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The synthesis, properties and application of a [Cu(2,2-biquinoline-4,4'-dicarboxylic acid)z] complex in
dye-sensitized solar cells (DSSC) is described. The complex is electrochemically stable and strongly
absorbing with a molar extinction coefficient at Amax) 564 nm of 11,700 M-tcm™ (in MeOH).
Experimental and computational data indicate the HOMO, LUMO and electronic excited state energy
levels are appropriate for functionality in a DSSC. From cyclic voltammetry the HOMO is estimated to be
-5.27 eV, which is supported by computational work, which locates the HOMO at -5.78 eV. From
electrochemical, absorption and emission experiments, the MLCT energy levels are expected to be
appropriate for electron injection into the TiO2 conduction band. Our computations support this and locate
the key MLCT at 563 nm. Despite this the efficiency in DSSC is extremely low (<0.1%) suggesting that
the dye does not inject excited electrons into the TiO2 conduction band.

Over the past two decades, dye-sensitized solar cells (DSSCs) so group’s highest DSSC efficiency so far is 3.77%, which
have established themselves as a promising and versatile employed a phosphonate anchoring ligand and a 2,2-bipyridine
technology for converting solar energy into electrical energy.’ 2 ligand bearing hole-transporting triphenylamino substituents.*’
Improving the performance of the photosensitizing component in There have also been reports of copper(l) DSSC which replace
DSSCs has been extensively investigated, however the most the conventional I/Is electrolyte with [Co(L)3]?*** mediators,
stable are still generally ruthenium(ll) complexes.® Interest has ss where L is either 2,2-bipyridine or 1,10- phenanthroline.'* 5 In

grown in the replacement of ruthenium with a less expensive and addition, a recent theoretical investigation by Lu et al., has noted
more abundant metal, such as copper, to create complexes which the benefits of modifying the traditional bipyridyl ligand structure
have similar properties for DSSC application but without relying by extending the conjugation of the system.*! In order to create a
on a scarce resource.*® dye with improved spectral coverage, we are investigating

Copper(l) dyes have not yet been as extensively studied as e ligands which are commercially available or else straightforward
their ruthenium(ll) counterparts, although some very promising to synthesise. Since we aim to devise more sustainable dyes using
experimental and computational studies have been published in an abundant metal, it is important that our choice of ligand
recent years.5'” The most efficient Cu(l) dyes to date have been corresponds as far as possible with this objective.

developed by Constable and co-workers who have obtained solar Whilst organic dyes are often quoted as being a sustainable
conversion efficiencies of >2% with both homoleptic” and, more s alternative to ruthenium based dyes, their disadvantages are
recently, heteroleptic® ® 17 complexes. An in situ ligand exchange frequently overlooked. Organic dyes do generally have higher

a

strategy has enabled the group to screen a large range of ligand molar extinction coefficients than metal complexes, but their
combinations in DSSCs. These Cu(l) complexes consist of one absorption bands in the visible region are generally narrower®
anchoring ligand and a second, non-anchoring, ligand. (typically AL ~ 100-250 nm compared to Ak ~ 350 nm in the
Functionalisation of a non-anchoring 2,2’-bipyridine ligand with 7 broader absorption bands of metal complexes).*® It is also noted
a heteroaromatic® or a bulky diphenylamino® substituent have that organic dyes can suffer from increased recombination
produced impressive DSSC performances attributed, in part, to reactions, compared to the ruthenium complex N719, when I/15

is used as the redox species.® Finally, in order to obtain the
2Doctoral Training Centre in Sustainable Chemical Technologies, highest efficiencies, organic dyes (and porphyrins and
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phthalocyanines) need to be very carefully designed on a

b CINVESTAV IPN, Dept Fis Aplicada, Merida 97310, Yucatan, mo'“”'armge"e" which  usually necessitates  multi-step
Mexicot Electronic Supplementary Information (ESI) available: [details syntheses.** To exemplify, DSSC with > 12% efficiency have
of any supplementary information available should be included here]. See been prepared using a mixture of a porphyrin dye and the organic
DOI: 10.1039/b000000x/ dye Y123.2 The porphyrin dye is the product of an 8 step

. . o . g0 synthesis and Y123 requires a 9 step synthesis.?? Purification of
an extended n-system relative to the simple bipyridyl ligand. The
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these dyes is also non-trivial.

