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Heteroleptic neutral copper(l) dipyrrin complexes have been synthesised with the general formula
[Cu(4,4'-(R)-6,6'-(CH3)-bipyridine)(dipyrrin)], R = CHsz or CO,Et, and H-dipyrrin is either 1,3,7,9-tetra-
methyldipyrromethene (HL1), 1,13-diphenyl-6,8-diisoindolemethene (HL2), or 1,13-diphenyl-3,11-dil(tri-
fluoromethyl)-6,8-diisoindolemethene (HL3). Improved stability was observed across the series L1-L3,
likely due to better steric constraints between the ligands. Visible light absorption has also been enhanced
with a red-shift in absorption from 450 nm to 600 nm. Complex 3 shows photoluminescence lifetime in
the order of nanoseconds suggesting singlet fluorescence which is supported by theoretical calculations.
Study of the complexes as sensitisers in dye-sensitised solar cells was achieved by assembling the dye
in situ on the surface of TiO, in a series of steps (anchoring ligand followed by ancillary ligand and
[Cu(CH3CN)4I[BF4l. The highest efficiency achieved was 0.41% for the dye with HL3, attributed to better
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Introduction

Copper(1)-polypyridyl complexes have attracted a lot of recent
interest as alternatives to Ru(u)-polypyridyls in photophysical
and photoelectrochemical applications, particularly due to
their ease of synthesis, their low toxicity, and the high abun-
dance of copper in comparison with 2™ or 3" row transition
metals. This has led to use of such species in organic light
emitting diodes (OLEDs),"” light-emitting electrochemical
cells (LECs)"® and dye sensitised solar cells (DSSCs).*®
Copper(1)-polypyridyl complexes can display long-lived
metal-to-ligand charge transfer (MLCT) excited states due to
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spectrum of 3 in varying solvents; Fig. S8: Excitation and emission spectra of
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dye regeneration due to a more favourable oxidation potential.

the d'® configuration, which avoids low-lying metal d-d states
that might cause non-radiative decay. However, conformational
change of the complex following MLCT excitation may lead to
rapid non-radiative decay,"”*° and similarly, conformational
change following Cu(1)/Cu(u) oxidation leads to slow electron
transfer. To achieve Cu(i) complexes suitable for photoelectro-
chemical applications, this must be prevented by ligand
design." Typically addition of bulky substituents in the 6,6
positions of bipyridine or 2,9-positions of phenanthroline will
minimise the conformational change and maintain the
pseudo-tetrahedral geometry. Another method is to have a
large ancillary ligand to enhance steric rigidity.®*"2%2>

For solar energy applications, chromophoric ligands are
attractive to enhance light harvesting. The BODIPY dye family
has been widely studied as they are highly fluorescent; soluble
in most organic solvents; they have a narrow emission band-
width; are highly photostable; and have a relatively long-lived
excited state.”*>* This makes them ideal candidates in a wide
range of applications such as biofluorescent probes, photo-
sensitisers or pigments for dye lasers.>*2°

In this context, dipyrromethene (hereafter dipyrrin) species,
that form the delocalised framework of BODIPYs, have been
used as ligands for a range of metals such as Pt(u),>” Cu(u),*®
Ru(n),?® Ir(m),*° Zn(u)*® and more recently Cu(1).** The unsub-
stituted parent compound is unstable,**** however stability is
enhanced by adding groups at the meso-position and 1,9-posi-
tions to block nucleophilic or electrophilic attack.

Generally, dipyrrins have been used to form divalent or tri-
valent homoleptic complexes, with limited reports of hetero-
leptic species. A recent report described the first synthesis of

Dalton Trans., 2014, 00, 1-10 | 1

10

20

30

40


www.rsc.org/dalton

9]

10

30

w
[4)]

40

[42]
9]

Paper

heteroleptic Cu(r) dipyrrin complexes with phosphine ancillary
ligands, and concluded that the low energy absorption and
emission bands were intraligand charge transfer and thus the
complex displayed fluorescence rather than phosphor-
escence.® Teets et al. reported the first neutral Cu(i) complex
of the related azadipyrromethene complex,®* which was weakly
luminescent at room temperature.

Given the emerging importance of Cu(i) polypyridyl com-
plexes in optoelectronic fields, such species that also incorpor-
ate a dipyrrin ligand would form an attractive and tunable
family of functional dyes. Accordingly, this work focuses on
the synthesis and analysis of the first examples of copper(i)
complexes that feature a dipyrrin ligand and a functionalised
2,2"-bipyridyl ligand. A first assessment is made of the poten-
tial of this complex type to be applied as sensitisers to dye-sen-
sitised solar cells, in which context increased light harvesting,
tunable redox potential and a long-lived charge-transfer
excited state are all key features to optimise. We have used
three different dipyrrin ligands (Fig. 1), with varying degrees of
n-conjugation and substituents, to explore the effect on the
photophysical and electrochemical properties of the dye. The
bipyridine ligands used have substituents in 6,6'-positions to
maintain a pseudo-tetrahedral geometry upon excitation. An
in situ dye assembly method on the TiO, surface was adopted
to establish that such species can function as sensitisers.'>"?

