 [irr]  —0.42[73] —1.06[72] —1.47[85]
2b 074 [ir]  -047[64] —~1.11[66] —1.52 [64]
2¢ 0.77[irf]  -0.40[52]  —1.04[56] —1.46 [66]
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Conclusions

Co'" complexes of tridentate triazine-based ligands,
either heteroleptic or homoleptic, are readily synthesized
and isolated. The electrochemical properties of the homo-
leptic complexes indicate that the Co"™ redox couples are
more positive and more favorable for DSSC than those of
Co"! terpyridine-based complexes. The Co™™ couple exhib-
its small shifts in oxidation potential upon modification of
the phenyl ring substituents, whereas the Co'"! reduction
potential is more readily modified. Further modifications
to substitute electron withdrawing and donating groups di-
rectly on the triazine ring will be reported in due course.
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