The copper (I) biquinoline complex described here is not the
result of a long synthetic pathway and the suitability of copper (I)
complexes generally in DSSCs is noted in the literature.* 124 To
that end, we have synthesised and assessed the properties of a
copper(l) dye with the commercially available 2,2"-biquinoline-
4,4'dicarboxylic acid (dcbiq) ligand (or bicinchoninic acid,
BCA). [Cu(dcbig)2]* is a known compound and is most
commonly used in the BCA assay, which measures protein
concentration in a solution.?> 26 Odobel and co-workers recently
reported the synthesis of heteroleptic copper(l) complexes which
employed an anchoring (dchigH2) ligand and sterically bulky
variants of the 1,10-phenanthroline ligand.** The route to
synthesis of these dyes chooses a chelating ligand which is so
bulky as to make formation of the homoleptic species highly
unfavourable. Some similarities between these species and the
title complex in this paper will be noted later. Analogous
ruthenium(11) biquinoline complexes, both heteroleptic?” 28 and
homoleptic®® have been trialled, although their DSSC properties
and performance were poorer than for other ruthenium
sensitizers. Incident photon-to-current efficiencies (IPCEs) for
the heteroleptic ruthenium complexes were low (< 10%).
Homoleptic sensitizers of the type cis-Ru(dcbig)2(NCS)2 also
produced low IPCE values and overall cell efficiencies were <
0.4%. These findings have been attributed to inefficient electron
injection from a low-lying n* orbital on the dcbiq ligand into the
TiO2 conduction band. However our computational work on the
[Cu(dcbig)z] complex, and that of others,® suggests that the
energy levels should be adequate for electron injection, although
to the best of our knowledge its practical application in DSSCs
has not been reported.

As established previously in the literature* > 24 3! the design of
copper(l) complexes needs to be carefully planned to prevent
geometry changes upon oxidation from copper (I) to (II).
Copper(ll) complexes tend to flatten to square planar where
coordination of a solvent molecule can occur, involving a large
structural rearrangement and ultimately reducing the efficiency of
electron transfer processes.’® This can be prevented by
constraining the copper(l) metal centre within a rigid
environment by employing bulky ligands such as dcbig.

Experimental

Synthesis of the complex was carried out in a nitrogen
atmosphere. Reagents were obtained from major suppliers and
used without further purification. IR spectra were recorded on a
Perkin-Elmer 1600 FT IR spectrometer, with absorption maxima
(vmax) recorded in wavenumbers (cm™) and described as strong
(s), medium (m), weak (w) and broad (br). Electronic absorption
spectra were recorded on a Varian-Cary 50 Probe UV-Visible
Spectrophotometer. NMR spectra were run on Brilker Avance
300, 400 or 500 MHz instruments at 298 K. Mass spectra were
recorded with a micrOTOF electrospray time-of-flight (ESI-TOF)
mass spectrometer (Briker Daltonik). Elemental analysis was
carried out by Stephen Boyer at London Metropolitan University.
TiO2 film thicknesses were measured using a NanoCalc-XR Thin
Film Measurement System. Emission spectra were recorded at
room temperature and at 77 K with 0.1 mM solutions of the dye
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in degassed ethanol or DCM, using a Fluoromax 2 fluorometer
controlled by the ISAMain software

Photovoltaic measurements were carried out on a solar
simulator (TS Space Systems), which used a 450 W xenon lamp
as the light source and a potentiostat for recording the 1-V data.
The system had been calibrated with a standard silicon solar cell
(type RS-OD-1) and an AM 1.5 filter was used. All cyclic
voltammetry (CV) experiments were performed on a three
electrode system with a pAutolab type Il potentiostat and data
were collected using either the Nova 1.5 or GPES software. For
surface studies, the working electrode was a dyed TiO2 film on
fluorine-doped tin oxide (FTO) glass (dyed area 1 cm x 1.5 cm).
For solution studies a boron doped diamond working electrode
was used. A platinum counter electrode and an Ag/AgCl (3M
KCI) reference electrode completed the cell. The CV experiments
employed 0.1 M tetrabutylammonium hexafluorophosphate in
MeCN as the electrolyte. In order to compare to potentials quoted
in the literature, potentials in the results and discussion sections
have been quoted versus the standard hydrogen electrode (SHE);
where Ag/AgCI(3M) is +0.21V, SCE is +0.2412 and Fc/Fc* is
+0.4. Details of electrode and cell preparation are given in the
ESI.