Experimental

General procedures

The synthesis of [Cu(CH;CN),][BF4],>’ 4,4"-6,6'-dimethyl-2,2'-
bipyridine (tmbpy),*® 4,4'-dicarboxy-6,6"-dimethyl-2,2'"-bipyri-
dine  (dmdcbpy),”?”?®  1,3,7,9-tetramethyldipyrromethene
(HL1-HC1),>*  and  1,13-diphenyl-6,8-diisoindolemethene
(HL2),*® were carried out according to literature procedures.
4,4'-(CO,Et)-6,6"-dimethyl-2,2"-bipyridine (dmdecbpy) was syn-
thesised by adapted literature procedures.® 1,13-diphenyl-3,11-
di(trifluoromethyl)-6,8-diisoindolemethene (HL3) is a novel
ligand adapted from literature methods for related species (see
ESIT for procedure)'®™** All other chemicals were purchased
from Sigma Aldrich, VWR, Fischer Scientific, Merck and used
as received, except for 2,4-lutidine which was purified further
by vacuum distillation.

All UV/Vis spectra were recorded using a JASCO V-670 series
spectrophotometer and the data collected using Spectra
Manager™ 1II software. Emission spectra were recorded at

R R
/' N\
\
— 4
R=CH; tmbpy HL1.HCI
=CO,Et  dmdecbpy
=CO,H  dmdcbpy

Fig. 1 Ligands used in this work.
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room temperature and 77 K in ethanol, using a Fluoromax2
fluorimeter controlled by the ISAMain software. Electrochemi-
cal studies were recorded using the General Purpose Electro-
chemical System (GPES) software that was connected to an
Autolab system containing a PGSTAT 30. The technique com-
prised a Pt disk working electrode, a Pt rod counter electrode,
and an Ag/AgCl reference electrode. The data collected were
standardised against ferrocene/ferrocenium (measured at
+0.507 V),*® and adjusted for NHE (addition of 0.23 V to Ag/
AgCl values). The supporting electrolyte was 0.1 M tetrabutyl-
ammonium tetrafluoroborate in acetonitrile.

Theoretical calculations were performed using the func-
tional B3LYP, and the basis set LANL2DZ, to describe the
copper atom and all other atoms were described by
6-31G*."*™"” The initial structure was computed using Avoga-
dro software*® and frequency calculations were generated from
the optimised geometry. Time-dependent density functional
theory (TD-DFT) calculations were carried out using an aceto-
nitrile polarisable continuum model and seventy singlet-
singlet transitions were calculated using the optimised
geometry.

Synthesis of  Cu(L1)(tmbpy) (1). [Cu(CH3CN),][BF,]
(39.6 mg, 0.13 mmol), HL1-HCI (29.8 mg, 0.13 mmol) and 1 M
NaOH (0.25 mL) were added to degassed acetone (10 mL) and
CH,Cl, (5 mL). The solution was stirred at room temperature,
under nitrogen, for 15 min. Tmbpy (26.7 mg, 0.13 mmol) was
added to the mixture and the solution was stirred for a further
45 min. The mixture was filtered and the solvent was removed
under reduced pressure. The resulting yellow/brown solid was
stirred in water for 30 min and then filtered. Yield: 46.2 mg,
77%. "H NMR (DMSO, 400 MHz): & 8.00 (s, 2H, H-bpy), 7.11 (s,
2H, H-bpy), 6.87 (s, 1H, CH-meso), 5.99 (s, 2H, H-pyrrolic), 2.50
(s, 6H, CH;-bpy), 2.36 (s, 6H, CH,-bpy), 2.28 (s, 6H, CH;-L3),
2.18 (s, 6H, CH;-L3). +ESI/MS: m/z 475.4 (M"). Anal. Calc. for
C,,H;;CuN,: C 68.26, H 6.58, N 11.79. Found: C 68.19, H 6.53,
N 11.64.

