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The structures and properties of the homoleptic copper(r) complexes [Cu(1),][PFs] and [Cu(2),][PFs]

(1 = 6,6’-dimethyl-2,2"-bipyridine, 2 = 6,6'-bis{2-[4-(N,N'-diphenylamino)phenylJethenyl}-2,2'-
bipyridine) are compared, and a strategy of ligand exchange in solution has been used to prepare eight
TiO, surface-bound heteroleptic complexes incorporating ligands with bpy metal-binding domains and
carboxylate or phosphonate anchoring groups. The presence of the extended n-system in 2 significantly
improves dye performance, and the most efficient sensitizers are those with phosphonate or phenyl-4-
carboxylate anchoring units; a combination of [Cu(2),]" with the phosphonate anchoring ligand gives a
very promising performance (7 = 2.35% compared to 7.29% for standard dye N719 under the same
conditions). The high-energy bands in the electronic absorption spectrum of [Cu(2),]” which arise from
ligand-based transitions dominate the spectrum, whereas that of [Cu(1),]" exhibits both MLCT and ligand
n* « 1 bands. Both [Cu(1),][PF] and [Cu(2),][PF¢] are redox active; while the former exhibits both
copper-centred and ligand-based processes, [Cu(2),][PF¢] shows only ligand-based reductions. Results of
TD-DFT calculations support these experimental data. They predict an electronic absorption spectrum for
[Cu(1),]” with an MLCT band and high-energy ligand-based transitions, and a spectrum for [Cu(2),]"
comprising transitions involving mainly contributions from orbitals with ligand 2 character. We have
assessed the effects of the atomic orbital basis set on the calculated absorption spectrum of [Cu(1),]" and
show that a realistic spectrum is obtained by using a 6-311++G** basis set on all atoms, or 6-311++G**
on copper and 6-31G* basis set on all other atoms; a smaller basis set on copper leads to unsatisfactory
results. Electronic absorption spectra of six heteroleptic complexes have been predicted using TD-DFT
calculations, and the transitions making up the dominant bands analysed in terms of the character of the
HOMO-LUMO manifold. The calculational data reveal dominant phosphonate ligand character in the
LUMO for the dye found to function most efficiently in practice, and also reveal that the orbital character
in the HOMOs of the two most efficient dyes is dominated by the non-anchoring ligand 2, suggesting that
ligand 2 enhances the performance of the sensitizer by minimizing back-migration of an electron from the

semiconductor to the dye.
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Introduction

We are currently investigating the application of complexes con-
taining Earth-abundant metals in dye-sensitized solar cells
(DSCs). Within this remit, the photophysical properties of d'°
metal complexes,' and copper(i)-based’> DSCs appear particu-
larly promising.*™'* The lability of copper() complexes'>'¢ has
led us to develop a strategy for the assembly of heteroleptic com-
plexes directly on a TiO, semiconductor surface. An oligopyri-
dine ligand, L', containing anchoring substituents (e.g. CO,H or
PO(OH),) is bound to a titania nanoparticle surface and the
modified surface is subsequently exposed to a solution of a
homoleptic [CuL,]" complex. Over a period of one or more
days, ligand exchange occurs to give surface-anchored [CuLL']"
complexes.'? This method allows us to screen relatively large
numbers of complexes without it being necessary to isolate the
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Scheme 1 Ligand structures 1 and 2, and labelling for "H NMR spec-
troscopic assignments.

heteroleptic species (which is often not possible because of the
rapid establishment of statistical solution equilibria between
homo- and heteroleptic species) and to study the effects of a
wide range of substituents on the efficiencies of photosensitisers.
To aid in the design of new and more efficient copper() com-
plexes for DSCs, Lu et al. have recently demonstrated the use of
DFT and TD-DFT quantum chemical methods for the investi-
gation of the molecular and electronic structures and optical
absorption spectra of homoleptic [CuL,]* and [CuL,][PFs] (L =
6,6'-dimethyl-2,2'-bipyridine-4,4'-dimethylformate) and related
heteroleptic complexes both in the gas phase and MeCN solu-
tion."”'® In order to evaluate the validity of such theoretical
data, comparisons with experimental data are critical. Here we
present a complementary experimental and theoretical investi-
gation of the homoleptic copper(1) complexes [Cu(1),]" and [Cu-
(2)2]" (see Scheme 1 for ligands 1 and 2). These complexes have
been used to prepare eight TiO, surface-bound heteroleptic com-
plexes incorporating carboxylate or phosphonate anchoring
groups and their efficiencies as dyes in DSCs have been
measured. TD-DFT calculations have also been carried out on
six of the heteroleptic complexes. The archetype complex [Cu-
(1),][PFs] was selected because the [Cu(1),]" cation'® 2 is
structurally simple and its electrochemical and photophysical
properties are well established. The presence of substituents at
the 6- and 6'-positions in 2,2'-bipyridine ligands renders the
copper(i) complexes stable with respect to aerial oxidation.?® On
moving from ligand 1 to 2, the m-conjugation is significantly
extended and the size of the complex increased, and we were
interested in investigating what effects these factors would have
upon the efficiency of the DSCs into which it is incorporated. In
addition, 2 has the potential for subsequent facile functionaliza-
tion at the NV,N-diphenylamino substituent.

Experimental

'"H and '’C NMR spectra were measured on a Bruker
DRX-500 MHz NMR spectrometer; chemical shifts are

referenced to residual solvent peaks with TMS = ¢ 0 ppm. Elec-
tronic absorption and emission spectra were recorded using an
Agilent 8453 spectrophotometer and Shimadzu RF-5301 PC
spectrofluorometer, respectively. Solution lifetime measurements
were made using an Edinburgh Instruments mini-t apparatus
equipped with an Edinburgh Instruments EPLED-300 pico-
second pulsed diode laser (Ao, = 467 or 404 nm, pulse width =
75.5 or 48.2 ps, respectively) with the appropriate wavelength
filter. The quantum yields were measured with an absolute PL
quantum yield spectrometer C11347 Quantaurus_ QY from
Hamamatsu. Solid state electronic absorption spectra of Cu(r)-
containing dyes on TiO, were measured using a Varian Cary
5000 with a conducting glass with a TiO, layer as a blank. Elec-
trospray and MALDI-TOF mass spectra were recorded on either
a Bruker esquire 3000plus or PerSeptive Biosystems Voyager
instrument, respectively. Electrochemical data were recorded
using a CH Instruments potentiostat (model 900B) with glassy
carbon working and platinum auxiliary electrodes; a silver wire
was used as a pseudo-reference electrode. Solvents for the
electrochemistry were dry and purified, and the supporting elec-
trolyte was 0.1 M ["BusN][PF¢]; an external reference of Cp,Fe
was measured at the start and again at the end of each
experiment.

6,6’-Dimethyl-2,2"-bipyridine (1) and 4-(N,N-diphenylamino)-
benzaldehyde were purchased from Sigma Aldrich. [Cu-
(MeCN)4][PF4] was prepared according to the literature
procedure”” and the synthesis of 6,6'-bis(diethylphosphono-
methyl)-2,2"-bipyridine was based on that reported by
Mukkala®® replacing 6,6-bis(bromomethyl)-2,2"-bipyridine by
6,6"-bis(chloromethyl)-2,2'-bipyridine. Compounds 3.° 4,%° 5°°
and 6°° were prepared as previously described.