All crystallographic data were collected on a Nonius kappa
CCD diffractometer with MoKa. radiation, A = 0.71073 A. T =
150(2) K throughout and all structures were solved by direct
methods and refined on F? data using the SHELXL-97 suite of
programs. Hydrogen atoms were included in idealised positions
and refined using the riding model, except H3 and H2, which
were freely refined and fully occupied. The Rint was higher than
desirable, but the structure has been unambiguously determined.
Despite copious efforts the crystals were small and poorly
diffracting, hence the data was truncated to 20 = 50°. The crystals
contained significant amounts of diffuse solvent molecules (water
and methanol). These were modelled as best as the data allowed.
O(9A) and O(11) were half occupied water molecules the
hydrogen atoms associated with these have been omitted from the
model, both have been left anisotropic. Two half occupied
molecules of methanol were also present in the asymmetric unit.

Synthesis of

acid)][HNEt;]

[Cu(2,2'-biquinoline-4,4'-dicarboxylic

A solution of tetrakis(acetonitrile)copper(l) hexafluorophosphate
(0.271 g, 0.73 mmol, 1.00 equiv) in MeCN (10 mL) was added
via cannula to a stirring solution of 2,2-biquinoline-4,4-
dicarboxylic acid (0.500 g, 1.46 mmol, 2.00 equiv) in DCM (10
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mL). Triethylamine (0.40 mL, 2.92 mmol, 4.00 equiv) was added
via syringe and the white slurry immediately became a clear,
deep purple solution. The reaction was stirred for 16 h at rt. The
solvent was removed under vacuum and the isolated purple solid
purified by recrystallisation from MeOH and Et20O. A dark purple
powder was isolated by filtration and dried under vacuum to yield
the desired product (0.217 g, 0.255 mmol, 35%). *H NMR (400
MHz, CDz0D) &n/ppm 9.12 (s, 4H, H?), 8.64 (d, J = 8.5 Hz, 4H,
H?), 7.80 (d, J = 8.5 Hz, 4H, H®), 7.57 (t, J = 7.5 Hz, 4H, H),
7.38(t, J = 7.5 Hz, 4H, H%), 3.22 (g, J = 7.0, 12H, H), 1.31 (t, J
= 7.0 Hz, 18H, H). C NMR (125 MHz, CDs0OD) 5c/ppm 172.8
(C19), 153.6 (C"), 149.4 (C"), 147.6 (CY), 132.4 (C*), 130.0 (C?),
129.0 (C5), 128.1 (C?), 128.0 (C°), 119.0 (C?), 47.9 (C1), 9.2
(C®). ESI-TOF MS m/z calcd for [CaoH22CuN4Og]", 749.0739;
found, 749.0750. vmax (cm™) 2980 (m), 1712 (b), 1583 (m), 1560
(m). UV/VIS (MeOH) Amax/ nm (g / dm® molt cmt) 359 (55800),
564 (11700). Anal. caled for [CasH3sCuNsOs].[PFsCsH1sN]
(complex with co-crystallised [PFe][NEts]): C, 56.80; H, 4.95; N,
7.64. Found: C, 57.08; H, 4.74; N, 7.30. CissH168Cu4N20040, M =
3601.58, purple, block, 0.1 x 0.1 x 0.2 mm?3, space group C2/c, V
= 9057.5(6) A3, Z = 2, D¢ = 1.322 g/lcm?, Fooo = 3752, 26hax =
50.1°, 48089 reflections collected, 7882 unique (Rint = 0.1592).
Final GooF = 1.072, R1 = 0.0700, wR2 = 0.1692, R indices based
on 5607 reflections with | > 2c (refinement on F?), 627
parameters, 1 restraint, p = 0.545 mm™.

Computational Details

All computations have been performed with the Gaussian 09
code®?, at the hybrid DFT level. More precisely, the MO06
approach® was used in conjunction with a LANL2DZ basis set.
Stationary points were characterized by harmonic frequency
computations at the same theoretical level. Structures were also
optimized including continuum solvation effects using the SMD
solvent model, choosing methanol as solvent.3

To compute the UV-Vis transition of the title
[Cu(dchig)2][HNEts] compound, the time-dependent (TD) DFT
approach has been used at the same level. Only singlet-singlet
transitions, i.e., spin-allowed transitions, with non-negligible
oscillator strengths (f > 0.02) are reported and discussed.
Computations were carried out to cover a spectral region down to
350 nm.