Synthesis of Cu(L2)(tmbpy) (2). [Cu(CH;CN),][BF,] (28 mg,
0.09 mmol), HL2 (35 mg, 0.09 mmol) and 1 M NaOH
(0.09 mL) were added to degassed acetone (10 mL) and stirred
at room temperature, under nitrogen, for 15 min. Tmbpy
(19 mg, 0.09 mmol) was added and the solution was stirred for
a further 45 min. The mixture was filtered and the solvent was
removed under reduced pressure. The purple solid was washed
with water and dried. Yield: 47.6 mg, 78.3%. '"H NMR (DMSO,
400 MHz): § 8.30 (s, 1H, CH), 8.25 (d, 2H, J = 7.9 Hz, H-L4),
7.84 (s, 2H, H>-bpy), 7.68 (d, 2H, J = 7.9 Hz, H-L4), 7.33 (t, 2H,
J = 7.6 Hz, H-L4), 7.31 (d, 4H, J = 7.4 Hz, Ph), 7.13 (t, 2H, J =
7.4 Hz, H-L4), 6.96 (s, 2H, H>-bpy), 6.89 (t, 2H, J = 7.3 Hz, Ph),
6.72 (t, 4H, J = 7.6 Hz, Ph), 2.31 (s, 6H, CH;°-bpy), 2.01 (s, 6H,
CH;*-bpy). +ESI/MS: mjz 457.2 (Cul4). Anal. Calc. for
C43H35CuN,: C 76.93, H 5.26, N 8.35. Found C 76.82, H 5.20,
N 8.26.

Synthesis Cu(L2)(dmdecbpy) (3). [Cu(CH;CN)4]|[BF,] (24 mg,
0.08 mmol), HL2 (30 mg, 0.08 mmol) and 1 M NaOH
(0.08 mL) were added to degassed acetone (10 mL) and stirred
at room temperature, under nitrogen, for 10 min. Dmdecbpy
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(25 mg, 0.08 mmol) was added to the solution and stirred for a
further 1.5 h. The mixture was filtered and the solvent was
removed under reduced pressure. The purple solid was washed
with water and dried. A sephadex column (MeOH, then
acetone) was used for further purification. Yield: 48.8 mg,
81.3%. '"H NMR (DMSO, 500 MHz): § 8.35 (s, 2H, H’-bpy), 8.34
(s, 1H, CH), 8.28 (d, 2H, H-L4), 7.66 (s, 2H, H>-bpy), 7.64 (s,
2H, H-L4), 7.36 (t, 2H, H-L4), 7.20 (d, 4H, Ph), 7.15 (t, 2H,
H-14), 6.83 (t, 2H, Ph), 6.70 (t, 4H, Ph), 4.45 (q, 4H, O-CH,),
2.18 (s, 6H, CH,%bpy), 1.41 (t, 6H, CH,). +ESI/MS: m/z 804
[M + NH,]. Anal. Calc. for C,;H39CuN,O,: C 71.69, H 4.99,
N 7.12. Found: C 71.79, H 4.92, N 6.96.

Synthesis of Cu(L3)(tmbpy) (4). [Cu(CH;CN),][BF,] (23 mg,
0.07 mmol), HL3 (40 mg, 0.07 mmol) and 1 M NaOH
(0.07 mL) were added to degassed acetone (10 mL) and stirred
at room temperature, under nitrogen, for 15 min. Tmbpy
(16 mg, 0.07 mmol) was added and the solution was stirred for
a further 1.5 hours. The mixture was filtered and the solvent
was removed under reduced pressure. The purple solid was
washed with water and dried. The solid was purified by
washing with toluene to filter off the impurity (Cu(tmbpy),BF,)
and then running a Sephadex column in DMF to remove any
further free ligands. Solvent was removed from the filtrate to
yield the pure product. Yield: 15 mg, 25%. '"H NMR (DMSO,
500 MHz): § 8.62 (s, 1H, CH), 8.53 (d, 2H, H-L4), 7.91 (s, 4H,
H-L4), 7.84 (s, 2H, H’-bpy), 7.63 (d, 2H, H-L4), 7.22 (d, 4H, Ph),
6.99 (s, 2H, H’-bpy), 6.96 (t, 2H, Ph), 6.77 (t, 4H, Ph), 2.36 (s,
6H, CH;%bpy), 1.99 (s, 6H, CH;%bpy). '’F NMR (DMSO,
376 MHz): § —59.17, —59.41.

Synthesis of Cu(L3)(dmdecbpy) (5). [Cu(CH;CN),][BF,]
(20 mg, 0.07 mmol), HL3 (35 mg, 0.07 mmol) and 1 M NaOH
(0.07 mL) were added to degassed acetone (10 mL) and stirred
at room temperature, under nitrogen, for 15 min. Dmdecbpy
(21 mg, 0.07 mmol) was added and the solution was stirred for
a further 1.5 hours. The mixture was filtered and the solvent
was removed under reduced pressure. The purple solid was
washed with water and dried. The solid was purified by
washing with toluene to filter off the impurity (Cu(dmdecb-
py).BF,) and then running a Sephadex column in DMF to
remove any further free ligands, but some free ligands still
remained. Yield: 6 mg, 10%. 'H NMR (DMSO, 500 MHz):
5 8.67 (s, 1H, CH), 8.63 (s, 2H, H>-bpy), 8.56 (d, 2H, H-L4), 7.89
(s, 2H, H-L4), 7.81 (s, 2H, H>-bpy), 7.66 (d, 2H, H-L4), 7.22 (d,
4H, Ph), 6.89 (t, 2H, Ph), 6.75 (t, 4H, Ph), 4.41 (q, 4H, O-CH,),
2.69 (s, 6H, CH;%bpy), 1.37 (t, 6H, CH;). '’F NMR (DMSO,
376 MHz): 5§ —59.26, —59.51.