Ligand 2: method 1

Compound 1 (550 mg, 2.98 mmol) and 4-(N,N-diphenylamino)-
benzaldehyde (1.87 g, 6.87 mmol) were stirred in dry DMF
(70 cm?) in a reaction flask and KO'Bu (1.005 g, 8.96 mmol)
was added. The vessel was flushed with N, for 10 min and the
reaction mixture was stirred for 56 h in the dark after which time
a dark yellow solid precipitated. This was filtered and dried in
air. The crude product was dissolved in the minimum amount of
CH,Cl, and purified by column chromatography (SiO,,
CH,Cl,). The first (orange) fraction was collected and solvent
was removed in vacuo. Compound 2 was isolated as a yellow
powder (1.13 g, 1.63 mmol, 54.7%). '"H NMR (500 MHz,
CDCly) 6/ppm 8.40 (dd, 7.8, 0.6 Hz 2H, H™), 7.80 (t, J =
7.8 Hz, 2H, H**), 7.72 (d, J = 16.0 Hz, 2H, H®), 7.47 (dag, J =
8.6 Hz, 2H, HP?), 7.37 (dd, J = 7.7, 0.6 Hz, 2H, H*®), 7.26 (m,
4H, H), 7.13 (m, 10H, H®™), 7.05 (m, 8H, H®3)
13C NMR (126 MHz, CDCl;) 8/ppm 156.1 (C*?), 155.3 (C*°),
148.1 (CB%), 147.6 (C"), 137.4 (H**), 132.4 (C?), 130.8 (C®"),
129.5 (C®), 1282 (C®%), 126.5 (C%), 1249 (C), 123.4
(CB¥Y, 1233 (CB¥Y, 121.9 (C*), 119.5 (C*). UV/VIS
(CHxCL,, 1.90 x 107> mol dm™) Apa/nm 296 (¢/dm® mol™
em™' 53560), 389 (97330). ESI: m/z 695.3 [M + H]" (calc.
695.3), Found: C 85.49, H 5.64, N 7.96; CsoH33N4-0.5H,0
requires C 85.32, H 5.58, N 7.96.
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Ligand 2: method 2

KO'Bu (243 mg, 2.15 mmol) was added to a solution of 4-(N,N-
diphenylamino)benzaldehyde (520 mg, 1.9 mmol) and 6,6'-bis-
(diethylphosphonomethyl)-2,2'-bipyridine (365 mg, 0.80 mmol)
in THF (30 cm®). The reaction mixture was stirred for 2 h at
room temperature. After addition of water (10 cm®), THF was
removed in vacuo and the aqueous phase was extracted with
CH,Cl, (3 x 30 em®). The collected organic layers were washed
with brine (30 cm®) and water (50 cm”), dried over MgSO, and
filtered. After evaporation of solvent, precipitation from CH,Cl,/
pentane resulted in 2 being isolated as an orange-yellow powder
(320 mg, 0.46 mmol, 57.5%). Spectroscopic data: see above.

[Cu(1),][PFe]

[Cu(MeCN)4][PFg] (37.3 mg, 0.100 mmol) was dissolved in
MeCN (2 cm?) and the solution was added to a solution of com-
pound 1 (36.8 mg, 0.200 mmol) in CHCl; (5 cm®). The solution
immediately became red in colour and was stirred for 30 min.
Addition of Et,O (10 cm®) afforded a red precipitate, which was
collected by filtration over Celite. The product was washed with
H,0 and Et,O and removed from the Celite by dissolution in
MeCN. Solvent was removed in vacuo and [Cu(1),][PF¢] was
isolated as red crystals (44.6 mg, 77.3%). '"H NMR (500 MHz,
CD5CN) &/ppm 8.26 (d, J = 8.0 Hz, 2H, H*), 8.02 (t, J =
7.9 Hz, 2H, H*), 7.50 (d, J = 7.7 Hz, 2H, H*), 2.22 (s, 6H,
HM®), 3C NMR (126 MHz, CD5CN) &/ppm 158.4 (C*), 152.6
(C*?), 1392 (C*%), 126.7 (C™), 1204 (C), 252 (CMe).
UV/VIS (CH,Cl,, 1.84 x 107> mol dm™) Apa/nm 245 (e/dm?
mol™" em™ 20300), 257 (18650), 298 (26900), 312sh
(18200), 332sh (3100) 453 (3460). Emission (CH,Cl,, Aex =
300 nm) Aey 351 nm; (CH,Cly, Aex = 454 nm) Ao, 520,
687 nm). MALDI-TOF: m/z 431.0 [M — PF¢]" (calc. 431.1),
246.5 [M — 1 — PF4]" (calc. 247.0). Found: C 49.38, H 4.18,
N 963, C24H24N4CUPF6'1/2H20 requires C 4919, H 430, N 9.56.

[Cu(2).][PF¢]

[Cu(MeCN)4][PFs] (26.8 mg, 0.0719 mmol) was dissolved in
MeCN (2 cm3) and the solution was added to a solution of 2
(100 mg, 0.14 mmol) in CHCl; (10 cm?). The solution immedi-
ately changed from yellow to orange and was ultra-sonicated for
60 min. The solvents were then removed in vacuo and [Cu(2);]-
[PF¢] was isolated as an orange powder (92.5 mg, 0.0578 mmol,
80.4%). "H NMR (500 MHz, CDCl;) &/ppm 7.90 (d, J = 7.6,
4H, H™), 7.85 (t, J= 7.8 Hz, 4H, H*), 7.74 (d, J= 7.7 Hz, 4H,
H™), 7.30 (t, J= 7.9 Hz, 16H, H®), 7.12 (d, J = 16.3 Hz, 4H,
HP), 7.08 (m, 24H, H®>"*), 6.79 (d, J = 8.6 Hz, 8H, H?®) over-
lapping with 6.77 (d, J = 16.3 Hz, 4H, H), 6.67 (d, J = 8.6 Hz,
8H, H®?). °C NMR (126 MHz, CDCly) &/ppm 155.5 (C*%),
152.2 (C*?), 148.9 (CP%), 147.1 (C"), 138.0 (C**), 135.0 (H®),
129.6 (C©?), 128.8 (CB"), 127.9 (C®?) 125.1 (C™?), 124.7 (C?),
123.9 (C%), 122.4 (C*), 122.3 (C®?), 119.9 (C*%). UV/VIS
(CHxCL, 1.25 x 107® mol dm™) Ama/nm 299 (e/dm® mol™
em™! 185 400), 400 (235 500); (MeCN, 2.32 x 10~° mol dm™>)
Amax/nm 294 (£/dm® mol™" ecm™" 173 000), 390 (207 000). Emis-
sion (CH,Cl,, Aex = 300 or 399 nm) A, 475 nm (see text). ESI:
m/z 1453.7 [M — PF¢]" (calc. 1452.6), 695.5 [2 + H]" (calc.

695.3). Found: C 73.98, H 4.76, N 7.71; C;ooH76CuFsNgP-
MeCN-H,0 requires C 73.92, H 4.93, N 7.61.

