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Abstract

Using the HETPHEN approach, five new heteroleptigper(l) complexes composed of a push-pull
4,4-styryl-6,6’-dimethyl-2,2’-bipyridine ligand and bulky Bis[(2-diphenylphosphino)phenyl]-
ether (DPEphos) or a bis2,9-mesityl phenanthrdlies,Phen) were prepared and characterized by
electronic absorption spectroscopy, electrochepistnd TD-DFT calculations were performed.
These complexes exhibit indeed very intense ahisorpnds in the visible region with extinction
coefficient in the range 5x10* M'cm™. The analysis of the position, intensity and bahdpe
indicates a strong contribution of an intra-ligantarge-transfer transition centered on the
styrylbipyridine ligand along with MLCT transitionsThese new complexes experimentally
demonstrate that large light harvesting propestigls bis-diimine copper(l) complexes showed is a
reality if one chooses suitable ligands in the dowtion sphere. This constitutes a milestone & us
bis-diimine copper(l) complexes for solar energynarsion (artificial photosynthesis and solar

cells).

Introduction

The supramolecular chemistry of transition-metal ypgtidine complexes is dominated by
ruthenium trisbipyridine complexes and its derivasi® The reasons of this success lie in: i) their
long-lived metal-to-ligand charge transfer (MLCXceed states, ii) significant light absorption in

the visible region, iii) intense emission, iv) highotochemical and electrochemical stability and v)



synthetic versatility. Other metal complexes alspldy such valuable electronic properties such as
those with osmium(ll§, platinum(ll)? iridium(li)* and rhenium(lf. However, these metals are
noxious and relatively expensive as they are nog mbundant in the earth’s crust. An appealing
alternative is copper, because diimine copper(l)meres also exhibit MLCT excited states in the
visible regioft' ” and copper is much cheaper, more abundant andtdess than the above
mentioned precious metals. A quick comparison ofpinetophysical properties of the widely used
[Ru(bpy)]?* and those of [Cu(dmg) (dmp = 2,9-dimethyl-1,10-phenanthroline) shows thay

are quite similar except that the latter has a toainction coefficient on the MLCT absorption
band, a shorter-lived emission and a lower luntdeese quantum yield than the former (Table 1).
These differences are quite general between cdpes{diimine and ruthenium(ll) trisbipyridine

complexes.

Table L Summary of some characteristics of rutheniuntfigbipyridine and copper(l) bis 2,9-

dimethyl phenanthroline.

Abundance on earth Ru: 0.001 ppm Cu: 60 ppm
Photophysical properties Aabs= 450 nm Aabs= 460 nm
(e=1.5x 10* M'em™) (e=0.8x 10* M'em™)
Aem= 650 NM {en= 850 NS in| Aem= 750 NM {en= 90 NS
degassed C4CN) in degassed Ci€l,)
Eow=2.1eV Eoo=2.0 eV

The short lifetime of the MLCT emission of most pep(l) diimine complexes stems from the
photoinitiated Jahn-Teller distortions that resuit a structural rearrangement from a nearly
tetrahedral ground state to a square planar oortalg bipyramidal excited state which non-
radiatively deactivates by forming a pentacoordidagxcipleX’ * The formation of a pyramidal
pentacoordinated complex results from the squaeaplpreference of Cu(ll), & dation. However,

it has been shoWiT that bulky substituents in the 2 and 9 positiohthe diimine ligand inhibit the
molecular distortion that occurs in the MLCT exditgtate and this leads to large improvements of
the excited-state lifetime and emission quantuntdyiehich respectively reach values as large as
3.2 us and 5.6 % for the completely locked bis(2,9-di-baityl-1,10-phenanthroline)copper(l)