Preparation of solar cells

Titanium dioxide paste (Dyesol, DSL-18NR-T) was deposited
onto pre-treated (TiCl;, 40 mM, 75 °C for 30 min) fluorine-
doped tin oxide conductive glass (3 mm thick, 8 Q sheet resist-
ance, Solaronix) by doctor-blading. The film thickness was
approx 11 um. The TiO, electrodes (active area = 4 x 4 mm?)
were heated to 500 °C for 30 min, cooled to room temperature,
treated with a dilute solution of TiCl, (40 mM, 75 °C for
30 min) and sintered at 500 °C for 30 min. The electrodes were

This journal is © The Royal Society of Chemistry 2014
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allowed to cool (80-100 °C) and immersed into a DMSO solu-
tion of dmdcbpy (3 mM) overnight. The colourless slide was
removed from the solution and washed with DMSO followed
by ethanol and dried. The electrodes were then immersed into
a acetonitrile solution of [Cu(CH3;CN),|[BF,] (1 mM) and
HL1-HCl, HL2, or HL3 (1 mM) for 24 h. The electrodes were
removed and washed with acetonitrile and dried. Counter elec-
trodes were platinized using 10 pL of H,PtCls solution (5 mM)
in isopropyl alcohol and heated to 400 °C for 15 minutes. The
solar cells were assembled by sandwiching the two electrodes
together using a sealant (Bynel, 25 pm), and heated to 220 °C,
applying even pressure to ensure the Bynel melted evenly.
Electrolyte was vacuum filled into the hole and the hole was
sealed by Bynel and a cover glass. Current-voltage behaviour
of the cells was determined using a Sciencetech solar simu-
lator equipped with an AM 1.5G filter, calibrated to 100 mW
em™' using a silicon photodiode. The electrolyte used was
0.4 M lithium iodide (LiI), 0.03 M iodine (I), 0.1 M guanidi-
nium thiocyanate (GuNCS), 0.5 M tert-butylpyridine (TBP), 1 M
1,3-dimethylimidazolium iodide (DMII) in acetonitrile-valero-
nitrile (MeCN-VN) 85: 15.

Results and discussion
Syntheses

Copper(1) dipyrrin complexes were synthesised at room temp-
erature via a simple one-pot method (Fig. 2) using stoichio-
metric quantities of ligands and base (to deprotonate the free
dipyrrin ligand). The reaction was carried out under nitrogen
to minimise oxidation to copper(u). Further purification was
achieved by Sephadex column where necessary (3-5). The com-
plexes were characterised by '"H NMR, ESI-MS and elemental
analysis, confirming the proposed structures. In the case of 4
and 5, only NMR characterisation was possible due to difficul-
ties in obtaining sufficient yield (4) and residual ligand

///
O L

ZN R=CH; 1

—_—»
[Cu(CH;CN)4][BF4]
N 1M NaOH, DCM/acetone, -
x RT. N,

R

Ry Ry
[Cu(CH;CN)4][BF,] e
1M NaOH, Acetone,) //
—N HN

RT, N,

)

R=CH;R,=H 2
R=COEt, R;=H 3
R=CH; R, =CF; 4
R=CO,Et,R; =CF; 5

Fig. 2 Reaction scheme of neutral copper() complexes.
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impurities (5). Clearly, complex formation with the new ligand
L3 has proven difficult, however we include 4 and 5 in the
study as they have the greatest relevance to DSSC application
and the in situ dye assembly described later.

Stability and reproducibility

Copper(i) complexes are extremely labile which accounts for
the common reproducibility problems for heteroleptic
species.'>***° During the reaction, ligands will continually
exchange with other ligands in solution, giving rise to a
mixture of products, unless one is more favoured due to steric
constraints or binding energies.

The stability of complexes 1-3 in solution was explored via
"H NMR at varying time intervals; 0, 7 and 17 days. The stabi-
lity of 2 is shown in Fig. 3.

After seven days, there is a slight change in the intensity of
the peak at 7.31 ppm, representing the phenyl group on the
dipyrrin ligand (red box), which became more noticeably
different after 17 days. After 17 days there are also new peaks
(purple circles) arising which suggests [Cu(tmbpy),][BF,]
(8.36 ppm and 7.42 ppm) is forming in solution with the
breakdown of the complex. The long-term instability in solu-
tion is the likely reason that precluded the growth of single
crystals for diffraction. This is similarly observed for complexes
1 and 3 (ESIf).