Crystal structure determinations

Data were collected on a Bruker SMART or KappaAPEX dif-
fractometer, with data reduction, solution and refinement using
the programs APEX2,*' SIR92*? and CRYSTALS.* ORTEP
figures were drawn using Ortep-3 for Windows,** and structures
were analysed with the program Mercury v. 2.4.3°-°

Ligand 2

C4oH7oN,, M = 694.88, yellow plate, orthorhombic, space group
Pbca, a = 8.9360(3), b = 15.3904(5), ¢ = 26.8164(9) A, U =
3688.02) A’ Z = 4, D, = 1251 Mg m™>, u(Mo-K,) =
0.565 mm~', 7= 100 K. Total 35 364 reflections, 3377 unique,
Riny = 0.068. Refinement of 2724 reflections (244 parameters)
with 7 > 20(I) converged at final R; = 0.0478 (R; all data =
0.0629), wR, = 0.0384 (WR, all data = 0.0554), gof = 1.0410.

[Cu(1)2][PF¢]

Co4HpyCuFgN4P, M = 576.99, red block, monoclinic, space
group P2,/c, a = 12.7104(6), b = 21.9632(11), ¢ = 8.7001(5) A,
B=94.692(2)°, U = 2420.6(2) A>, Z=14, D, = 1.583 Mg m >,
u(Mo-K,) = 1.036 mm™', T = 123 K. Total 35 645 reflections,
8817 unique, R;, = 0.030. Refinement of 7537 reflections (325
parameters) with / > 20(/) converged at final R; = 0.0301
(R; all data = 0.0370), wR, = 0.0312 (WR, all data = 0.0450),
gof =1.0891.

[Cu(2),][PF¢]

Ci00H76CuFgNgP, M = 1598.28, orange plate, tetragonal, space
group P4/n, a = b =15.1209(2), c = 18.2971(4) A, U = 4183.48(12)
A® Z=2,D, =127 Mg m™>, u(Mo-K,,) = 0.347 mm™"', T =
123 K. Total 49 103 reflections, 7090 unique, Ry, = 0.062.
Refinement of 3503 reflections (276 parameters) with 7 > 20([)
converged at final Ry = 0.0494 (R, all data = 0.0902), wR, =
0.0524 (WR, all data = 0.1193), gof = 1.0236.

Preparation of solar cells

TiO, paste was prepared adapting the procedure of Gritzel and
co-workers;>’ changes to the published procedure were the use
of a porcelain (in place of alumina) mortar, sonicator bath in
place of an ultrasonic horn, terpineol (CAS: 8000-41-7) rather
than o-terpineol, and the omission of the three roller mill treat-
ment. The FTO glass (Solaronix TCO22-7, 2.2 mm thickness,
sheet resistance ~7 Q square™') was cleaned by sonicating in
acetone, EtOH, Hellmanex® surfactant (2% in water), water and
EtOH baths sequentially for 10 min. After treatment in a UV-0Os3
system (Model 256-220, Jelight Company Inc), the FTO plates
were immersed in aqueous TiCl, solution (40 mmol dm™) at
70 °C for 30 min, and washed with H,O and EtOH. Nanocrystal-
line TiO; electrodes were made by doctor blading the TiO, paste
onto a conducting glass slide and kept at room temperature for
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10 min to allow the paste to mature to minimize surface irregula-
rities. The electrode was then gradually heated under an air flow
at 70 °C for 30 min, 135 °C for 5 min, 325 °C for 5 min, 375 °C
for 5 min, 450 °C for 15 min, and 500 °C for 15 min. After
annealing, the TiO, film was treated with 40 mM TiCly solution
as described above, rinsed with H,O and EtOH and sintered at
500 °C for 30 min. After cooling to ~80 °C, each electrode was
immersed in a DMSO solution of anchoring ligand 3, 4, 5 or 6
(1 mmol dm™>) for 24 h. The colourless slide was removed from
the solution, washed with DMSO and EtOH, and dried. The
electrode with adsorbed anchoring ligand was immersed in an
EtOH solution of [Cu(1),][PFs] or a CH,Cl, solution of [Cu(2),]-
[PF¢] (0.4 mmol dm™) and this was left to stand for 64 h during
which time the slide turned orange. The electrode was removed
from the solution and was washed with EtOH.

To prepare the counter electrode, a hole was drilled in an FTO
glass plate (cleaned and pre-treated as above). The perforated
sheet was heated in air for 15 min at 450 °C to remove organic
residues and was then washed as described for the working elec-
trode. The Pt catalyst was deposited on the FTO glass by coating
with a drop of H,PtCls, 5 mmol dm™ in propan-2-ol and heated
to 400 °C for 15 min.

The dye-covered TiO, electrode and Pt counter-electrode were
assembled using thermoplast hot-melt sealing foil (Solaronix,
Meltonix 1170-25 Series, 25 microns thick) by heating
while pressing them together. The electrolyte comprised Lil
(0.1 mol dm™), I, (0.05 mol dm™>), I-methylbenzimidazole
(0.5 mol dm™) and 1-butyl-3-methylimidazolinium iodide
(0.6 mol dm™) in methoxypropionitrile, and was introduced into
the cell by vacuum backfilling. The hole on the counter electrode
was finally sealed using the hot-melt sealing foil and a cover
glass. Measurements were made by irradiating from behind
using a light source SolarSim 150 (100 mW c¢cm™2 = I sun). The
power of the simulated light was calibrated by using a reference
Si photodiode. The standard dye N719 was purchased from
Solaronix.

Computational methods

For [CuL,]" (L =1 or 2), the TD-DFT calculations were based
upon crystallographic data for a related complex® and [Cu(2),]-
[PF¢]» (this work). For [CuLL']" (L = 1 or 2, L' = 3-5) calcu-
lations were started from optimized structures of [Cu(1),]" and
[Cu(2),]” and were computationally modified. Initial energy
optimization was carried out at the Hartree—Fock (HF) level with
a 3-21G* basis set, followed by HF/6-31G*. Frequency calcu-
lations were carried out at this level to confirm that a minimum
energy had been achieved. The structures were further relaxed
with the hybrid 3-parameter Lee-Yang—Parr functional®®
B3LYP/6-31G*. To account for solvent effects, the conductor-
like polarizable continuum model (CPCM) was used. The
CPCM*** was used in geometry optimization and for sub-
sequent TD-DFT calculations. As many of the calculations are
computationally demanding, the influence of a considerably
larger basis set (6-311++G**) was assessed by alternatively
using an extended basis set on either the metal atom or on all
ligand atoms. This is referred to as GEC and GEL for Gaussian
extended basis set on either the copper or the ligand. For the

smaller complexes the entire calculation was also carried out
with the 6-311++G** basis set throughout. Explorative calcu-
lations were also carried out with a LANL2DZ basis set on the
Cu atom*' and 6-31G* for the remaining system; this is abbre-
viated as ECP. Predicted electronic transitions were calculated at
the B3LYP level and simulated spectra were generated from the
Gaussian 09 output using the GaussSum program, version 2.2.4
The conversion factor from Hartree to eV is 1 Eh = 27.21128505 eV,
taken from the NIST website 2010 values.** All calculations
were carried out using the Gaussian 09 program package.**

Results and discussion
Synthesis and characterization of ligand 2

Compound 2 was prepared by treatment of 6,6'-dimethyl-2,2'-
bipyridine (1) or 6,6'-bis(diethylphosphonomethyl)-2,2'-bipyri-
dine®® with 4-(N,N-diphenylamino)benzaldehyde in the presence
of KO'Bu (Scheme 2). Both procedures gave 2 in moderate
yields (55-58%). The electrospray mass spectrum of 2 exhibited
a peak envelope at m/z 695.3 which was assigned to [M + H]".
The 'H and '*C NMR spectra were consistent with the symmetri-
cal structure shown in Scheme 1, confirming functionalization in
both the 6 and 6'-positions of the 2,2"-bipyridine core. The
spectra were assigned using COSY, NOESY, DEPT, HMBC and
HMQC methods. Signals for alkene protons H* and H® (see
Scheme 1) were distinguished by the appearance of H>H®? and
H*/H"® cross peaks in the NOESY spectrum; the former cross
peak also permitted signals for H®* and H®? to be discriminated.