Results and Discussion
Synthesis and characterisation

The complex was synthesised under N2 from the commercially
available 2,2-biquinoline-4,4-dicarboxylic acid (dcbiq) and
[Cu(MeCN)4][PFe]. Solubility of the ligand was poor; therefore,
four equivalents of NEts were added to the reaction mixture,
resulting in the formation of a clear, deep purple solution. The
dark purple solid obtained following recrystallisation from
MeOH and Et:O was identified as the desired complex. Full
structural assignment was made using 2D 'H and 3C NMR.
Crystals of suitable quality for X-ray diffraction were grown by
slow evaporation from a MeOH solution of the dye. The crystal
structure (Fig. 1) implies that in its solid-state form the complex
exists with one biquinoline ligand being fully deprotonated and
ss the other fully protonated (from analysis of C-O. C=0 distances),

a

S

a

resulting in a copper(l) 2,2-biquinoline-4,4'-dicarboxylic acid
anion, which is charge balanced with a [HNEts]* counterion.
Negative mode ESI-MS showed a peak at m/z 749.075,
corresponding to the molecular anion, [M]. There was no

s0 evidence of the [PFe] ion in the unit cell however its presence

was noted through 'P and '°F NMR and also elemental analysis.
Given the ratios of the triethylamine protons to those on the
copper(l) complex, it was concluded that whilst one equivalent of
triethylamine was charge balancing the copper(l) 2,2-

es biquinoline-4,4'-dicarboxylic acid anion, a second equivalent was

co-crystallising with the [PFe]" anion. The crystal structure of the
copper(l) complex indicates that the ligands are close to being
orthogonal, in a pseudo tetrahedral geometry. Key bond lengths
and angles (Fig. 1) are within the range of similar Cu(l)

70 complexes reported in the literature.”®

Fig. 1 Crystal structure of the [Cu(2,2'-biquinoline-4,4'-dicarboxylic

75 acid),]- anion. Selected bond lengths (A): Cu(1)-N(1) = 2.015(4), Cu(1)-

N(2) = 2.003(4), Cu(1)-(N3) = 2.002(4), Cu(1)-N(4) = 2.022(4) and
angles (°): N(1)-Cu(1)-N(2) = 81.10(15), N(1)-Cu-N(3) = 132.33(16),
N(1)-Cu-N(4) = 115.23(15). All hydrogen atoms have been removed for
clarity, as have solvent of crystallisation and the H[NEts] counterion.

UV/Vis absorption, surface coverage of dye and emission

The electronic absorption spectrum for [Cu(dcbig)2][HNEts] in
methanol (inset Fig. 2(a)) shows that the extended conjugation of
the 2,2’-biquinoline ligand induces a so-called “red shift” in the
peak absorbance of the dye compared to its 2,2’-bipyridine
analogues. The peak absorptions at 345nm and 357nm are
attributed to ligand based n—n* transitions and at 564 nm to a
metal-to-ligand charge transfer (MLCT) transition. These
allocations are supported by computational data, which are
discussed below. The molar extinction coefficient for Amax) 564
nm is 11,700 M“cm? in MeOH, which is comparable to the
reported values for the less conjugated bipyridine analogue’
[Cu(6,6’-dimethyl-2,2’-bipy-4,4’-dicarboxylic acid)][CI], of 9900
M-lecm? at 483 nm and the benchmark ruthenium(ll) complex®
N3, which has a molar extinction coefficient of 14,200 M-cm™? at
534 nm.

UV/Vis spectra of the dye anchored to the TiO2 surface were
also recorded for films dyed for increasing periods of time (Fig.