UV-Vis absorption spectroscopy

The spectra of all ligands and complexes display the character-
istic intense visible absorption typical of dipyrrins. The notice-
able difference between the protonated ligand (HL1-HCI) and
complex 1 is the considerable decrease in intensity and broad-
ening of the main band (432 nm) when the dipyrrin is co-
ordinated to copper. Within porphyrin chemistry this is
usually a result of loss in degeneracy of the LUMO®' and a
similar effect may be occurring here. Complex 1 also shows a
second absorption at longer wavelengths (498 nm) (Fig. 4).
Increasing the conjugation of the dipyrrin backbone for
HL2 results in a red shift of the n-n* transition from 464 nm
(HL1-HCI) to 584 nm, and a decrease in the intensity and
broadening of the band, possibly due to phenyl rotation.

W 0 days (1D 1H)
W 7 days (1D 1H)
W 17 days (10 1H)

R | IO B S JA““L _}lk__Ju\t_JL
AL b

o @A

e J

T T R B
Ll V' 82 8 78 76 74 72 7 68 66

Fig. 3 Stability testing of 2 in dg-DMSO by NMR.
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Fig. 4 Absorption spectra of ligands (HL1-HCl, HL2 and HL3) and com-
plexes (1-4) in acetonitrile.

Generally, increasing conjugation will reduce the HOMO-
LUMO gap of the ligand hence lower the energy of the n-n*
transition. Adding electron-withdrawing groups (CF;) to the
dipyrrin (HL3) resulted in a slight blue shift in comparison to
HL2.

Complexes 2 and 3 show very similar spectroscopic pro-
perties, with the main visible band around 600 nm, a slight
red-shift from the free ligand. A slight red-shift and intensity
difference between 2 and 3 is due to a change in substituents
on bipyridine. Theoretically, increasing the electron-withdraw-
ing character (methyl to an ester) will shift the MLCT absorp-
tion band to lower energies, and can also enhance the charge
transfer character of the low-energy transitions where these
involve orbitals on the bipyridine ligand. Complex 4 shows
similar absorption values to HL3 (570 nm), although the inten-
sity is greater (Fig. 5).

Photoluminescence

Complexes 1-4 are emissive in ethanol at room temperature
and 77 K. The results are summarised in Table 1 and com-
pared with data for the free dipyrrin ligands. All of the com-
plexes emit at a comparable energy to their respective free
dipyrrin ligands and at room temperature, the emission
maxima and the shape of the band for complexes 2, 3 and HL3
are all very similar. These observations suggest that the copper
or bipyridine orbitals are not significantly involved in the tran-
sition. This is often seen in literature for dipyrrin complexes,
or other highly chromophoric, conjugated ligands,*!>*> where
the photophysical behaviour derives solely from the ligand
orbitals. The excitation data for complex 4 correlate well with
the absorption and are very similar to the uncomplexed ligand
HL3, which further supports the conclusion that the emissive
behaviour derives from the dipyrrin. Complexes 1-3 show Anax
(excitation) values at higher energy than the maxima in their
respective absorption spectra. Complexes 2 and 3 both display
higher-energy emission when frozen, suggesting a significant
degree of structural relaxation of the molecule after excitation
that is prevented in the rigid matrix (77 K). In addition to this,
the change in solvent (ethanol, acetonitrile and DCM) does
not have a significant effect on the position and shape of the

This journal is © The Royal Society of Chemistry 2014
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absorption and emission spectra, only in the intensity (ESIT).
This implies that there is weak polarisation between the
ground and excited states, supporting the assignment of the
transition as ligand centred rather than charge transfer.*
Time-resolved fluorescence was used to measure the life-
time of complex 3 and ligand HL2, selected as representative
samples that gave sufficient signal with the excitation laser
wavelength available (shortest = 486 nm). The average excited-
state lifetime observed for HL2 and 3 are similar, with that of
the complex being slightly longer. In keeping with the steady-
state measurements, this similarity and also the nanosecond
timescale, suggest that emission can be assigned as *(n-7¥)
fluorescence from the dipyrrin centre and not 'MLCT or