complex®®



The goal of the present work was to develop new eqppcomplexes exhibiting higher absorption
coefficients on the main absorption band to optarize visible absorption cross-section. Indeed,
the presence of intense absorption bands in thielesispectrum is a valuable property in view of
using these complexes for practical applicationshsas solar energy conversion, light emitting
diodé®*** and luminescent sensing proBel® In particular for solar energy conversion, the
development of copper-based sensitizers for dyeitsmts solar celld/?” molecular arrays for
photoinduced charge separafdrf® or photocatalysfd' ** demand highly absorbing dyes. To
achieve this goal, we decided to use the HETPHEHtegly developed by Schmittel and co-
worker$™ 3! to build stable heteroleptic complexes and we rimo@ted a bipyridine ligand
presenting an extendeconjugation in the coordination sphere of copgguch r-conjugated
chromogenic ligands were previously used to prepatteenium polypyridine complexes and they
proved to be suitable to strongly enhance the &bswe in the visible regiofi: ** In a second
objective, we explore the influence of different mbpation patterns around the copper cation by
completing the styryl bipyridine ligand with twoffdirent bulky bidentate ligands, either a bis[2-
(diphenylphosphino)phenyl]-ether (DPEphos) or aditBesityl-1,10-phenanthroline (Mgzhen)
(Figure 1). Indeed, DPEphos complexes with coppewkere reported to be particularly

luminescerft 3* 2°

while MesPhen provides an easy entry towards more funcimethcomplexes
as the substitution on this type of ligands is @giraightforward. This spectator ligand also opens
the opportunity to introduce new functions suclamashoring groups (to graft on surfaces or to label
proteins) or electron donors or acceptors. Moreoetrctron releasing susbtituents of different
strength were also introduced on the styryl bipysdiigand to tune the energy of the frontier
molecular orbitals of this ligand and to asses# tingpact on the photophysical properties of the
complexes. In this work, we report the synthesishefnew highly absorbing copper(l) complexes
C1-C5 (Figure 1) and analyze in details their absorpgicoperties and electronic structure through

spectroscopic and electrochemical measurementglaaswTD-DFT calculations.



Mes,Phen

Figure 1. Structure of the complexes and of the ligandsritesd in this study.

Experimental section

General procedures

Reagents and solvents

Ligands L1,* L2,* 4,4'6,6-tetramethyl-2,2"-bipyridirf8, 2,9-dimesityl-1,10-phenanthroline
(Mes,Phen)®®  4,4’-methylphosphonateethyl  ester-6,6'-dimethya=hipyridine®>"  4-di(4'-
methoxyphenyl)aminobenzaldehyteand the starting complex [Cu(MeCM)Fs*° were prepared
according to literature procedures.

'H and C-NMR spectra were recorded on an ARX 300 MHz or YAMOO MHz Brucker
spectrometer (the instrument is specified for everglecule). Chemical shifts are referenced

relative to the residual protium in the deuteraelyent.
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MALDI-TOF analyses were performed on an Applied 88istems Voyager DE-STR spectrometer,
positive linear mode at 20 kV acceleration voltagén DHB/CH;CN (DHB: 2,5-dihydroxybenzoic
acid) or dithranol/CBCN as matrix.

UV-Visible spectra were recorded in analyticallyrg@wsolvents, with a UV 2501PC Shimadzu
spectrophotometer. Beer Lamber law was respectdtieinconditions of the UV-Vis. spectrum
recording, therefore the degree of aggregation nsxistent or weak. Electrochemistry
measurements were performed with an Autolab PGSBBIN potentiostat in freshly distilled
dichloromethane, with a platinum disk working etede, a platinum foil counter electrode and a
saturated calomel reference electrode (SCE). Alemls are referenced vs. SCE. In our
conditions the FdFc couple was found at 0.45 V vs. SCE. The measemés were conducted at
the concentration o€a 1 mMol/L in dichloromethane with 0.1 N of n-BVPFR as supporting
electrolyte. The solution was purged with argorobethe measurements. In all the experiments the

scan rate was 100 mV/s.

4,4’-dianisylaminostyryl-6,6’-dimethyl-2,2’-bipyrid ine (L3)

In a Schlenk flask, 4,4’-methylphosphonateethykeest6’-dimethyl-2,2’-bipyridine4 (300 mg,
6.22.10" mol) and 4-dianisylaminobenzaldehyde (517 mg, in&%ol, 2.5 equiv.) were dissolved in
THF (10 mL) and tBuOK (348 mg, 3.11 mmol) was slpvaddded at room temperature. The
solution, which immediately turned brown, was trstinred for 3 h. Addition of water led to the
formation of a pale precipitate, which was filterethe crude solid was purified by column
chromatography on silica gel (eluant &H: AcOEt = 90:10— 85: 15) to afford puré3 (227 mg,
43%).