Scheme 2 Alternative strategies for the synthesis of ligand 2.
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Fig. 1 Molecular structure of compound 2 (ellipsoids plotted at 40%
probability level). Important bond parameters: N1-C1 = 1.3424(19),
N1-C5 = 1.3515(19), N2-C11 = 1.4247(19), N2-C14 = 1.4181(18),
N2-C20 = 1.4175(19), C5-C6 = 1.467(2), C6-C7 = 1.337(2), C7-C8 =
1.461(2) A; C5-C6-C7 = 123.65(15), C6-C7-C8 = 127.21(14), C11—
N2-C14 = 119.28(12), C11-N2-C20 = 119.46(12), C14-N2-C20 =
120.33(12)°. Symmetry code i = —x, 1 — y, —z.

The structure of compound 2 was confirmed by single crystal
X-ray diffraction, crystals being grown by slow diffusion of
hexanes into a CH,Cl, solution of the compound. Fig. 1 depicts
the structure of 2, and selected bond parameters are given in the
figure caption. The compound crystallizes in the orthorhombic
Pbca space group and the asymmetric unit contains half a mo-
lecule, the second half being related to the first by an inversion
centre; the bipyridine (bpy) domain is thus necessarily planar.
The (E)-conformation of the alkene unit is as expected. The
C—N—C bond angles around atom N2 (all #120°) and the N2-C
bond distances (each ~1.42 A, shorter than the sum of the
covalent radii, 1.52 A) are consistent with sp> hybridization and
n-contributions to the three N2—C,ene bonds. The three aryl sub-
stituents adopt a paddle-wheel arrangement around atom N2.
The principal packing interactions involve intermeshing of the
Ph,NCgH,-units.*> This gives rise to domains of Ph,NC4H,-
units separated by planar bpy entities (Fig. 2a). Fig. 2b shows a
view of the unit cell down the a-axis and reveals a herring-bone
arrangement of molecules. There are no stacking interactions
between bpy units of adjacent molecules.

Synthesis and characterization of copper(1) complexes

Although the [Cu(1),]" complex cation is well documented in
the literature,®'? > full details of the synthesis and characteri-
zation of the hexafluoridophosphate salt have not, to the best of
our knowledge, been presented, despite the fact that this salt has
appeared in several publications.®**** The complex [Cu(1),]-
[PF¢] was prepared from [Cu(MeCN)4][PF] and two equivalents
of 1, and was isolated as a red solid in 77.3% yield. The MAL-
DI-TOF mass spectrum exhibited peak envelopes at m/z 431.0
and 246.5 assigned to the ions [M — PF¢]" and [M — 1 — PF¢]".
The solution 'H and '>C NMR spectra were fully assigned (see
Experimental section) using 2D NMR techniques. X-ray quality
crystals were grown by slow diffusion of Et,O into an MeCN
solution of the complex, and structural analysis confirmed the

(b)

Fig. 2 Packing of molecules of 2 viewed down: (a) the b-axis, and
(b) the a-axis. PhNCgHy4-units are shown in space-filling representation;
N atoms in blue.

Fig. 3 Structure of the [Cu(1),]" cation in [Cu(1),][PFs] (ellipsoids
plotted at 40% probability level). Important bond parameters: Cul-N1 =
2.0248(9), Cul-N2 = 2.0472(9), Cul-N3 = 2.0447(9), Cul-N4 =
2.0335(9) A; N1-Cul-N2 = 81.13(4), N1-Cul-N3 = 127.51(4), N2—
Cul-N3 = 114.67(4), N1-Cul-N4 = 125.93(4), N2-Cul-N4 =
132.08(4), N3—-Cul-N4 = 81.59(3)°.

structure shown in Fig. 3. Selected bond parameters are listed in
the caption. The Cu—N bond distances are within the anticipated
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Fig. 4 Assembly of chains of [Cu(1),]" cations in [Cu(1),][PF]
through edge-to-face m-interactions (in red).

range. The copper(i) coordination sphere is flattened tetrahedral,
with the angle between the least squares planes containing Cul
and each bpy unit being 74.33(5)°. This compares with angles of
80.9° in [Cu(1),][BF,]" and 80.7° in [Cu(1),][C10,].?* This dis-
tortion from D,y symmetry in the solid state has been previously
discussed and attributed to crystal packing forces.?® In [Cu(1),]-
[BF4]" and [Cu(1),][C1O4],>® the coordinated 6,6'-dimethyl-
2,2'-bipyridine ligands are described as being non-planar (twist
angles about the 2,2'-carbon—carbon bond of between 2.9 and
13.3° are reported). In [Cu(1),][PF¢], the angles between the
least squares planes of the rings containing N1/N2 and N3/N4
are 0.61(5) and 10.65(5)°, respectively, and we do not consider
the deviation from planarity in the latter ligand to be significant.
The [Cu(1),]" cations in [Cu(1),][PFs] assemble into chains
(running parallel to the c-axis, Fig. 4) supported by edge-to-face
n-interactions. The closest contacts are C14H141---C7' = 2.86 A
and C14H141---C8' = 2.81 A (symmetry code i = x, y, —1 + z).
Close CH---C,,, contacts exist between cations in adjacent chains
(C9H91---C20" = 2.87 A, symmetry code ii=2 —x, 1 —y 1 —
z), in addition to repulsive H---H contacts between methyl
groups (C12H122---H122C12" = 2.35 A). These are offset by
the extensive CH---F interactions throughout the lattice.

The reaction between [Cu(MeCN),][PF¢] and two equivalents
of 2 resulted in the formation of orange [Cu(2),][PF4] which was
isolated in 80.4% yield. In the electrospray mass spectrum,
peaks centred at m/z 1453.7 and 695.5 were assigned to [M —
PF¢]" and [2 + H]" respectively, and isotope patterns agreed with
those simulated. The 'H and '*C NMR spectra were consistent
with the presence of one ligand environment and were assigned
using COSY, NOESY, HMQC and HMBC spectra. Both ligand
2 and [Cu(2),][PF¢] are soluble in CDClj, allowing a direct com-
parison of the NMR spectra. On going from 2 to [Cu(2),]", the
signal for alkene proton H® (see Scheme 1) shifts from & 7.72 to
7.12 ppm, and that for H* from & 7.13 to 6.77 ppm. This shield-
ing effect upon complex formation is attributed to the loss of the
influence of the nitrogen lone pairs combined with the close
proximity of the alkene protons to the copper(l) centre in [Cu-
(2),]" (see below). Of the remaining proton signals, that for H®
undergoes the most significant perturbation upon ligand coordi-
nation, shifting from & 7.47 to 6.67 ppm. As demonstrated in the
structural description below, the two ligands envelop the copper
(1) centre, bringing H®? within close proximity of the metal ion.