- — HL2
e - . . . . e
! l[\"\-n\ _.__g *MLCT. Dipyrrin centred intraligand charge transition was
T N s .
t “ \ e also reported in literature for copper(i) complexes with phos-
Py N phine coligands.*
P, Y
g" VoS i
; \ NS Electrochemistry
! \ v\
/ NN The redox potentials for free ligands and complexes are sum-
/l AN \\, marised in Table 2. Although the poor purity of 5 prevented its
//,,/ N RN inclusion in the spectroscopic study, it has been included here
— T T | since minor impurity peaks in the electrochemical data can be
550 600 650 700 750 800 dilv identified and neelected
Wavelength / nm readily identi }e an neg ected.
The reduction potentials reported for each complex can be
- HL3 assigned as bipyridine ligand based, although possibly also
4 with some dipyrrin character in the case of 1 as suggested by
computational work (vide infra). Complex 2 and complex 3
;' “\ Table 2 Electrochemical data for ligands HL1-HCl, HL2, HL3 and
. \‘ complexes 1-5in 0.1 M TBABF,—MeCN vs. NHE
! \ Compound Eox/V ErealV
J HCIL1 1.55% 1.68 —0.45%
K HL2 0.84%, 1.02° —
; — . : . HL3 0.97”, 1.08" —
550 600 650 700 750 800 1 0'97“, 1.25 —1.44%
Wavelength / nm 2 0.45% 0.64%, 0.86 —1.26%
3 0.55%, 0.68", 0.90 -1.187
Fig. 5 Photoluminescence of (top) HL1-HCl and 1, (centre) HL2, 2 and 4 0.62% 0.967, 1.12° In solvent window
3 in Ethanol at 77 K (complex 1 recorded at room temperature) and 5 0.76b, 0.97, 1.13? -1.244
(bottom) HL3 and 4 in acetonitrile at 77 K. ) » .
“Trreversible. ” Pseudo-reversible.
Table 1 Photophysical properties of the ligands HL1-HCI, HL2, HL3 and complexes 1-4
Room temperature” 77 K°
Compound  Aups”/NM (Emax X 10° M~ em ™) Jpa/NM Excitation  Apa/nm Emission  Apg/nm Excitation  Am./nm Emission  <>’/ns

HL1-HCl 464 (145) 485
HL2 584 (44.5) 600
HL3 571 (29.6) 590
1 432 (53.2) 390
498 (6.4)
2 600 (33.2) 530
3 608 (38) 540
4 572 (44.2) 570

@ Measured in acetonitrile. > Measured in ethanol.

This journal is © The Royal Society of Chemistry 2014
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650
650
490

665
665
645

470 490 Not recorded
605 630 0.25

580 660 Not recorded
370 490 Not recorded
550 635 Not recorded
560 640 0.34

585 645 Not recorded
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both display a similar oxidation potential attributed to the
Cu(dipyrrin) fragment which remains unchanged between
them. The irreversible character of these precludes interpret-
ation of the subsequent oxidation processes. In the context of
DSSC applications, these complexes show insufficiently positive
oxidation potential to be used with the common redox electro-
lyte I7/I;~ ** as the dye would not be rapidly regenerated.

Complex 1 is not as easily oxidised as 2 and 3. The reason
for this is due to less conjugation of the dipyrrin structure,
also reflected in comparing HL1-HC] and HL2. This supports
the assignment of the first oxidation for 2 and 3 as dipyrrin
based, consistent with the electronic spectroscopy results,
where the lowest excitation is localised on the dipyrrin.

Generally the redox processes for copper(i) complexes are
not chemically reversible as observed here.”*

Increasing the conjugation of the dipyrrin ligand red shifts
the absorption, improving light harvesting. However, the
complex becomes too easily oxidised. One method to resolve
this is to add electron-withdrawing groups to dipyrrin struc-
ture, such as CF;, CN, or NO, groups. This was the strategy
behind the synthesis of HL3, 4 and 5 and indeed we observed
a shift in oxidation potentials to more positive values.

1 in acetonitrile
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Computational and electronic properties of molecules

The experimental and calculated UV-Vis spectra for 1-3 are
shown in Fig. 6. The calculated results are qualitatively com-
parable to experimental data, although with some differences
in the exact energy of the visible transitions. For 1, the lowest
energy transition calculated at 581 nm represents MLCT from
copper centre to either bipy or dipyrrin ligand, which is typical
for heteroleptic copper(i) complexes.>> The LUMO and sub-
sequent levels are localised on dipyrrin and bipy as both
ligands show similar electron-donating and withdrawing abil-
ities and therefore one is not predominantly favoured over the
other. Notably, the HOMO of 1 is calculated to have dominant
Cu character in contrast to 2 and 3 where the HOMO is calcu-
lated to be almost entirely dipyrrin based. The dominant
absorption feature in the visible spectrum, calculated at
399 nm, is shown to be predominantly ligand-centred on
dipyrrin.

Complex 2, which features the same bipyridine moiety as 1,
but more conjugated dipyrrin, showed a similar LUMO. The
minimal electron-withdrawing functionality on the bipyridine
positions these orbitals higher in energy such that the LUMO

2 in Acetonitrile
— = Calculated

1
800
Wavelength / nm

3 in Acetonitrile
— = Calculated

\
\
N

T T 1
500 600 700 800

Wavelength / nm

Fig. 6 Theoretical UV-Vis spectra for 1-3. Black line represents the experimental spectrum in acetonitrile, red dotted line represents the calculated

spectrum, and red solid line represents the calculated electronic transition.
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is localised on dipyrrin whereas the LUMO+1 is localised on
bipy. TD-DFT data suggest the low-energy visible transition has
a high contribution of ligand-centred character instead of
charge transfer, suggesting that the metal centre does not sig-
nificantly affect the absorption properties of the complex. This
supports experimental data such as fluorescence with a short
lifetime instead of phosphorescence and the ease of oxidation
compared with 1.