'H-NMR (300 MHz, CDC}, 25 °C):5 = 8.24 (s, 2H), 7.38-7.32 (m, 6H), 7.22 (s, 2HDI7(d, 8H, J

= 8.7 Hz), 6.89-6.95 (m, 6H), 6.85 (d, 8H, J = 9,H&81 (s, 12H), 2.66 (s, 6H) ppm.

3C-NMR (75 MHz, CDC}, 25 °C):5 = 158.23, 156.52, 156.29, 149.24, 146.41, 140182,60,
128.47,127.94, 127.07, 123.66, 120.04, 119.95,741314.89, 55.63, 24.85 ppm.

HR-MS (MALDI): m/z = 843.3900 [M+H] (calculated for [M-H]= 843.3905).

4,4’- p-octyloxystyryl-6,6’-dimethyl-2,2’-bipyridin e (L4)

By the same procedure as described i@, compound L4 was isolated from 4,4’
methylphosphonateethyl ester-6,6'-dimethyl-2,2'ybigine 4 (200 mg, 4.13.10 mol), 4-
octyloxybenzaldehyde (387 mg, 1.65 mmol, 4 equimyl tBuOK (185 mg, 1.65 mmol) in THF
(10ml)as a creamy solid (170 mg, 64 %).



'H-NMR (400 MHz, CDC}, 25 °C):5 = 8.30 (s, 2H), 7.50 (d, J = 8.5 Hz, 4H), 7.38J¢ 16.31
Hz, 2H), 7.24 (s, 2H), 6.98 (d, J = 16.31 Hz, 26i92 (d, J = 8.5 Hz, 4H), 3.99 (t, J = 6.5 Hz) 4H
2.68 (s, 6H), 1.81 (m, 4H), 1.48 (m, 4H), 1.31 @&H), 0.90 (m, 6H) ppm.

¥C-NMR (100 MHz, CDGJ, 25 °C):8 = 159.63, 158.18, 156.43, 146.14, 132.40, 129128,32,
124.28, 120.06, 115.65, 114.82, 68.14, 31.84, 22827, 26.07, 24.73, 22.69, 14.13 ppm.
HR-MS (MALDI): m/z = 645.4438 [M+H] (calculated for [M-H]= 645.4415).

Elemental analysis: Calculated fous8s6N20,.: C, 81.94; H, 8.75; N, 4.34. Found: C, 81.79; H,
8.76; N, 4.41.

[Cu(DPEphos)(L1)]PFs (C1)

[Cu(MeCN)]PFs (45 mg, 0.12 mmol) and DPEphos (65 mg, 0.12 mmele stirred in 5 mL of
distilled dichloromethane at room temperature fomiinutes under Ar atmosphere, then 4 mL of a
degassed solution &fl (57 mg, 0.11 mmol) in dichloromethane were injdateder Ar and the
resulting deep red solution was stirred for furtB@minutes at room temperature. The solvent was
removed under reduced pressure and the resulting e solid was purified by column
chromatography on silica gel (GEl,; CH;OH = 100: 0 —» 92: 8, medium pressure
chromatography) to afford 65 mg (46%) of p@&

'H-NMR (500 MHz, acetonegl 25 °C):5 = 8.39 (d, 2H, J = 1 Hz), 7.64 (d, 2H, J = 16.5,Hz54

(d, 4H, J = 8.5 Hz), 7.47 (d, 2H, J = 1.5 Hz), 7(d4 2H), 7.36 (tm, 4H), 7.29 (tm, 2H), 7.27-7.22
(m, 10H), 7.19-7.14 (m, 8H), 7.03 (dm, 2H), 7.02 21, J = 16.5 Hz), 6.79 (d, 4H, J = 9.0 Hz),
3.46 (g, 8H, J = 6.9 Hz), 2.26 (s, 6H), 1.18 (112 = 6.9 Hz) ppm.

3C-NMR (75 MHz, acetonegl 25 °C):§ = 159.05, 153.99, 149.69, 136.94, 134.47, 134.13,
134.04, 133.94, 132.98, 132.77, 130.77, 130.01,5529.26.45, 126.27, 126.09, 123.88, 122.73,
120.99, 120.12, 119.66, 117.43, 112.42, 44.96,26.2.89 ppm.

HR-MS (ESI+): m/z =1131.4266 (calculated for [MgPE1131.4315).

Elemental analysis: Calculated for,B70CuRsN4sOP; -0.75 CHCIl,: C, 65.13; H, 5.37; N, 4.18.
Found: C, 64.93; H, 5.19; N, 4.18.