N2l

Fig. 5 Structure of the [Cu(2),]" cation in [Cu(2),][PF¢] (ellipsoids
plotted at 30% probability level). Symmetry codes: i =/, — x, '/, — 3, z;
1=x1, +y, —z “+x 1= y, —z. Important bond parameters: Cul—
N1 = 2.0379(15), N1-Cl = 1.351(3), C6-C7 = 1.320(3), C7-C8 =
1.465(3), N2—-C11 = 1.418(3), N2-C14 = 1.411(3), N2-C20 = 1.426(3)
A; N1-Cul-N1’ = 80.48(9), N1-Cul-N1” = 125.64(5), C11-N2-C14 =
122.07(18), C11-N2—-C20 = 119.02(17), C14-N2-C20 = 118.82(17)°.

Single crystals of [Cu(2),][PFs] were grown by slow diffusion
of hexanes into a CH,Cl, solution of the complex, and the struc-
ture of the [Cu(2),]" cation is depicted in Fig. 5. [Cu(2),][PF¢]
crystallizes in the non-chiral tetragonal P4/n space group and
residual electron density within the voids in the lattice could not
be unambiguously assigned to individual solvent molecules
which are severely disordered. The structure was subsequently
refined using the program SQUEEZE.*® Atom Cul lies on a
special position 34, 0 (4, cell choice 2, Wyckoff a). The bpy
domain is twisted with the angle between the least squares
planes of the two pyridine rings being 16.6°. This deformation
presumably arises from packing interactions between the two
ligands which wrap tightly around the Cu” ion, each ligand exhi-
biting a helical twist (Fig. 6). Both enantiomers of the chiral
complex are present in the crystal lattice. In addition to the frans
to cis-conformational change that the bpy domain of ligand 2
undergoes upon coordination, a comparison of the solid-state
structures of 2 and [Cu(2),][PF¢] confirms rotation of the
CpyridineCaikene bond (C5-C6 in Fig. 1) through =180°
(Scheme 3). This enlarges the cavity into which the copper(1) ion
is bound. Alkene hydrogen atom H61 (attached to C6, Fig. 5) is
only 2.57 A away from Cul. The dominant packing interactions
in the lattice involve close CH---F contacts and edge-to-face
n-interactions involving the pendant phenyl substituents.

Solution photophysical properties of the copper(1) complexes

The electronic absorption spectra of CH,Cl, solutions of ligand
2 and complexes [Cu(1),][PF¢] and [Cu(2),][PF¢] are shown in
Fig. 7. Each spectrum is dominated by intense, high energy
absorptions arising from ligand-based n* « = transitions. The
enhanced intensity of the absorptions on going from [Cu(1),]-
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Fig. 6 Space-filling diagram of the [Cu(2),]" cation in [Cu(2),][PF]
with the two ligands shown in red and blue.

PhoN

NPh,

Scheme 3 Conformational change of ligand 2 upon binding copper(1).

[PF¢] to [Cu(2),][PF¢], and from 2 to [Cu(2),][PF¢] is consistent
with an increase in the number of aromatic substituents in each
case. An MLCT band at 452 nm in the spectrum of [Cu(1),]-
[PF¢] gives rise to the red colour of the complex, whereas the
orange colour of [Cu(2),][PF,] is consistent with the tail into the
visible of the intense absorption with A,,,,x = 400 nm (Fig. 7).
For [Cu(1),][PF¢], excitation at 300 nm gives rise to an emis-
sion at 351 nm, while excitation in the MLCT band (Aex =
454 nm) produces emissions at 520 and 687 nm (lifetimes of
3.98 and 1.95 ns, respectively, with quantum yields < 0.1%). For
[Cu(2),][PF¢], excitation at 300 nm produces a relatively intense
emission at 475 nm and weak emission at 340 nm; excitation at
399 nm gives only the emission at 475 nm (lifetime = 2.07 ns,

250 350 450 550
Wavelength / nm

Fig. 7 Electronic absorption spectra of [Cu(1),][PFs] (MeCN, —),
2 (CH,Cl,, ---) and [Cu(2),][PF¢] (CH,Cly, —-+--).

Table 1 Redox potentials of ligand 2 and homoleptic copper(1)
complexes” with respect to Fc/Fc¢” (see Experimental section); scan rate
of 0.1 V s™! (r = reversible; ir = irreversible; qr = quasi-reversible)

Compound E1 /ZOX/V E] /QDX/V El /2OX/V E1 /erd/V El /erd/V
[Cu(1),][PF] +0.17°  —125%  —1.79F
2 +0.65" +0.47" +0.43"

[Cu(2),][PFs]  +0.50°  +0.32%"

“[Cu(1),][PF¢] measured in MeCN, 2 and [Cu(2),][PF¢] measured in
CD,Cl,.

quantum yield 37%). The origins of the emissions were
confirmed from the excitation spectra.

Electrochemical data

Ligand 2 is redox active, exhibiting two reversible and one irre-
versible oxidation processes. The cyclic voltammogram of [Cu-
(2),][PF¢] shows two oxidations which are shifted to lower
potential with respect to the reversible processes observed for
the free ligand. In contrast, [Cu(1),][PF¢] exhibits a metal-based
oxidation and two ligand-based reductions. The difference in be-
haviour is consistent with the extended m-conjugation possessed
by ligand 2. Electrochemical data for 2 and the two complexes
are summarized in Table 1.

DSCs incorporating heteroleptic copper() complexes

Using our recently reported methodology of ligand exchange,'”
a series of eight TiO,-bound heteroleptic copper(i) complexes
[CuLL']" were screened for their efficiency as dyes in DSCs.
Ligand L is either 1 or 2, and L' is one of ligands 3-6
(Scheme 4). The latter contain either carboxylic acid (carboxy-
late) anchoring groups or phosphonic acid (phosphonate) units.
While carboxylate anchoring units are well established in sensi-
tizers, there is evidence that phosphonate groups may lead to
higher efficiencies.'>*

We have previously relied upon the use of commercially avail-
able titania paste for the construction of solar cells, but have
recently begun to prepare TiO, pastes using a method adapted
from that of Gritzel.>” We have confirmed that its use leads to an
enhanced performance of the standard dye N719.

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 14157-14169 | 14163


http://dx.doi.org/10.1039/c2dt31159c

Downloaded by University of Saskatchewan on 05 March 2013
Published on 04 October 2012 on http://pubs.rsc.org | doi:10.1039/C2DT31159C

View Article Online

CO,H P(O)(OH),
| |
N_ _~ N_ .~
N/ N/ |
CO,H P(O)(OH),
3 4
] CO,H l CO,H
B o
N = N_ .~
N~ | N~
M O | )
CO-H COH
5 6

Scheme 4 Structures of the anchoring ligands, 3—6. The anchoring
groups are the carboxylic or phosphonic acids or their conjugate bases.

0.5

Absorbance

0 T T L] T 1
400 450 500 550 600 650
Wavelength / nm

Fig. 8 Solid state electronic absorption spectra of TiO,-anchored
ligands 3 (—--—), 4 (---), 5 (—) and 6 (---) after treatment with [Cu(1),]-
[PF¢].