For 3, the main visible absorption band shows a high con-
tribution of copper-to-bipy (MLCT) transition and a small con-
tribution localised on dipyrrin ligand (27%). A weak MLCT
band is predicted at 744 nm, however with very low oscillator
strength such that this band not observed in the experimental
data. Table 3 indicates that the LUMO is now localised on the
bipyridine ligand and the LUMO+1 is localised on the dipyrrin
instead of the other way around for complex 2. This is due to
electron-withdrawing ester groups on bipyridine (Table 4).

In situ solar studies

The above studies included bipy ligands with carboxylic ester
groups as these give information on the spectroscopic and

Table 3 Percentage contributions from component parts of 1-3 to
selected molecular orbitals. Also quoted are the calculated energies for
these molecular orbitals

% Contribution from

Dipyrrin-  Bipy-
MO Cu-based  based based
Complex MO energy/eV  orbitals orbitals orbitals
1 HOMO-1 -4.80 66.58 13.32 20.1
HOMO —4.72 68.18 20.82 11.0
LUMO —-1.94 3.26 2.19 94.55
LUMO+1 -1.79 1.49 97.52 0.99
2 HOMO —-4.73 0.16 99.64 0.20
LUMO —2.24 2.30 96.0 1.70
LUMO+1 -1.95 2.49 3.41 94.10
3 HOMO-3 -5.98 76.61 13.95 9.44
HOMO-1 -5.19 63.58 19.17 17.25
HOMO —4.78 0.12 99.70 0.18
LUMO —-2.74 4.99 5.73 89.28
LUMO+1 -2.31 2.06 95.82 2.12
LUMO+2 —-2.29 0.53 3.60 95.87

Table 4 TD-DFT calculated visible absorption wavelengths for 1-3,
illustrating the molecular orbitals involved and their relative contribution
to the absorption

Main charge

transitions Relative
Main visible contribution

Complex absorbance/nm MO from MO to (%)

1 581 HOMO-1 LUMO 23
HOMO-1 LUMO+1 36
HOMO LUMO 41

2 541 HOMO LUMO 66
HOMO LUMO+1 34

3 546 HOMO-3 LUMO 13
HOMO-1 LUMO+2 60
HOMO LUMO+1 27

This journal is © The Royal Society of Chemistry 2014
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electrochemical properties of dyes (3 and 5) appropriate for
use as DSSC sensitisers. For solar cell fabrication however,
dyes with acid, rather than ester functionality, are required
and we experienced synthetic difficulty in the isolation of het-
eroleptic complexes consisting of an acid-bipy and dipyrrin
ligand, due to the ease of deprotonation and reprotonation of
dipyrrin. In situ methods, based on the procedure of the Con-
stable group,'>'® were therefore adopted to enable solar cell
performance of these dyes to be assessed without the need to
isolate the acid complexes.

The electrochemical properties indicate that 3 is too easily
oxidised, such that it is poorly designed for use in DSSC with
the I'/I;~ electrolyte. Complex 4 was designed to contain
additional electron-withdrawing groups (CF;) which results in
a 0.07 V shift in oxidation potential to more positive values
and 5 shows a further 0.14 V shift in oxidation potential. This
suggests dye regeneration may be possible if the copper sensi-
tiser features a dipyrrin with CF; groups. The method is shown
in Fig. 7. Table 5 reports the efficiency data of the best cells.

The working electrodes were first immersed into a DMSO
solution of dmdcbpy ligand for 24 hours. The electrodes were
rinsed and dried and then immersed into a solution of [Cu
(CH;CN),][BF,] and dipyrrin for 24 hours. The colour change
is indicative of coordination occurring on the surface of TiO,.
For comparison, a reference cell was also prepared using the
known homoleptic copper(i) dye (Fig. 8).°

Acid-bpy | DMSO Copper_dipyyrin/ Solvent
—_—

=
24h | 24n I:I |

Tio, W.E TiO,! acid- TiO,/ Copper
bpy WE complex W.E

Fig. 7 In situ protocol for producing a copper complex on the surface
of TiO, working electrode.

Table 5 DSSC efficiency data of the best cells. The active layer was
0.16 cm? and the cells were measured under 1 sun

Sample Voe/mV Jse/MA cm™> ff n/%
[Cu(dmdcbpy),][BF,] 530 2.33 0.68 0.83
a 520 0.40 0.62 0.13
b 510 0.91 0.68 0.31
c 520 1.21 0.64 0.41

HO,C

HO,C

Fig. 8 Homoleptic Cu(i) complex [Cu(dmdcbpy),][BF 1.8
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The electrolyte used in this work consisted of 0.4 M Lil,
0.03 M I, 0.1 M GuNCS, 0.5 M TBP, 1 M DMII in acetonitrile-
valeronitrile (85: 15).

