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The platinum diimine dithiolate complex, [Pt(2,2’-bipyridyl-5,5’-dicarboxylicacid)(3,4-toluenedithiolate)]
([Pt(5,5"-dcbpy)(tdt)]) and its tetrabutylammonium salt [TBA],[Pt(5,5'-dcbpy)(tdt)] have been prepared,
spectroscopically and electrochemically characterised and attached on to TiO, substrate to be used as solar cell
sensitisers. A single-crystal X-ray structure was obtained for [TBA],[Pt(5,5'-dcbpy)(tdt)]-EtOH-EtOAc. The effect
of the position of the two carboxylic acid substituents on the electrochemistry of the 5,5’-disubstituted complexes is
discussed in comparison with the previously reported [Pt(4,4'-dcbpy)(tdt)]. Electrochemical studies show no major
change in the HOMO after movement of the carboxylic acid groups, consistent with assignment of the HOMO as
largely dithiolate based. Movement of the carboxylic acid groups makes the diimine electronic character and hence
the LUMO of the complexes different. Electrochemical studies show a change to lower energy of the LUMO
represented by changes in reduction potential of the compound on moving the carboxylic acid substituents from the
4,4’ to the 5,5’ positions. Both [Pt(5,5'-dcbpy)(tdt)] and [TBA],[Pt(5,5'-dcbpy)(tdt)] have been used as solar cell
sensitisers, with the di-TBA salt giving lower dye loading but superior photovoltaic performance. The consequences
of tuning the complex through the position of the carboxylic acid groups are discussed.

Introduction

Over the past decade the charge transfer excited state of a series
of square-planar compounds of the general formula Pt(1)-
(diimine)(dithiolate) has been investigated.'™ These complexes
have shown room-temperature solution luminescence and a
highly solvatochromic charge transfer (CT) absorption. Recent
investigations have stated that the transition is a “Mixed Metal-
Ligand-to-Ligand Charge-Transfer” (MMLL'CT) involving a
HOMO which is a mixture of Pt(d) and dithiolate orbitals and
a LUMO which is primarily a ©* diimine orbital."* Subsituents
on the diimine affect the electronic and photophysical proper-
ties of the LUMO while substituents on the dithiolate affect the
HOMO properties. Tuning of these Pt(1)(diimine)(dithiolate)
complexes, by ligand variation®*® has also shown that the
excited state energies can be tuned by up to 1 eV.!

Tuning the electrochemical and photophysical properties of
dyes is particularly relevant to the area of photovoltaic cells. In
dye-sensitised solar cells, the dye molecule absorbs visible light
and, after excitation injects electrons into the conduction band
of a semiconductor (TiO,). The oxidised dye molecule is sub-
sequently reduced by electron donation from a redox system
such as the iodide/triiodide couple. The function of these cells is
crucially dependent on the optical and electrochemical proper-
ties of dyes."? The majority of dyes currently in use are short
wavelength dyes and hence absorb at high energy. Longer wave-
length dyes are desirable to allow absorption of light over a
greater region of the solar spectrum and hence harvest more
solar energy. All dyes previously investigated for solar cells con-
tain some functional group present to attach the dye mole-
cule to the TiO, surface. Most commonly 2,2’-bipyridyl-4,4’-
dicarboxylic acid (4,4'-dcbpy) has been used, where the
carboxylic acid groups anchor the dye molecule to TiO,.

In a study of bipyridinecarbonitirile complexes of Mo and
W, however, Baxter and Connor concluded that the nitriles in
the 5,5" positions exert a greater electron withdrawing effect
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upon the metal than nitriles in the 4,4’ positions of the bpy
ligand.’ Furthermore, recent DFT calculations, electro-
chemical, spectroelectrochemical and EPR studies on [Pt(5,5'-
(X),-bpy)Cl,] complexes (X = H, Me, CO,Me, CO,Et, NH,)
showed that electron density at the 5,5" positions is significantly
greater than at the 4,4’ positions.'""? It is therefore expected
that substituents at the 5,5’ positions would have a greater effect
on the electronic character of the bpy than substituents at the
4,4' positions.