This journal is © The Royal Society of Chemistry [year]
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2(a)) and the adsorption isotherms show typical behaviour for dye
uptake on a TiO: film.%-3 The Amax) value for the surface bound
dye shifts to a slightly higher energy in comparison to that
measured in solution (552 nm compared to 564 nm). The same
s behaviour is observed for the heteroleptic complex®® and is
attributed to the variation in protonation between the dcbiq ligand
on the surface (fully deprotonated) and in solution. The shift may
also be due to aggregation effects of the dye on the surface.*’ To
calculate the amount of dye adsorbed on the TiOz2 films, the dye
10 was then desorbed by immersion in 1 M KOH (aq) for 45
minutes. The dye complex decomposed under the basic
conditions used for desorption, resulting in colourless KOH (aq)
solutions, therefore the dye coverage was calculated from the
amount of dcbig ligand in solution, using the absorbance at
15332nm, (¢ = 26,100 dm® mol! cm?). The calibration
measurements were made using dye solutions in 1 M KOH,
which were also colourless. After overnight dyeing, the the
surface coverage is = 10 x 10 mol cm-?of geometric film area.
This figure is comparable to reported data for the analogous
20 ruthenium biquinoline complex?® and the typical ruthenium dyes
N3% and N719.35 36 41 In our measurements TiOz film
thicknesses were typically between 9 and 10 microns, measured
by reflectometry. Dye coverage was also estimated from the
UV/Vis measurements of the dyed TiO: films and very similar
25 results were seen.

Emission spectroscopy studies on a degassed 0.1 mM ethanol
solution of [Cu(dcbig)2][HNEts] produced a broad emission peak
at 400nm following excitation at 330 nm, attributed to
fluorescence from the ligand-based n* excited state. When cooled

o to 77 K, three peaks at 500, 536 and 584 nm were observed
following the 330 nm excitation, interpreted as phosphorescence
from the same state. Emission from the MLCT excited state was
not observed at either temperature or over the large range of
excitation wavelengths tried. When the solvent was changed to

s DCM (degassed), fluorescence was observed at room temperature
following excitation at 490 and at 520 nm (Fig. 3). It is difficult
to determine whether this is emission from a ligand-based n*
state or the MLCT state, as the excitation wavelength is midway
between that expected for either state, with respect to the

40 electronic absorption spectrum (which was also carried out in
DCM for direct comparison).

Difficulties in obtaining adequate luminescence data for
heteroleptic copper complexeswere reported by Odobel et al, who
reasoned that the lack of emission was either due to a quenching

45 mechanism from a flattening of the complex, or else a non-
radiative decay process.'® Such explanations may similarly be
applicable in the case of the homoleptic species.
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Fig. 3 Emission spectrum of [Cu(dcbig),][HNEt;] in DCM at room
temperature following excitation at 520 nm (----) and the excitation
90 acquisition (—) for emission at 575 nm.

Computational Analysis
Solvent effects have to be taken into account to correctly
describe the orbital splitting in the case of the deprotonated form
os Of the bare 2,2-biquinoline-4,4-dicarboxylic acid ligand.*> The
computations indicate that the most stable structure of the
copper(l) 2,2-biquinoline-4,4-dicarboxylic acid anion is in
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excellent agreement with the experimental findings (See
Supplementary Material). The computed structure shows a slight
deviation from C symmetry, with the protons located on
different ligands. There was a slight discrepancy here with the
experimental crystallographic data, which found the protons to be
located on the same ligand. However, the structures are
energetically very similar (the energy difference including the
zero-point energy correction, is only 1.1 kcal/mol), thus the
locations of the protons in the solid state may be influenced by
forces such as intermolecular hydrogen bonding.

A detailed analysis of the highest occupied and the lowest
unoccupied molecular orbitals of the title complex is summarized
in Table 1. The largest contributions for the HOMO, HOMO-1,
and HOMO-2 are the antibonding combinations (Fig. 4) of the
nitrogen lone pairs with an important percentage of the t2 metal
orbitals (ranging from 22% to 63%). At lower energy (~1 eV with
respect to the HOMO), there are also other orbitals with a
predominant Cu-d character (35%, 43%, respectively).

Table 1. Energies and Composition of the Higher Occupied and Lower
Unoccupied Molecular Orbitals of the [Cu(2,2'-biquinoline-4,4'-
dicarboxylic acid),]  anion.