The solar cell construction was explored (ESIT) via changes
in (i) the solvent system, (ii) introducing either a [Cu(u)(dipyr-
rin),] homoleptic dye or Cu() salt as the copper source, and
(iif) addition of base to deprotonate the dipyrrin prior to
coordination. Changes in solvent system can affect the overall
efficiency of the solar cell. For instance, dichloromethane or
acetonitrile were used to dissolve the copper salt and dipyrrin.
If dichloromethane were used in the dye bath the photocurrent
was lower and the photovoltage was higher than if acetonitrile
were used. This could suggest the energy of the acceptor states
in the TiO, is higher for the DCM cell, affecting charge injec-
tion and reducing the photocurrent of the cell.

One method adopted to instigate ligand exchange whilst in
solution used a homoleptic [Cu(u)(dipyrrin),] species. Several
attempts were made to reduce the copper in situ; Zn/Hg, NaBH,
or methanol as the reducing agent. The most successful
attempt used methanol. The colour change on the surface was
either deep red or deep yellow, which is indicative of surface
bound dye. However, the photocurrent voltage results were
lower than using a copper(1) species as the starting reagent.

The following table represents the highest efficiencies
achieved in this work. Sample a used the addition of
[Cu(CH;CN),][BF,] and HL1-HCI to the bound acid-bipy anode
in dichloromethane, b used the addition of [Cu(CH3;CN),][BF,]
and HL2 in acetonitrile, and c¢ used the addition of
[Cu(CH;CN),][BF,] and HL3 in acetonitrile.

The charge injection should not greatly change between
samples a, b, and ¢ as the LUMO should be localised on the
acid-bipy ligand. The improved photocurrent could be a result of
improved dye regeneration which would be expected for L3;
addition of electron-withdrawing groups (CF;) to the dipyrrin
ligand should reduce the HOMO energy level, causing the
complex to be less easily oxidised and therefore improve dye
regeneration. Sample ¢ has indeed shown an increase in the
cell’s efficiency in comparison to samples a and b, through both
an improved photocurrent and open-circuit voltage (Fig. 9).

12— — _
IR, ——in-situ a
~ P
1.0 N - — in-situb
B \ —-—-in-situ ¢
Tt~ o \
0.8 4 ~ ‘\
R/ AR
£ i
< i vy
£ o0s .
= \
3 ‘i
= [
0.4 \ \
I
0.2 R
!
1l
0.0 T T T T
0.0 -0.2 -0.4 -0.6 -0.8 -1.0
Voltage / V

Fig. 9 Photocurrent voltage curves of in situ studies. The cells were all
tested under the same conditions and the best cells are reported.
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Conclusions

This work demonstrates the first examples of heteroleptic
copper(1) complexes, consisting of a bipyridine ligand and a
dipyrrin ligand. A series of three dyes has been synthesised
and fully characterised by electrochemical, photophysical and
computational techniques, with two other complexes obtained
but difficult to fully study due to poor stability and low yield.
Copper(i) materials are highly labile towards ligand exchange
which inevitably poses problems with stability, especially
when they are in solution for long periods of time. Interest-
ingly, the complexes did show improved stability with
enhanced steric constraint caused by the bulkiness of the
dipyrrin ligand.

Increasing the n-conjugation of the dipyrrin ligand shifts
the visible bands to lower energies. Complex 1 also shows a
small band at 498 nm corresponding to MLCT transition,
according to theoretical calculations. Complex 2 and 3 showed
very similar absorption properties to the free dipyrrin ligand.
Lifetime measurements suggest that complex 3 shows fluo-
rescence rather than phosphorescence, with a nanosecond
timescale.

According to electrochemical data, complex 2 and 3 are
easily oxidised, which may cause a problem for dye regener-
ation within a DSSC device. Decreasing the conjugation
(complex 1) resulted in an increase in HOMO-LUMO gap,
which ultimately blue-shifts the charge transfer transition and
reduces light harvesting. Complex 4 features CF; groups which
shift the oxidation potential to more positive values.

Despite the low oxidation potentials in situ solar studies did
show that the complexes assembled function as sensitisers,
with efficiencies of 0.13-0.41%. The study shows that
increasing the conjugation of dipyrrin ligand (L1 to L2)
improved the efficiency. It is likely that this is due to better
light harvesting. The highest efficiency was obtained for
the copper complex with L3 ligand. The electron-withdrawing
trifluoromethyl groups increased the oxidation potential,
which possibly improved dye regeneration. Although the
absolute value of these efficiencies remains low, we have
demonstrated the concept of using a chromophoric ancillary
ligand on a heteroleptic Cu(i) complex to enhance light
harvesting. We hope this will stimulate further molecular
design in the active field of DSSC sensitisers based on earth-
abundant elements."®
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