5,5'-Disubstituted bipyridines have previously been investi-
gated in Ru systems for use as sensitisers in solar cells.'®
Ru(5,5"-dcbpy),(X),, (where X = CI7, CN™ and SCN") have
been synthesised and used in solar cells and compared with the
previously synthesised 4,4'-analogues. The (5,5'-dcbpy) com-
pounds showed an enhanced spectral response at lower photon
energies, however they were less efficient as solar cell sensitisers
than the 4,4 analogues. Pt(m)(diimine)(dithiolate) complexes
have been recently investigated for their possible use as sensi-
tisers in photovoltaic cells,"*'> however studies were limited to
complexes with 4,4’-dcbpy.

In this context we have studied [Pt(2,2'-bipyridyl-5,5’-di-
carboxylicacid)(3,4-toluenedithiolate)]  ([Pt(5,5'-dcbpy)(tdt)])
and its tetrabutylammonium salt ([TBA],[Pt(5,5'-dcbpy)(tdt)]).
The related complex ([Pt(4,4'-dcbpy)(tdt)]) was previously
investigated by Arakawa and co-workers.”® By placing electron
withdrawing groups at the 5,5’ positions of the bipyridyl group,
we aim to lower the LUMO energy and investigate the effect on
the optical and electrochemical properties and the performance
in a dye-sensitised solar cell of a Pt-based dye molecule.

Experimental

5,5"-Dimethyl-2,2’-bipyridine, 3,4-toluenedithiolate (tdt), pur-
chased from Sigma-Aldrich and K,PtCl, purchased from
Johnson Matthey, were used as received.
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Synthesis of 5,5’'-dcbpy

5,5'-dcbpy was synthesised by a previously reported method.®
Yield 95.1%. Found: C, 51.6; H, 3.1; N, 10.3. Calc. for C;,Hg-
N,O,: C, 52.0; H,3.3; N,11.5%. IR viem™: 15938 (v,4,mCO),
1685s. m/z: 245 (M™).

Synthesis of [Pt(5,5'-dcbpy)Cl,]

[Pt(5,5'-dcbpy)Cl,] was synthesised by an analogous method to
the 4,4’ analogue.”® Yield 76.21%. Found: C, 28.8; H, 1.7; N,
5.5. C,HgN,0O,PtCl, requires C, 28.3; H, 1.6; N, 5.5%. IR
viecm™': 1616s (VasymCO). m/z: 510 (M™).

Synthesis of [Pt(5,5 -dcbpy)(tdt)]

[Pt(5,5'-dcbpy)CL,] (0.25 g, 0.49 mmol) was dissolved in a min-
imum amount of 0.1 M KOH (10 ml). To this mixture, tdt (0.11
g, 0.68 mmol) and 10 ml MeOH were added. A dark purple
solution formed immediately and was allowed to stir for an
additional 2 h. The product, [Pt(5,5'-dcbpy)(tdt)], was precipi-
tated using 0.1 M HCI. The black precipitate was collected by
filtration and washed with water. The crude product was redis-
solved in the minimum amount of 1 M KOH and purified by
column chromatography using a Sephadex-LH 20 column, with
water as the eluent. The main purple band was collected and
precipitated as the neutral complex by addition of 0.1 M HCI.
[Pt(5,5'-dcbpy)(tdt)] was isolated by filtration, washed with
water and dried under vacuum. Yield 40.7%. Found: C, 36.1; H,
2.6; N, 4.2. C,,H,,N,0,S,Pt-2H,0 requires C, 36.2; H, 2.9; N,
4.5%. IR viem™": 1609m (v,4y, CO). m/z 593 (M™).

Synthesis of [TBAL[Pt(5,5 -dcbpy)(tdt)]

[Pt(5,5'-dcbpy)(tdt)] (0.05 g, 0.084 mmol) was dissolved in the
minimum amount of 0.1 M KOH and 2 ml 0.1 M tetra-
butylammoniumbromide (TBABr) was added. The product was
extracted using dichloromethane (DCM). The DCM was evap-
orated and ether was added to the purple solid. Trituration of
the solid and repeated washing with diethyl ether resulted in a
magenta powder of [TBAL[Pt(5,5'-dcbpy)(tdt)]. Yield 50.5%.
Calc. for C5HgN,O,S,Pt: C, 56.9; H, 7.9; N, 5.2. Found: C,
56.6; H, 8.9; N, 4.6%. IR vicm™": 1627s. m/z 1077 (M™*).