TiO,-anchored heteroleptic [CuLL']" complexes were pre-
pared in a step-wise manner. First, the anodes for the solar cells
(see Experimental section) were dipped into DMSO solutions of
ligands 3, 4, 5 or 6. After washing and drying, the electrodes
were immersed in EtOH solutions of [Cu(1),][PFs] or CH,Cl,
solutions of [Cu(2),][PF¢] for 64 hours. During this period, the
titania changed from colourless to orange. When the slides were
washed with EtOH, the orange colour was retained, indicating
that ligand exchange at copper(1) had occurred with formation of
a surface-bound heteroleptic complex. Fig. 8 shows the UV-VIS
spectra of the TiO,-bound dyes originating from [Cu(1),][PFg].
The long tail into the visible region provides support for the
presence of surface-bound copper(i) complexes as opposed to
free ligands (all are colourless). It is unlikely that the bound
species is the homoleptic complex [Cu(1),]" since ligand 1 has
no substituents capable of binding the complex to the surface.
The differences in the spectra in Fig. 8 suggest that the surface
species are not the homoleptic complexes [Cul’,]" where L' =

Table 2 DSC efficiency data compared to standard dye
N719 measured under the same conditions. [Cu(1),]" or [Cu(2)]” is
introduced for surface ligand exchange as the [PF]™ salt

2 days after sealing of cell

[CuL,]" L Isc/A em™ Voc/V ff /%
[Cu(1),]" 3 0.003 0.518 0.58 1.03
[Cu(1),] 4 0.004 0.618 0.46 1.18
[Cu(1),] 5 0.006 0.563 0.45 1.63
[Cu(1),] 6 0.001 0.536 0.64 0.49
[Cu(2),]" 3 0.001 0.482 0.65 0.47
[Cu2),] 4 0.005 0.609 0.60 1.95
[Cu(2),]" 5 0.005 0.555 0.60 1.70
[Cu(2),] 6 0.001 0.555 0.63 0.51
7 days after sealing of cell
[CuL,]* L Isc/A cm™> VoclV ff /%
[Cu(1),] 3 0.004 0.530 0.58 1.17
[Cu(1),]" 4 0.005 0.643 0.44 1.30
[Cu(1),] 5 0.006 0.595 0.46 1.69
[Cu(1),]" 6 0.001 0.563 0.63 0.45
[Cu(2),] 3 0.002 0.522 0.66 0.64
[Cu(2),]" 4 0.006 0.627 0.61 235
[Cu2),] 5 0.007 0.579 0.60 233
[Cu(2),] 6 0.002 0.562 0.63 0.57
N719 0.018 0.718 0.58 7.29

3-6, although we cannot rule out this as a possibility for some
of the species present.

Table 2 presents the DSC efficiency data for the solar cells in
comparison to those for standard dye N719 measured under the
same conditions as the copper(i) complexes. The measurements
were made in sealed cells, as opposed to the open cells used pre-
viously for copper(1) dyes.'? Two sets of data are given in Table 2
for each copper-based cell: one 2 days after the cells were sealed,
and one 5 days later. For all of the cells, the efficiency was either
similar or enhanced over this period. The reason for the improved
efficiency is not clear, but formation of aggregates of the sensi-
tizer on the surface probably plays a role.**>°

From the data in Table 2, the best efficiencies are observed by
combining ligand 2 with anchoring ligand 4 which contains
phosphonate binding groups, and this combination of ligands
gives a very promising performance. Relatively good efficiencies
are also achieved using anchoring ligand 5. The superiority of 4
and 5 with respect to 3 and 6 is consistent with our previous
observations.'? For each of anchoring ligands 3, 4 and 5, combi-
nation with [Cu(2),]" leads to greater efficiency than with [Cu-
(1),]". The poor performance of [Cu(2),]"/6 may arise from
steric crowding at the copper(i) centre caused by the 6- and
6'-phenyl substituents in ligand 6, leading to low surface cover-
age of the sensitizer. Comparisons of efficiencies with literature
data for other copper(1)-containing DSCs cannot be meaningfully
made because of differences in solar cell fabrication, e.g. closed
versus open cell configuration.

DFT and TD-DFT calculations

The significant effect of the choice of anchoring ligand on the
DSC efficiency and the enhancement on going from 1 to 2
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motivated us to investigate the electronic structures of the hetero-
leptic copper(1) complexes [Cu(L)(L")]" where L = 1 or 2, and
L' =3, 4 or 5. In addition, we have used TD-DFT to predict the
electronic absorption spectra of the homo- and heteroleptic com-
plexes. The heteroleptic complexes are difficult to isolate and to
study in solution because equilibria are rapidly established invol-
ving statistical mixtures of homo- and heteroleptic complexes.
The calculations used a polarizable continuum model to take
into account the effects of solvent (MeCN). We have chosen to
carry out calculations on isolated copper(1) cations. However, the
role of the influence of the support has recently been studied for
model systems.’' In our case, the orientation of the copper(i)
cations on the TiO, surface is not known which makes a mean-
ingful analysis of surface-bound species difficult.

To endorse the DFT geometry optimizations, the calculated
geometries within the coordination spheres of [Cu(1),]" and
[Cu(2),]" were compared with experimental data (this work) for
the cations in the hexafluoridophosphate salts (see Table S17).
The agreement between experimentally determined and
computed structures supports the choice of the computational
method (B3LYP/6-31G*).

A comparison of experimental and theoretical data for each of
[Cu(1),]" and [Cu(2),]" allows us to assess to what extent
TD-DFT calculations correctly describe the electronic absorption
spectra of these complexes. Electronic transition data obtained
from the TD-DFT calculations for [Cu(1),]" are shown in Fig. 9
and are compared with the experimental spectrum (for the
[PF¢]™ salt) recorded in MeCN. The choice of basis set was
found to be critical. The red and blue curves in Fig. 9b represent
the calculated spectra using a 6-31G* and 6-311++G** basis set

Absorbane / a.u.

N

20 1 ! 320 20 ! 520 620

—6-31G* on all atoms

—6-311++G** on all atoms

Absorbance / a.u.

on all atoms, respectively. Both basis sets reproduce the ligand-
based n* « = transitions in the UV region of the spectrum rather
well. However, the utility of calculations with the smaller basis
set (red curve in Fig. 9b) is limited in two respects: (i) contrary
to a single MLCT band observed at 452 nm the computations
lead to two well defined MLCT bands (see below) in the spec-
trum at 532 and 378 nm, and (ii) the lowest energy absorption is
red-shifted by 80 nm with respect to the observed wavelength.
One possible cause for this is the absence of counter-ion in the
TD-DFT calculations. We note, however, that similar calculations
performed by Lu et al.'® for the related complex [CuL,]" (L is
the dimethyl ester of ligand 3) illustrate that the inclusion of a
[PFg]™ counter-ion has little effect on the band shape and A,x.
Thus, we do not consider that points (i) and (ii) above originate
from the absence of the counter-ion in the calculations. The
dominant contributions to the absorption maxima at 532 and
378 nm (red curve in Fig. 9b) involve LUMO « (HOMO - 1)
and (LUMO + 1) « (HOMO) transitions for the lower energy
band and (LUMO + 2) « (HOMO - 1) and (LUMO + 3) «
HOMO transitions for the band at 378 nm. The HOMO and
(HOMO - 1) have predominantly Cu d-orbital character with
smaller contributions from the bpy domains. The four lowest
unoccupied MOs are predominantly ligand-based. Using the
considerably larger 6-311++G** basis set (including diffuse
functions) results in a blue shift for both MLCT bands. With this
larger basis the calculated MLCT maximum shifts to 489 nm
(compared to 452 nm from experiment) and the higher energy
band at 353 nm merges into the ligand-based bands and corres-
ponds to the shoulder observed experimentally at 332 nm. The
characters of corresponding orbitals listed in Table 3 are little
altered on changing the basis set.