MO occ E(eV) Cu (%

contribution)

LUMO+5 0 -1.23
LUMO+4 0 -1.24
LUMO+3 0 -1.86
LUMO+2 0 -1.89
LUMO+1 0 -2.73

LUMO 0 -2.81

HOMO 2 -5.78 58 (dhy)
HOMO-1 2 -6.11 63 (dx2)
HOMO-2 2 -6.68 22 (dy)
HOMO-3 2 -6.76 35 (dz2, dx2-y2)
HOMO-4 2 -6.86 43 (dy2)
HOMO-5 2 -7.02
HOMO-6 2 -7.03

The LUMOs are antibonding orbitals which arise from the
carbon and the nitrogen p orbitals and have a significant
contribution from the carboxylic acid groups. Like their Ru(ll)
congeners, in a dye sensitized solar cell the carboxylic acid
groups act as anchoring groups to the TiO2 semiconductor
surface, favouring the electron injection process from the dye
excited state into the semiconductor conduction band.** Note that
the computed HOMO energy (-5.78 eV) is in excellent agreement
with the experimental value obtained from electrochemical
analysis. The estimated HOMO-LUMO gap is 2.97 eV.

The excitation energies and oscillator strengths for the first two
absorption bands are reported in Table 2, together with the
composition of the solution vectors in terms of the most relevant
transitions. In the energy range investigated, two bands clearly
appear. The first band, with a maximum absorption located at 563
nm, which is in excellent agreement with the experimental value
(564 nm), involves multiple MLCT transitions, mainly
excitations from the HOMO and HOMO-1, corresponding to one-
electron excitations from to-n*/t>-n to w*-ligand levels. The
second absorption band, with a maximum at about 360 nm,

45 involves transitions mainly from HOMO-5 and HOMO-9 to the
lowest unoccupied n* orbitals localized on the ligand.

Fig. 4 LUMO and the five highest occupied molecular orbitals of the
[Cu(2,2"-biquinoline-4,4'-dicarboxylic acid),]- anion (Isodensity contour =

s ALY

4 ® \ /‘/&9‘ ¢

;.gé‘é¢4z'§". ZT h :ﬁs»
e 4 9.‘2

ARG 1 T

p—€
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»—&
\y\ 4

e [ >
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.9/: Q .o o ,l f"‘-: s

HOMO-3 HOMO-4
s0 0.04).

Table 2. Wavelength, oscillator strength and composition of the most
important optical transitions.

A (nm) f Composition
692 0.036 HOMO-1 - LUMO+1 (18%)
HOMO - LUMO (79%)
563 0.163 HOMO-1 = LUMO+1 (79%)
419 0.041 HOMO -> LUMO+2 (81%)
375 0.038 HOMO-4 > LUMO (41%)
368 0.023 HOMO-4 > LUMO+1 (45%)
HOMO-5 > LUMO +1 (10%)
361 0.114 HOMO-5 > LUMO (40%)
HOMO-9 = LUMO (29%)
359 0.057 HOMO-8 > LUMO (11%)
HOMO-6 > LUMO (44%)
355 0.082 HOMO-12 - LUMO (46%)
350 0.039 HOMO-8 > LUMO+1 (19%)

HOMO-7 = LUMO (40%)

This journal is © The Royal Society of Chemistry [year]
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Electrochemistry

Cyclic  voltammograms  (CVs) were  measured for
[Cu(dchig)2][HNEts] both in solution and on a TiO2 surface.
Electrochemistry of the dye in solution was carried out using a
boron doped diamond working electrode with a background
electrolyte of 0.1 M [BusN][PFe] in acetonitrile. CVs were
recorded over a range of scan rates and dye concentrations
following the addition of aliquots of a methanolic solution of the
dye (Fig. 5). At slower scan rates oxidation and reduction peaks
were observed, which were assigned to the Cu(l)/(Il) couple,
although the peak separation was large (= 650 mV). At faster
scan rates (> 5 VI/s) the electrochemistry was less reversible and
the reduction peak almost entirely disappeared.