X-Ray crystallography

Crystal data for [TBAL[Pt(5,5'-dcbpy)(tdt)]-EtOH-EtOAc,
Cs;HggN,O,PtS,, M = 1210.61. A purple block of dimensions
0.57 X 0.55 x 0.45 mm was used for data collection. The crystal
structure was monoclinic, space group P2,/c, a=16.4091(7), b=
14.4709(6), ¢ = 27.5157(12) A, = 105.5480(10)°, V = 6294.6(5)
Alat T=150K. Z=4, D,=1.277 Mg m~>, yu = 2.344 mm™".
Diffraction data were collected with Mo-Ko radiation on a
Smart APEX CCD diffractometer equipped with an Oxford
Cryosystems low-temperature device. An absorption correction
was applied using the multi-scan procedure SADABS (range of
transmission: 0.823—1.000)."” The structure was solved by direct
methods and refined by full-matrix least squares against |F|*
using all data (0,,,, = 28.95°) (SHEXTL);"® hydrogen atoms were
placed in idealised positions. The methyl group of the thiolate
ligand was disordered over two positions; refinement of the
relative weight of the components converged to 0.5 : 0.5, and
this occupancy ratio was subsequently applied as a constraint.
Difference electron density maps implied the presence of a dis-
ordered solvent region, and this (comprising 192 e per cell) was
treated in the manner described by van der Sluis and Spek."”
Calculation of the formula, M, F(000) etc. have assumed that
this region corresponds to one molecule of ethyl acetate per
formula unit. The refinement converged to R1 = 0.0301 [based
on |F| and 13231 data with |F| > 40(|F|)]; wR2 = 0.0802 (based
on |F* and all 15448 data) for 604 parameters. The final differ-
ence map extremes were +1.72 and —0.63 ¢ A,
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CCDC reference number 211901.
See http://www.rsc.org/suppdata/dt/b3/b306241d/ for crystal-
lographic data in CIF or other electronic format.

Other experimental

All UV-vis spectra were recorded on a Perkin-Elmer Lambda 9
spectrophotometer controlled by a Datalink PC, running UV/
Winlab software.

Electrochemical studies were carried out using a DELL
GX110 PC with General Purpose Electrochemical System
(GPES), version 4.8, software connected to an autolab system
containing a PGSTAT 20 potentiostat. The techniques used a
three-electrode configuration, with a 0.5 mm diameter Pt disc
working electrode, a Pt rod counter electrode and an Ag/AgCl
(saturated KCI) reference electrode against which the
ferrocenium/ferrocene couple was measured to be +0.55 V.
The supporting electrolyte was 0.1 M tetrabutylammonium
tetrafluoroborate (TBABEF,).

OTTLE (Optically Transparent Thin Layer Electrode) meas-
urements were taken using a quartz cell of 0.5 mm, a Pt/Rh
gauze working electrode, an Ag/AgCl reference electrode and
a Pt wire counter electrode.?” UV-vis spectra were recorded on a
Perkin-Elmer Lambda 9 spectrophotometer, controlled by
a Datalink PC, running UV/Winlab software. Spectroelectro-
chemical measurements were carried out on both [Pt(5,5'-dcb-
py)(tdt)] and [TBAJ,[Pt(5,5'-dcbpy)(tdt)]. Ottle measurements
on [Pt(5,5'-dcbpy)(tdt)] were carried out at 298 K in DMSO
and at 233 K in a 1 : 3 solution of DMSO-MeCN. Ottle
measurements on [TBAL[Pt(5,5'-dcbpy)(tdt)] were carried out
at 233 K in DMF. 0.1 M TBABF, was used as the supporting
electrolyte in all cases.

Electronic emission spectra were recorded on a Jobin Yvon
Spex Fluoromax spectrofluorimeter, connected to a DSC
Datalink PC running Instruments S.A. Datamax software. All
emission spectra were recorded with [Pt(5,5'-dcbpy)(tdt)] dis-
solved in DMSO and dispersed in EtOH. All spectra were
recorded in standard Wilmad 5 mm quartz NMR tubes con-
tained in a liquid nitrogen filled fused silica Dewar.

Nanoporous TiO, thin films (8 um thick) on conductive
glasses were prepared as previously reported.” The size of the
samples was 1 cm?. The thin films were sensitised at room tem-
perate for 22 h in 1.7 mM DMSO solution ([Pt(5,5'-dcbpy)-
(tdt)]) or 0.93 mM solution of ([TBAL[Pt(5,5'-dcbpy)(tdt)]) in
1 : 3.2 DMSO-MeCN. Transient absorption studies were
carried out employing 610 nm excitation of the sensitiser dye,
monitoring the photoinduced absorption of the TiO, electron
at 1000 nm.*' Photoelectrochemical measurements were per-
formed as previously described employing ‘sandwich type’
photovoltaic cells with platinised counter electrode.?” The elec-
trolyte used contained 0.1 M Lil, 0.8 M TBAL, 0.1 M [,, 0.5 M
‘BuPy in acetonitrile. The working electrode had an illuminated
surface area of 1.0 cm® Experiments were conducted under
AM 1.5 simulated sunlight.