For the [Cu(1),]" complex, computations with the 6-
311++G** basis set are feasible, while for the considerably
larger complexes discussed further below, this is no longer the
case. Therefore, the electronic absorption spectrum was com-
puted by using split basis sets GEC and GEL (see Methods).

Table 3 Oscillator strengths (f) and orbital contributions to the
electronic absorption transitions making up the MLCT band in the
visible region for [Cu(1),]"

20 ¢ i i 320 420 520 620

N

Absorbance / a.u.

20 320 420 520

N

620
Wavelength / nm

Fig. 9 Electronic absorption spectra of [Cu(1),]": (a) experimental
(MeCN solution), (b) calculated 6-31G* or 6-311++G** on all atoms,
(c) split basis sets: red line = GEC; blue line = GEL, black dashed line =
ECP. The first 50 transitions were calculated. Dashed vertical lines guide
the eye to directly compare experimental and calculated line positions.
The figures were generated using the output of the GaussSum

program.?

lmax/
Basis set nm f Orbital contributions
6-31G* on all 532 0.22  46% LUMO « (HOMO - 1)
atoms
42% (LUMO + 1) « (HOMO - 1)
6% (LUMO + 1) « (HOMO - 1)
6% LUMO < HOMO
6-311++G** on 489 0.20  46% LUMO « (HOMO - 1)
all atoms
40% (LUMO + 1) « HOMO
7% (LUMO + 1) « (HOMO - 1)
7% LUMO « HOMO
GEL 524 0.22  46% LUMO « (HOMO - 1)
42% (LUMO + 1) « (HOMO - 1)
6% (LUMO + 1) « (HOMO - 1)
6% LUMO « HOMO
GEC 470 0.20  45% LUMO « (HOMO - 1)

40% (LUMO + 1) « HOMO
7% (LUMO + 1) « (HOMO — 1)
7% LUMO « HOMO

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 Diagram illustrating the dominant components of the calcu-
lated MLCT band at 470 nm for [Cu(1),]" (basis set: GEC). Isodensity
surfaces for the MOs were generated from the Kohn-Sham orbitals using
the MOLEKEL program®® and were plotted at 0.02.

With GEC, the electronic absorption spectrum (red line in
Fig. 9¢) compares favourably with the experimental spectrum as
does that calculated at the 6-311++G** level for all atoms
(Fig. 9b). As a control, we also performed the calculation using
the GEL basis. This leads to a spectrum (blue line in Fig. 9c)
with the deficiencies (i) and (ii) already noted above. However,
the ligand-based transitions that give rise to the absorptions in
the UV region of the spectrum are adequately predicted. The
electronic spectrum with the ECP basis (dashed line in Fig. 9c)
is in similarly good agreement with experiment as that with
GEC. We conclude that the electronic absorption spectrum of
[Cu(1),]" can be realistically captured using either the GEC or
ECP basis set. The transitions using the GEC basis set are rep-
resented in the energy level diagram in Fig. 10.

Fig. 11 shows that the single absorption at 390 nm observed
experimentally for [Cu(2),]” ([PF¢]” salt in MeCN) is red-
shifted to 438 nm by TD-DFT calculations carried out at the 6-
31G* level. The predicted spectrum is little different using the
GEC basis (Fig. 11). The transitions that make up this band
(Table S2 and Fig. S1t) include both MLCT and ligand-based
transitions, and contributing orbitals are illustrated in Fig. 12. Of
the six highest-lying occupied orbitals involved, two are metal-
based (HOMO — 4) and (HOMO - 5)) and four are ligand-
centred. The dominance of ligand character in the highest lying
occupied MOs in [Cu(2),]” (HOMO to (HOMO — 3)) is consist-
ent with the observed electrochemical behaviour of this cation
described earlier (Table 1).

The above discussion reveals a satisfactory level of confidence
in the TD-DFT calculations for homoleptic complexes [Cu(1),]"
and [Cu(2),]", and we now turn our attention to heteroleptic
complexes [Cu(L)L)]" (L = 1, 2 and L' = 3-5) for which

o
o

Absorbance / a.u.

250 350 450 550 650
Wavelength / nm

Fig. 11  Electronic absorption spectra of [Cu(2),]™: experimental (black
line, MeCN) and calculated (red line = 6-31G* on all atoms, dotted
black line = GEC basis). The first 50 transitions were calculated. The
figures were generated using the output of the GaussSum program.”'

experimental data are sparse. Previously reported TD-DFT calcu-
lations of Lu et al. focused particularly on [CuL,]" complexes in
which L is a bpy ligand substituted in the 4,4'-positions with
CO,H or CO>Me anchoring groups.'”'® This work confirmed
localization of metal and of ligand character in the HOMOs and
LUMOs, respectively, of the complexes, a situation that is desi-
rable for electron injection from the anchoring ligand to the
semiconductor in a DSC. For all of the TD-DFT calculations on
the heteroleptic complexes, the GEC basis was used.

For [Cu(1)(3)]", [Cu(1)(4)]" and [Cu(1)(5)]", the calculations
reveal that the HOMOs have dominant metal character (Fig. S1—
S31). In [Cu(1)(3)]", the (HOMO — 1) consists of metal and
ligand 1 character with a small contribution from the anchoring
ligand, and a similar orbital composition is found for the
(HOMO - 3) in [Cu(1)(4)]" (Fig. S1 and S2%). In [Cu(1)(4)]",
the LUMO and (LUMO + 2) are localized on anchoring ligand 4
(desirable for electron injection) while the (LUMO + 1) is essen-
tially localized on ligand 1 (Fig. S31). In [Cu(1)(5)]", three of
the four lowest lying empty MOs are effectively localized on
anchoring ligand 5 (Fig. S47). For the heteroleptic complexes
involving ligand 2, the situation is less well-defined. In each of
[Cu(2)(3)]" and [Cu(2)(4)]", the highest lying occupied MOs are
predominantly ligand-based; in [Cu(2)(5)]", the HOMO and
(HOMO - 1) are ligand-centred while metal character appears in
orbitals (HOMO — 2) and those of lower energy. In [Cu(2)(3)]",
the (LUMO + 2) is essentially localized on anchoring ligand 3,
while the LUMO, (LUMO + 1) and (LUMO + 3) are localized
on ligand 2; the (LUMO + 4) and (LUMO + 5) possess orbital
character from both ligands (Fig. S61). In [Cu(2)(4)]", the
LUMO, (LUMO + 4) and (LUMO + 5) are centred on the
anchoring phosphonate ligand while the next three lowest lying
vacant MOs are localized on ligand 2 (Fig. S77). In practice,
[Cu(2)(4)]" is the most efficient dye of those screened (Table 2)
and it is pleasing that the TD-DFT data reveal dominant phos-
phonate ligand character in the LUMO as required for efficient
electron injection. The theoretical results may also suggest that
the highly conjugated ligand 2 enhances the performance of the
DSC by minimizing back-migration of an electron from the
semiconductor to the dye (i.e. orbital character in the HOMOs is
dominated by the non-anchoring ligand). The TD-DFT results
show a similar picture for [Cu(2)(5)]". Anchoring ligand charac-
ter is present in the LUMO, (LUMO + 2) and (LUMO + 5)
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Fig. 12 Molecular orbitals that are the major contributors to the transitions that make up the calculated MLCT band at 380 nm for [Cu(2),]" with the
GEC basis. Isodensity surfaces for the MOs were generated from the Kohn-Sham orbitals using the MOLEKEL program®” and were plotted at 0.02.