Current /pA

EIV (vs Ag/AgCI (3M))

Fig. 5 CVs at increasing scan rates of [Cu(dcbiq).][HNEt;] in solution;
0.1VIs(---),05VIs(---),1VIs( —),3VIs(-- ). (vs Ag/AgCl, 0.1
M [BusN][PFe] in MeCN electrolyte)

CVs were also measured for dye adsorbed onto nanoporous TiO2
films doctor bladed onto FTO glass (Fig. 6). The films were dyed
overnight in a 0.3 mM MeOH solution of [Cu(dcbiq)2][HNEts].
As the TiOz is an insulator under the conditions used in the CV,
electron transfer to and from absorbed dye molecules occurs via
dye molecules in contact with bare FTO at the base of the pores.
Observation of dye electrochemistry therefore indicates dye
coverage throughout the porous TiO2 network to the FTO contact.
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Fig. 6 CVs at increasing scan rates of [Cu(dcbiq),][HNEts] adsorbed on a
TiO, film; 0.01 V/s (—), 0.05 V/s (-.--.), 0.1 V/s (— — —) (vs Ag/AgCl,
0.1 M [BuyN][PFe] in MeCN electrolyte)

CVs of surface adsorbed dye showed a peak separation of = 300
mV at 10 mVs?, although the separation increased with scan rate.

ss The difference in peak separation between the solution and
surface experiments suggests that the reorganisation energy is
larger in solution than on the surface.
The copper(l) complex appears to be almost tetrahedral in the
crystal structure (d'°), however it is expected that following
40 oxidation the copper(ll) species will be closer to square planar
(d®. The electrochemistry suggests that the complex switches
geometry more easily in solution, meaning the reduction step
during the reverse scan has to overcome a large reorganisation
energy to enable the dye to return to its tetrahedral state. The dye
is more constrained on the surface of the TiOz film in its
tetrahedral arrangement; therefore, a geometry change is less
viable. With a peak separation of ~ 300 mV, the electron transfer
kinetics are too slow for the cycle to be ideally reversible,
therefore the electrochemical behaviour is best described as
quasi-reversible. The series resistance for the surface bound
experiments was measured to be 138 Q by impedance
spectroscopy. This value is a sum of the resistance of the
solution, the FTO electrode and the contacts. The FTO electrodes
were ~2.25 cm long and had a resistance of 13 Q0O; therefore
they will make a large contribution to the series resistance. It
should be noted that compensating for the series resistance using
the IR compensation function changed the shape of the
voltammograms slightly but did not reduce the peak separation.

The peak oxidation potential, Ey,**, was +0.78 V and the peak
reduction potential, Ep"®Y, was +0.33 V. Vatsadze et al. reported
the electrochemistry of the similar complex [CuL2][CI] where L =
di-n-hexyl 2,2 -biquinoline-4,4"-dicarboxylate.** The Cu(l) to (I1)
oxidation occurred at Ep® = +0.74 V versus Ag/AgCI (sat. KCI),
which is in good agreement with our findings. For the same
complex, but with a [BF4]" counterion, the group reported Ep*™* =
+0.75 V and Ey™ = +0.36 V (vs Ag/AgCI/KCI)* which also
implies that the counterion has little effect on energy levels in the
dye.

The half wave potential, Ei, for [Cu(dcbiq)2][HNEts] is +0.56
V versus Ag/AgCl (or +0.77 V versus the normal hydrogen
electrode, SHE), which is more than adequate for dye
regeneration given that the standard potential of the I/Iz” redox
couple is +0.35 V (vs SHE).“¢ This was confirmed by probing
the reduction of the dye’s excited state by iodide using cyclic
7s voltammetry. A dyed TiO: film was used as the working

electrode and an increasing concentration of Lil was added (from

0 M to 3.39 mM in a solution of 0.1 M [Bu"sN][PFs] in MeCN).

An EC’ mechanism was observed (Fig. 7), where E refers to an

electrode step and C’ is a catalytic chemical process.

80
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A large increase in the oxidative current was observed with
increasing concentration of iodide since, as the dye’s ground state
is regenerated in the catalytic step, it is rapidly re-oxidised at the
anode. The reduction peak initially decreases then disappears
completely as the iodide rapidly reoxidises the reduced species.
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Fig. 7 CV of a [Cu(dcbiqg)2][HNEt3] dyed film at a scan rate of 0.01 V/s
with increasing concentrations of Lil; 3.39 mM (- - -), 2.78 mM (---), 1.55
mM (—),0.31mM (---),0 mM ( —). The inset shows a zoomed in
view of the CV with 0 mM Lil (Vs Ag/AgCl, 0.1 M [BusN][PF¢] in
MeCN electrolyte).