Results and discussion

[Pt(5,5'-dcbpy)(tdt)] was synthesised by a route analogous to
[Pt(4,4'-dcbpy)(tdt)] which was previously reported.’s 5,5'-
dcbpy was synthesised by oxidation of the dimethylbipyridine
starting material. Reaction of 5,5'-dcbpy with potassium tetra-
chloroplatinate and potassium chloride gave the platinum
dichloro derivative which was further reacted with toluene-3,4-
dithiol to give the desired product [Pt(5,5'-dcbpy)(tdt)]. The
tetrabutylammonium salt was made by reaction of a basic solu-
tion of [Pt(5,5’-dcbpy)(tdt)] with an aqueous solution of tetra-
butylammonium bromide (Fig. 1).

[TBAL[Pt(5,5'-dcbpy)(tdt)] was synthesised to facilitate
dissolution of the compound, since it is soluble in a range
of organic solvents including methanol, ethanol, dichloro-
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Fig. 1 Synthesis of [Pt(5,5'-dcbpy)(tdt)] and [TBAJ,[Pt(5,5'-

dcbpy)(tdt)]. (a) KMnO,,,, 120 °C/HCIL (b) K,PtCl,, 120 °C.
(c) Toluene-3,4-dithiol/KOH. (d) KOH/TBABTr,.

methane, dimethylformamide and acetonitrile. The neutral
[Pt(5,5'-dcbpy)(tdt)] was found to be soluble only in DMSO.

Single crystals of [TBA]L[Pt(5,5'-dcbpy)(tdt)] were grown by
slow diffusion of ethyl acetate into ethanol solution (Fig. 2).
Only five crystal structures of Pt(diimine)(1,2-dithiolate) sys-
tems have been previously reported.?® Four of the five feature a
4,4'-disubstituted bpy and the remaining one features an
unsubstituted bpy. There are no previous reports of crystals
with a 5,5'-disubstituted bpy in a Pt(diimine)(dithiolate) com-
plex and only two other crystal structures with the 5,5'-dicarb-
oxybpy functionality have been previously reported. Neither of
these is bonded to Pt. This clearly reflects the much greater
amount of study that has been carried out on 4,4'-disubstituted
bpy in comparison with the 5,5'-bpy systems, presumably
arising from the earlier view that the 4,4'-positions were
electronically more coupled to the bpy. It may also have been
influenced by the practical use of the compounds since the
5,5'-bpy systems seem to be less soluble than the 4,4'-species.'
Bond lengths and angles are similar to those for Pt(diimine)-
(dithiolate) systems previously reported.”**2¢

oo

Fig. 2 X-Ray crystal structure of [TBA][Pt(5,5'-dcbpy)(tdt)].
Selected bond lengths (A) and angles (°): Pt—S(13) 2.2489(7), Pt-S(21)
2.2528(7), Pt=N(1) 2.052(2), Pt—-N(12) 2.047(2), C(14)-C(15) 1.393(4),
C(15)-C(16) 1.374(5), C(16)-C(17) 1.393(6), C(17)-C(18) 1.379(5),
C(18)-C(19) 1.391(4), C(14)-C(19) 1.396(4); N-Pt—N 79.8(8), S-Pt-S
89.48(3).

The methyl substituent on the dithiolate is disordered over
two positions with a relative occupancy of 50%. The molecule is
essentially planar over the whole molecule with the exception of
the carboxylate groups. The bpy functionality shows a 0.0437 A

deviation from the plane and the Pt(diimine)(dithiolate) unit
shows a 0.0573 A deviation from planarity. This planarity in the
molecule gives rise to the packing in layers of Pt anions separ-
ated by layers of TBA counterions. It also results in large elec-
tronic delocalisation within the molecule essential for use as a
solar-cell dye.