Table 4 Calculated HOMO-LUMO gaps for [Cu(1)(L)]" (L =1, 3, 4,
5) and [Cu@2)(L)]" (L=2,3,4,5)

HOMO-LUMO HOMO-LUMO
Complex gap/eV Complex gap/eV
[Cu(1),]" 3.42 [Cu(2),]" 2.87
[Cu()3)]" 2.87 [Cu2)(3)1* 0.23
[Cu(1)(4)]" 3.17 [Cu(2)(4)]” 2.60
[Cu(1)(5)]" 3.11 [Cu2)(5)]" 2.66

(Fig. S8+) and ligand 2 character is dominant among the remain-
ing vacant orbitals.

The HOMO-LUMO gaps for the homoleptic and heteroleptic
complexes are compared in Table 4. The energy gap is reduced
on going from [Cu(1),]" to [Cu(2),]", and the same trend is
observed between pairs of compounds with a common anchoring
ligand. These results serve to emphasize that the electronic
absorption spectra of complex molecules of this type are domi-
nated by numerous electronic transitions and not simply by the
HOMO-LUMO gap. This is further emphasized by the obser-
vation that using the smaller basis set, all HOMO-LUMO gaps
are between 2.49 and 3.09 eV and exhibit the same trends as in

Table 4. The detailed origin of the electronic transitions is
explored below. At this point we emphasize that the one-electron
HOMO-LUMO gap in these complexes is a somewhat artificial
guideline due to the cluster of energetically similar frontier orbi-
tals, as exemplified in complex [Cu(2)(3)]".

Electronic transition data for the six heteroleptic complexes
from the TD-DFT calculations are shown in Fig. 13 and 14. The
dominant contributions to the absorption maxima in the calcu-
lated spectra of [Cu(1)(L)]™ (L = 3, 4, 5) are listed in Table 5,
and Fig. S1-S37 depict the MOs involved in these transitions.
For [Cu(1)(4)]" and [Cu(1)(5)]", metal-to-anchoring ligand tran-
sitions make a significant contribution to the absorption bands,
whereas for [Cu(1)(3)]", the dominance of the LUMO <«
HOMO transition means that the anchoring ligand is little
involved. These results are consistent with our observations that
the efficiencies of sensitizers [Cu(1)(4)]" and [Cu(1)(5)]" are
greater than that of [Cu(1)(3)]" (Table 2).

The calculated absorption spectra for [Cu(2)(L)]" (L = 3, 4, 5)
(Fig. 14 and S57) are all similar. Just as was seen for [Cu(2),]",
the predicted absorption spectra for the heteroleptic complexes
containing 2 are composed of multiple transitions (Table S37)
and involve both MLCT and ligand-based transitions. Both filled

This journal is © The Royal Society of Chemistry 2012
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Fig. 13 Calculated electronic absorption spectra of [Cu(1)(L")]" (L' =
3-5): 3 (black line), 4 (red), 5 (dotted). The first 50 transitions were cal-
culated. The figure was produced using the output of the GaussSum

1
program.”

=
o
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0

280 380 480 580 680

Wavelength / nm
Fig. 14 Calculated electronic absorption spectra of [Cu(2)(L)]" (L' =
3-5): 3 (black line), 4 (red), 5 (dotted). The first 50 transitions were cal-
culated. The figure was generated from the output of the GaussSum
program.*?

Table 5 Oscillator strengths (f) and orbital contributions to the
electronic absorption transitions in the calculated spectra of [Cu(1)(L)]"
(L=3,4,5)

Complex Amax/tm f Orbital contributions
[Cu(@)]" 504 0.23 86% LUMO < HOMO
12% (LUMO + 1) « (HOMO - 1)
418 0.06  97% (LUMO + 1) « HOMO
[Cu(1)4)]" 486 022 81% LUMO « HOMO
15% (LUMO + 1) « (HOMO - 1)
382 0.05  91% (LUMO + 2) <~ HOMO
4% LUMO « (HOMO — 3)
[Cu()5)]" 491 0.31 71% LUMO «~ HOMO
16% (LUMO + 1) « (HOMO - 1)
7% LUMO <« (HOMO — 1)
3% (LUMO + 3) « HOMO
414 0.03  77% (LUMO + 2) <« HOMO

19% (LUMO + 2) < (HOMO — 1)

and vacant MOs involved in the majority of transitions possess
some degree of ligand 2 character.

Conclusions

We have performed a combined experimental and TD-DFT com-
putational study on [Cu(1),]" and [Cu(2),]" (Scheme 1) to inves-
tigate the effects of significantly extending the conjugated
n-system in the ligand. We have compared the structures and
properties of the homoleptic copper(i) complexes [Cu(1),][PFg]

and [Cu(2),][PF¢], and have applied a ligand exchange strategy
to prepare eight TiO, surface-bound heteroleptic complexes
incorporating carboxylate or phosphonate anchoring groups
(Scheme 4). Screening of their efficiencies as dyes in DSCs indi-
cates that incorporation of the extended m-conjugation in 2
enhances dye performance with respect to complexes containing
ligand 1, and that combinations of 2 with anchoring ligands 4
(phosphonate anchor) and 5 (phenyl-4-carboxylate anchor) gen-
erate the most efficient sensitizers. Of note experimentally are
the enhanced intensities of the high-energy bands in the elec-
tronic absorption spectrum of [Cu(2),]” compared to those of
[Cu(1),]" (a consequence of the increased m-system in 2) and the
fact that the cyclic voltammogram of [Cu(2),][PFs] shows only
ligand-based redox processes in contrast to a well defined
copper-centred reversible oxidation and two ligand-based
reductions for [Cu(1),][PF¢]. Results of TD-DFT calculations are
in accord with these experimental data. They reproduce an elec-
tronic absorption spectrum with an MLCT band and high-energy
ligand-based transitions for [Cu(1),]", while predicting a spec-
trum for [Cu(2),]", the transitions in which have significant con-
tributions from orbitals with ligand 2 character. For [Cu(1),]*,
the calculated electronic absorption spectrum is greatly
influenced by the choice of atomic orbital basis set; a 6-31G*
basis set on all atoms or mixed GEL basis predicts two MLCT
bands at 530 and 380 nm, while using a 6-311++G** basis set
on all atoms or a mixed GEC basis set results in a more realistic
calculated spectrum. Using the GEC basis, TD-DFT calculations
have been carried out to predict the electronic absorption spectra
of the heteroleptic complexes [Cu(1)(L)]" and [Cu(2)(L)]" (L =
3, 4, 5), and the transitions making up the dominant bands have
been analysed in terms of the character of the HOMO-LUMO
manifold. For [Cu(1)(4)]" and [Cu(1)(5)]", metal-to-anchoring
ligand transitions contribute significantly to the absorption
bands, whereas for [Cu(1)(3)]", anchoring ligand 3 is little
involved, consistent with the poor performance of [Cu(1)(3)]" in
the DSCs. Experimental device data indicate that [Cu(2)(4)]" is
the most efficient dye of those screened, and consistent with this
is the fact that the theoretical data reveal dominant phosphonate
ligand character in the LUMO as necessitated for efficient elec-
tron injection. The orbital character in the HOMOs of
[Cu2)4)]" and [Cu(2)(5)]" (the two most efficient dyes) is
dominated by the non-anchoring ligand, suggesting that ligand 2
enhances the performance of the sensitizer by minimizing back-
migration of an electron from the semiconductor to the dye.
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