The half wave potential is closely related to the HOMO level of
the dye, given that the onset of the oxidative wave indicates that
electrons are starting to be removed from the ground state. Using
the CV data we estimate the position of the HOMO for the
complex to be -5.27 eV.*” The excited state potential can be
estimated by adding the zero-zero transition energy (E®9),
obtained from emission spectroscopy, to Ei2. So with an E®?
value of 2.426 eV the resulting first excited state energy is -2.844
eV, which would be sufficient for injection into the TiO2
conduction band. Given the ambiguity in the emission data we
are cautious in this conclusion, however this value is in excellent
agreement with the computationally derived LUMO energy (-
2.81 eV). Unfortunately, the IPCE spectrum showed an external
quantum efficiency of no greater than 1% between the key
wavelengths of 450 to 650 nm, indicating that electron injection
is not occurring from the LUMO or the first excited state energy
level. We conclude that there are likely lower energy, non-
emissive states into which the electrons are being promoted, or
else rapidly decaying to, but not successfully injected from.

DSSC performance

The performance of [Cu(dcbiq)2][HNEts] in a DSSC was studied.
Cells were prepared following overnight dyeing of the TiO2 films
from a 0.3 mM methanol solution. Overall efficiencies were poor
compared to those reported for other copper(l) dyes and generally
< 0.1 %. As mentioned previously, we concluded that the
problem was most likely inefficient electron injection into the
TiO2 conduction band, through either mismatched excited state
energy levels or due to an excited state lifetime that was too
short. Efforts to overcome any energy level mismatch were made
by trying to optimise the cell environment to be more compatible
with the dye. Cells were constructed using a reduced
concentration of, or omitting entirely, the 4-tert-butylpyridine (4-
TBP). It is known that 4-TBP in the electrolyte increases the Voc
due to both a shift of the TiO2 conduction band edge to a more
negative potential and through reducing the recombination of
electrons in the TiO2 with I3 in the electrolyte.®® Therefore by
removing the 4-TBP we aimed to achieve the opposite effect and
improve electron injection into the TiO2 conduction band.

Although there was no overall improvement in cell efficiency in
ss this way, the Voc decreased and the Isc increased slightly (Fig. 8).
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Fig. 8 1-V curves for DSSCs prepared with [Cu(dcbig),][HNEts] and
60 varying concentrations of 4-TBP in the electrolyte; 0.5 M ("), 0.3 M
(—)and O M (- - -).

The fully-protonated free acid and the sodium salt of the
copper(l) biquinoline complex were also synthesized for

es comparison to the [HNEts]* complex (Table 3). Cell efficiencies
were slightly improved, most notably with the sodium salt
through the improvement of the cell Vo This increased Voc
indicates a negative shift of the conduction band potential, which
is expected for the fully deprotonated form of the complex.*

70 Comparison of photovoltage between the three species also
affirms that the extent of surface protonation in the cell when
[NEts] used is midway between that of the free acid and the fully
deprotonated sodium salt, as evidenced through the crystal
structure.

75
Table 3. cell characteristics for 1cm? DSSCs prepared with variants of the
copper(l) biquinoline complex

Cell (Dye) Joc / MA Voo I MV FF nl%

1 (-COO")(Na*) 0.204 629 0.69 0.089

2 (-COO")(Na*) 0.224 623 0.72 0.100
3 (-COO)(Na*) 0.226 600 0.70 0.095
4 (-COOH) 0.206 515 0.71 0.075

5 (-COOH) 0.235 511 0.66 0.080

6 (-COOH) 0.233 499 0.66 0.077

7 (-COO")(HNEts)* 0.197 523 0.66 0.068
8 (-COO)(HNEts)* 0.199 528 0.69 0.073

Conclusions

80 A [Cu(2,2-biquinoline-4,4'-dicarboxylic acid)] complex has been
synthesised and extensively studied with respect to application in
a dye-sensitized solar cell. To the best of our knowledge this is
the first report of this complex being trialled in a DSSC. The dye
has a good extinction coefficient and electrochemical studies
ss show that the ground state can be regenerated by iodide. In
addition the dye gave good surface coverage and was stable to
electrochemical cycling even at slow scan rates (10 mVs?), in
contrast many ruthenium dyes degrade at this scan rate.

This journal is © The Royal Society of Chemistry [year]
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Computer modelling suggested that the key dye excited state

should be high enough in energy to inject electrons in the TiO2

conduction band. Despite this cell efficiencies were very low.

Modification of the ligand may allow improved performance in
s DSSC.
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