Both [Pt(5,5'-dcbpy)(tdt)] and [TBA],[Pt(5,5'-dcbpy)(tdt)]
have an intense UV band at approximately 320 nm and this
band is assigned to the intraligand n—n* transition of the 5,5'-
dcbpy.?” [Pt(5,5'-dcbpy)(tdt)] shows an absorbance at 651 nm
(e = 4884 M' cm™!) and [TBA][Pt(5,5'-dcbpy)(tdt)] shows an
absorbance at 558 nm (¢ = 3022 M~! cm™), both in DMSO
(Fig. 3). These charge transfer transitions in Pt(diimine)(dithi-
olate) complexes have previously been assigned by Eisenberg
and co-workers.* Charge transfer occurs from a HOMO con-
sisting of a mixture of Pt(d) and dithiolate orbital character to
a LUMO which is a low-energy n* orbital of the 5,5'-dcbpy.
The absorbance maxima of the low energy band for [TBA],-
[Pt(5,5'-dcbpy)(tdt)] can be tuned between 547 nm (MeCN)
and 582 nm (EtOH) in a range of organic solvents, however this
change in 4,,, values showed no obvious solvatochromic trend
with respect to solvent polarity. It may be that other factors
such as hydrogen bonding with the solvent also play a role in
determining the energy of the band.
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Fig. 3 UV-vis spectra of [Pt(5,5'-dcbpy)(tdt)] and [TBA],[Pt(5,5'-
dcbpy)(tdt)] in DMSO.

[Pt(5,5'-dcbpy)(tdt)] and [TBA],[Pt(5,5'-dcbpy)(tdt)] were
studied by cyclic voltammetry. The cyclic voltammogram of
[Pt(5,5'-dcbpy)(tdt)] in a solution of DMSO shows two
reduction peaks (Fig. 4) and one oxidation peak, all of which
are electrochemically reversible and showed straight line plots
of iy, vs. (scan rate)”?. The cyclic voltammogram of [Pt(5,5'-
dcbpy)(tdt)]* in DMSO shows one reduction and three

0.00+

i/A

T ) L) ) T ) ]
-1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00
E/V

Fig.4 Cyclic voltammogram of [Pt(5,5'-dcpby)(tdt)] showing two bpy
based electrochemically reversible reductions, scan rate 0.8 V s™!, in
0.1 M TBABF,/DMSO at 293 K.
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Table 1 Oxidation and reduction potentials for [Pt(5,5'-dcbpy)(tdt)] and [TBA],[Pt(5,5'-dcbpy)(tdt)] vs. Ag/AgCl

Compound Reduction/V Oxidation/V
[Pt(5,5'-dcbpy)(tdt)] —1.09¢ —0.66¢ 0.55¢
[TBAL[Pt(5,5'-dcbpy)(tdt)] -1.27° 0.65° 0.87° 1.1°

“ Peaks are electrochemically reversible and values shown represent £,
potential.

. ¥ Peaks are electrochemically irreversible and values shown represent peak

oxidations, all of which are electrochemically irreversible. The
results are shown in Table 1. Coulometric studies were per-
formed on the oxidation of [Pt(5,5'-dcbpy)(tdt)] in an attempt
to confirm the number of electrons involved in the redox pro-
cess. The current passed however showed a non-integral value
for electron transfer and the original complex could not be
regenerated on re-reduction. This implies that during the
timescale of coulometry, oxidation of [Pt(5,5'-dcbpy)(tdt)] is
chemically irreversible.

It has been previously stated that the dithiolate ligand influ-
ences the oxidation potentials and the diimine ligand influences
the reduction potentials of Pt(i)(diimine)(dithiolate) species,
since the HOMO is partly dithiolate based and the LUMO is
diimine based. The dithiolate group is identical in both [Pt(5,5'-
dcbpy)(tdt)] and [Pt(5,5'-dcbpy)(tdt)]*~, hence it is expected
that the oxidation potentials for both be similar. The only oxid-
ation in [Pt(5,5'-dcbpy)(tdt)] and the first oxidation in [Pt(5,5'-
dcbpy)(tdt)]*~ occur at similar potentials and this is assigned as
the oxidation of the HOMO based on the dithiolate moiety in
the molecule.”® Two further oxidations are seen in [TBA],-
[Pt(5,5'-dcbpy)(tdt)] at higher oxidation potentials. These oxid-
ations may represent loss of electrons from the diimine func-
tionality due to the carboxylate anions and lie at more positive
potential. Bpy complexes generally show two reductions. Both
[Pt(5,5'-dcbpy)(tdt)] and [Pt(5,5'-dcbpy)(tdt)]*~ show reduction
processes, however the first reduction in [Pt(5,5'-dcbpy)(tdt)[*~
occurs at a much lower reduction potential than either of the
two reductions in [Pt(5,5'-dcbpy)(tdt)], reflecting the two neg-
ative charges on the carboxylate groups of [Pt(5,5'-dcbpy)-
(td)* which is more difficult to reduce than the neutral
species. No second reduction can be seen for [Pt(5,5'-dcbpy)-
(tdt)*” in this solvent window.