[Cu(DPEphos)(L3)]PFs (C2)

[Cu(MeCN)]PFs (9.3 mg, 0.025 mmol) and DPEphos (17 mg, 0.031 hhwere stirred in 5 mL of
distilled dichloromethane at room temperature fomiinutes under Ar atmosphere, then 2 mL of a
degassed solution &f3 (21 mg, 0.024 mmol) in dichloromethane were irgdctinder Ar and the
resulting orange solution was stirred for furtherBibutes at room temperature. The solvent was

removed under reduced pressure and the resultiaggersolid was purified first by column



chromatography on alumina (GEl;) and then by size exclusion chromatography on Skpha
LH20 (acetone) to afford 28 mg (72%) of p@2.

'H-NMR (400 MHz, acetoneg 25 °C):5 = 8.40 (s, 2H), 7.64 (d, 2H, J = 16.4 Hz), 7.512(),
7.49 (d, 4H, J = 8.8 Hz), 7.42 (tm, 2H), 7.34 @bl, J = 7.2 Hz), 7.30-7.20 (m, 12H), 7.17-7.08 (m,
18H), 7.10 (dm, 2H), 6.95 (d, 8H, J = 9.2 Hz), 6(844H, J = 8.8 Hz), 3.81(s, 12H), 2.29 (s, 6H)
ppm.

13C-NMR (100 MHz, acetonesd 25 °C):§ = 159.30, 159.05, 157.87, 154.04, 151.01, 149.26,
140.82, 136.26, 134.52, 134.13, 134.05, 133.97,1833.33.11, 132.96, 132.80, 130.81, 129.58,
129.31, 128.37, 126.40, 126.13, 123.14, 122.20,982019.51, 117.89, 115.84, 55.81, 26.81 ppm.
HR-MS (ESI+): m/z =1443.47375 (calculated for [MgPE1443.47380).

Elemental analysis: Calculated fos,B7sCuRN4OsP; -0.90 CHCI, -0.15 HO: C, 66.85; H, 4.84;
N, 3.36. Found: C, 66.95; H, 4.95; N, 3.24.

[Cu(Mes,Phen)(L3)]PFs (C3)

[Cu(MeCN)]PFs (10 mg, 0.027 mmol) and Mgzhen (13 mg, 0.032 mmol) were stirred in 8 mL of
dry and degassed dichloromethane at room temper&turl5 minutes, then 5 mL of a degassed
solution ofL3 (22 mg, 0.026 mmol) in dichloromethane were irgdctinder Ar and the resulting
deep red solution was stirred for further 30 miswgeroom temperature. The solvent was removed
under reduced pressure and the resulting red walsdpurified by column chromatography on silica
gel (CHCl,: CH30H = 98: 2— 96: 4) to afford 26 mg (68%) of pu@s.

'H-NMR (300 MHz, CDC}, 25 °C):5 = 8.67 (d, 2H, J = 8.4 Hz), 8.20 (s, 2H), 7.812d, J = 8.1
Hz), 7.78 (sb, 2H), 7.44 (d, 4H, J = 9.0 Hz), 7(@82H, J = 16.2 Hz), 7.22 (sb, 2H), 7.10 (d, 8H, J
=9.0 Hz), 6.97 (d, 2H, J = 16.2 Hz), 6.92 (d, 4H; 8.7 Hz), 6.86 (d, 8H, J = 9.0 Hz), 6.41 (s, ,4H)
3.82 (s, 12H), 1.99 (s, 6H), 1.91 (s, 6H), 1.69&) ppm.

HR-MS (MALDI): m/z = 1321.5351 (calculated for [MF§]"=1321.5375).

Elemental analysis: Calculated fogsB7sCuRsNgO4P -0.75 CHCI, -0.05 HO: C, 67.98; H, 5.23;
N, 5.48. Found: C, 67.98; H, 5.21; N, 5.49.

[Cu(Mes,Phen)(L2)]PFs (C4)

[Cu(MeCN)]PFs (8 mg, 0.021 mmol) and Mghen (11 mg, 0.026 mmol) were stirred in 5 mL of
distilled dichloromethane at room temperature fomiinutes under Ar atmosphere, then 3 mL of a
degassed solution &2 (17 mg, 0.020 mmol) in dichloromethane were irgdctinder Ar and the
resulting red solution was stirred for further 30nuates at room temperature. The solvent was

removed under reduced pressure and the resultthgresge solid was purified by size exclusion



cheromatography on Sephadex LH20 (acetone) toca#6rmg (87%) of pur€4. Use of silica gel
was avoided because the complex seemed to degnable®with releasing of ligant2.