Attempts were made to follow the redox processes occurring
in both [Pt(5,5'-dcbpy)(tdt)] and [TBA],[Pt(5,5'-dcbpy)(tdt)] by
spectroelectrochemistry. There were difficulties, however, with
interpreting these results due to the formation of unstable redox
products. Changes in the UV-Vis spectra were observed for
both [Pt(5,5'-dcbpy)(tdt)] and [Pt(5,5'-dcbpy)(tdt)]*~ when the
first reduction process was investigated. No isosbestic points
were found for either of the compounds investigated and the
original compounds could not be regenerated. The oxidation of
[Pt(5,5'-dcbpy)(tdt)] was also investigated but again no isos-
bestic points were found and the original compound could not
be regenerated. All of these results proved consistent with the
coulometry results previously discussed.

We were unable to observe emission from a solution of
[Pt(5,5'-dcbpy)(tdt)] in DMSO dispersed in EtOH at room
temperature. In a frozen solution at 77 K emission was
observed (Fig. 5). Excitation of the complex at 600 nm gives an
emission spectrum with a peak at 700 nm. The corresponding
excitation spectrum shows a broad band between 500 and 600
nm, consistent with the position of the absorption band of
[Pt(5,5'-dcbpy)(tdt)]. Compounds of the general formula
Pt(NN)(SS) are typically emissive in frozen solutions and in
more recent years have been found in certain cases to emit in
room-temperature solutions.”®*?* It has been stated that emis-
sion in Pt(m)(diimine)(dithiolate) species is formally a spin-for-
bidden process where the spin character of the emissive state is
different to that of the ground state.* Our data appear consist-
ent with this assignment.
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Fig. 5 Emission and corresponding excitation spectrum of a frozen
solution of [Pt(5,5'-dcbpy)(tdt)] in DMSO dispersed in EtOH.

Evaluation of the dye as a photosensitiser

Photoelectrochemical measurements were taken in order to
assess the dye as a photosensitiser. Dye binding was achieved by
immersion of nanocrystalline TiO, films in a solution of the
dye. Optimisation of the solvent system used for sensitisation of
the films resulted in increased UV-Vis absorbance values. The
optimum solution tested was a 1 : 3.2 DMSO-MeCN solution
of Pt complex at a concentration of 1 mg ml~". These solutions
were used to sensitise 8§ um TiO, films for 22 h at room temper-
ature. The UV-Vis absorption spectrum of [Pt(5,5'-dcbpy)(tdt)]
on TiO, exhibits a broad absorption band between 600 and 650
nm (Fig. 6) similar to that of the solution absorbance (651 nm)
with a slight broadening and blue shift. The absorption spec-
trum for [TBAL[Pt(5,5'-dcbpy)(tdt)] on TiO, shows a relatively
weak absorption band, red shifted (590 nm) with respect to that
of the solution absorbance (558 nm). This red shift may be due
to donation of electron density from the carboxylate anions to
the TiO, on binding, thus making it a better electron acceptor
and hence reducing the HOMO-LUMO gap. Dye loadings on

1.0
— [Pt(5,5'dcbpy(tdt)]
""" [TBAL,[Pt(5,5'dcbpy(tdt)]
8
f=4
£
s 054
(7]
r-}
<
0.0 ' : : \
400 500 600 700 800
Wavelength/nm

Fig. 6 UV-vis absorption spectra of platinum dyes on TiO,: (a)
[Pt(5,5'-dcbpy)(tdt)], (b) [TBAL[Pt(5,5'-dcbpy)(tdt)]. Both data were
collected after dipping the 8 um TiO, film in 1 mg ml™! solution of the
dye in DMSO ([Pt(5,5'-dcbpy)(tdt)]) and 1 : 3.2 DMSO-MeCN
([TBAL,[Pt(5,5'-dcbpy)(tdt)]) for 22 h at room temperature.



Table 2 Summary of results obtained for sensitisation of nanocrystalline TiO, films

Dye coverage /10~ mol cm Relative injection yield® Recomb. half-time /s JIA cm™? Vo IV
1 1.4 1 1.7x107° 9.8x10°¢ 8.8x107°
2 0.6 0.83 0.15 2.0x107° 0.19

“ Dye loadings per cm? film estimated from UV-vis absorption spectra. * Relative yield of injected electrons per absorbed photon determined from the
initial amplitude of the transient absorption signal in Fig. 7. ¢ Recombination half-times determined from the transient absorption data shown in
Fig. 7. “ Current-voltage characteristics of dye sensitised photoelectrochemical cells under AM 1.5 simulated solar illumination. 1 = [Pt(5,5'-

depby)(tdt)]. 2 = [TBAL[Pt(5,5'-dcpby)(tdt)].

the films were estimated employing the dye peak extinction co-
efficients determined in solution above, and are detailed in
Table 2. In both cases, high dye loadings were achieved, consist-
ent with the high surface area of the TiO, films (roughness
factor ~800), with the acid form of the dye exhibiting the
stronger binding.

The electron transfer function of the sensitiser dyes were
evaluated by transient absorption data in the absence of redox
electrolyte. Typical data are shown in Fig. 7, monitoring the
photoinduced absorption of electrons injected into the TiO,
following excitation of the sensitiser dyes. For both dyes, an
instrument response limited rise was observed, assigned to
rapid electron injection. The transient signal subsequently
decays due to charge recombination between the injected elec-
trons and the oxidised dye. The initial transient signal was larg-
est with the [Pt(5,5'-dcbpy)(tdt)] sensitiser dye, attributed to the
higher optical density obtained for the sensitised films with this
dye, although in both cases the small magnitude of the transi-
ent signal was indicative of a low yield of electron injection
(<10%). After normalising for differences in sample optical
density, the initial signal magnitudes for the two dyes were simi-
lar, indicating similar injection yields for both dyes, as detailed
in Table 2. In contrast, the charge recombination dynamics for
the two sensitised films were very different, with the [Pt(5,5’-
dcbpy)(tdt)] and [TBA],[Pt(5,5'-dcbpy)(tdt)] sensitised films
exhibiting recombination half times of 1.7 x 107 and 0.33 s,
respectively. It is furthermore apparent that the shape of the
transient decay are distinct for the two dyes, with the slower
dynamics being less dispersive (near monoexponential), con-
sistent with our previous observations.* The slower recombin-
ation dynamics for the [TBA],[Pt(5,5'-dcbpy)(tdt)] dye are indi-
cative of weaker electronic coupling between the dye and the
TiO, surface, consistent with the lower dye coverage obtained
with this dye. This is presumably related to the mode of binding
of the sensitiser to the TiO, surface. We do not know exactly
how [Pt(5,5'-dcbpy)(tdt)] binds to TiO,, however previous stud-
ies using IR spectroscopy have shown that the average mode of
binding of 5,5’-dcbpy ligands in Ru complexes to TiO, to be
identical to that of 4,4’-dcbpy."®
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Fig.7 Transient absorption data monitoring the photoinduced absorp-
tion of electrons injected into the TiO, (Ayp. = 1000 nm) following
excitation of the sensitiser dyes at 610 nm. Data obtained for TiO, films
sensitised with (a) [Pt(5,5'-dcbpy)(tdt)] and (b) [TBAL[Pt(5,5'-
dcbpy)(tdt)].

Dye characterisation was further extended to characteris-
ation of the photocurrent-voltage data for the dye sensitised
TiO, in two electrode ‘sandwich type’ photoelectrochemical
cells. Typical short circuit currents and open circuit voltages are
given in Table 2. It is apparent that the better photovoltaic
performance of the dyes in our study was obtained with
[TBA],[Pt(5,5'-dcbpy)(tdt)], despite the lower dye loading and
film optical density obtained with this dye, although for both
dyes the performance is poor relative to that of [Pt(4,4’'-
dcbpy)(tdt)].

The electrochemistry and UV-vis spectroscopy performed on
[Pt(5,5'-dcbpy)(tdt)] and [TBAL[Pt(5,5'-dcbpy)(tdt)] were con-
sistent with related complexes? and allowed the analysis of the
HOMO-LUMO energy gaps of the dyes. In our study, tuning
the HOMO-LUMO gap was achieved by a variation made to
the diimine functionality thus lowering the LUMO. In their
study of Pt(diimine)(dithiolate) complexes, Arakawa and
co-workers varied the dithiolate functionality of the molecule
and hence altered the energy of the HOMO and the two
studies show complementary results. The HOMO-LUMO
energy gap as determined from the UV/Vis spectrum of
both [Pt(5,5'-dcbpy)(tdt)] and [TBA],[Pt(5,5'-dcbpy)(tdt)]
showed AEgomorumo = 1.9 eV for [Pt(5,5'-dcbpy)(tdt)] and
AEyomorumo = 2.22 eV for [TBA],[Pt(5,5 -dcbpy)(tdt)].
Arakawa and co-workers showed AEyomo-rumo = 2.14 €V for
[Pt(4,4'dcbpy)(tdt)] in basic 4 : 1 ethanol-methanol solution.
This value is comparable with our results for [TBA],[Pt(5,5'-
dcbpy)(tdt)]. However, since the extent of deprotonation in
[Pt(4,4'dcbpy)(tdt)] in basic 4 : 1 ethanol-methanol solution is
unknown it is difficult to make a direct comparison of the
HOMO-LUMO energy gaps of [Pt(4,4'-dcbpy)(tdt)] and
[Pt(5,5'-dcbpy)(tdt)] from UV-Vis spectroscopic results. From
the electrochemistry it can be seen that the first reduction in
[Pt(5,5'-dcbpy)(tdt)] is much more facile than the first reduction
in [Pt(4,4’-dcbpy)(tdt)]. This implies that placing carboxylate
substituents at the 5,5" positions of the bpy ring enhances the
electron accepting ability of the complex compared to that of
the 4,4'-dicarboxylate bipyridyl.

The oxidation potentials for [Pt(4,4'-dcbpy)(tdt)] and
[Pt(5,5'-dcbpy)(tdt)] are comparable due to the similar nature
of their dithiolate functionalities and hence their HOMO:s.
Thus the electrochemical data suggest we have tuned the
LUMO energy to give a smaller HOMO-LUMO gap in com-
parison with the 4,4’-analogue. Both the present study and that
of Arakawa found that dyes with longer absorption wave-
lengths are less efficient as solar cell sensitisers. There are a
number of reasons why this may be the case.

The rate of electron injection into the conduction band of
the TiO, is dependent on the height of the electronic state of the
excited dye (LUMO) above the conduction band, therefore low-
ering the LUMO leads to less efficient electron injection to the
TiO,. Also, the low value of the oxidation potentials of these
dyes compared to analogous dithiolate-containing complexes
such as quinoxalinedithiolate (qdt) mean that regeneration of
the reduced dye by the redox couple becomes more difficult due
to the decrease in the energy gap between the reduced form of
the redox couple (I") and the oxidised dye.® This results in
more recombination of excited dye electrons with the oxidised
dye. This is seen in both Pt species investigated here and in tdt
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complexes in general. Rapid charge recombination dynamics
for the [Pt(5,5'-dcbpy)(tdt)] dye, is also consistent with its
poorer performance relative to its di-TBA salt. Furthermore,
non-radiative decay of excited electrons may also have an influ-
ence on the dye efficiency. This is governed by the energy gap
law for MLCT excited states which states that the rate of
non-radiative decay of a CT complex increases exponentially
with the corresponding decrease in HOMO-LUMO energy
gap. Complexes with the tdt moiety have consistently lower
extinction coefficients when compared to other Pt(diimine)-
(dithiolate) species. A lower ¢ value means that the dye has a
lower light harvesting efficiency. This is a factor in the overall
IPCE (Incident-Photon-to-Current Efficiency) of the cell.

Conclusions

This work illustrated the difficulty with long-wavelength dye
molecules. There is a general difficulty with low energy absorb-
ing dyes since in lowering the energy of the LUMO, there is a
decrease in electron injection from the dye to the conduction
band of the semiconductor. It may not be possible to have both
the LUMO at high enough energy to overcome the driving force
required for electron injection and the HOMO at low enough
energy to allow efficient dye reduction by the electrolyte and
still retain a long wavelength absorbance. Arakawa and co-
workers experienced similar difficulties in their investigation
of Pt(i)(diimine)(dithiolate) dyes. On going to longer wave-
lengths the performance of the dyes as photosensitisers
decreased dramatically. Short-wavelength dyes with higher
energy LUMOs perform better as photosensitising devices and
the performance of our dye is consistent with those previously
reported.
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