'H-NMR (300 MHz, acetonegl 25 °C):5 = 8.80 (d, 2H, J = 8.4 Hz), 8.55 (s, 2H), 8.282d),
7.89 (d, 2H, J = 16.5 Hz), 7.82 (m, 4H), 7.64 (d, 4 = 8.4 Hz), 7.40-7.32 (m, 14H), 7.15-7.12 (m,
12H), 7.04 (db, 6H), 6.77 (t, 4H, J = 7.8 Hz), 6(494H), 2.09 (s, 6H, partially superposed to the
solvent peak), 1.42 (s, 12H) ppm.

3C.NMR (75 MHz, acetonegl 25 °C):§ = 160.60, 158.67, 155.61, 149.80, 148.30, 148.08,
145.07, 139.55, 138.84, 138.69, 137.40, 135.98,8835.30.67, 130.46, 129.64, 129.39, 129.07,
128.50, 128.18, 125.97, 124.78, 123.65, 123.50,952420.07, 21.15, 20.42 ppm.

HR-MS (MALDI): m/z = 1325.4243 (calculated for [MFE]" = 1325.5265).

Elemental analysis: calculated fog,B74CuRsNgP -0.55 CHCI,-0.05 HO: C, 73.14 ; H, 5.02 ; N,
5.53. Found: C, 73.06; H, 5.02; N, 5.62.

[Cu(Mes,Phen)(L4)]PFs (C5)

[Cu(MeCN)]PFs (17 mg, 0.045 mmol) and Mg#hen (21 mg, 0.051 mmol) were stirred in 4 mL of
dry and degassed dichloromethane at room temper&turl5 minutes, then 4 mL of a degassed
solution ofL4 (25 mg, 0.040 mmol) in dichloromethane were irgdctinder Ar and the resulting
deep red solution was stirred for further 30 miswgeroom temperature. The solvent was removed
under reduced pressure and the resulting red waldpurified by column chromatography on silica
gel (CHCl,: CH30OH = 98: 2) to afford 42 mg (83%) of pu.

'H-NMR (300 MHz, acetonesd 25 °C):5 = 8.97 (d, 2H, J = 8.2 Hz), 8.41 (s, 2H), 8.28, @H),
8.04 (d, 2H, J = 8.2 Hz), 7.72-7.64 (m, 6H), 7.802H), 7.18 (d, 2H, J = 16.3 Hz), 7.03 (d, 4H, J =
8.6 Hz), 6.48 (s, 4H), 4.07 (t, 4H, J = 6.5 HzR9(s, 6H), 1.85-1.73 (m, 16H), 1.53-1.45 (m, 4H),
1.41-1.28 (m, 16H), 0.89 (t, 6H, J = 6.9 Hz) ppm.

¥C-NMR (75 MHz, acetonegd 25 °C): 5 = 161.18, 160.35, 157.44, 153.16, 147.86, 144.83,
138.89, 138.61, 137.88, 135.65, 135.40, 129.73,652929.27, 128.45, 128.19, 127.93, 123.67,
122.72,116.98, 115.87, 68.82, 32.57, 26.77, 22931, 21.08, 20.29, 14.34 ppm.

HR-MS (MALDI): m/z = 1123.5914 (calculated for [MF§]"=1123.5885).

Elemental analysis: Calculated fo§s8g4CuRsN4O-P - 1.9 HO: C, 68.15; H, 6.79; N, 4.30. Found:
C, 67.83; H, 6.45; N, 4.25.

Computational chemistry: the geometries of complex€4 to C5 in the’A electronic ground state
have been optimized at the density functional the@@FT) level using PBE-D functional
(generalized gradient approximation PBE functiowith Grimm’s dispersion correctiéh) and
TZP basis sef8 for all the atoms. These calculations have beefoeed under € symmetry in
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vacuum using ADF2010.02 quantum chemistry softfardlthough the PBE-D functional
reproduces the structures of Cu complexes whicte lew-stacking structure as shown in our
previous studie®’ it is not adapted at describing planarity of flgppsystem and tends to make
long ligands (L) curved. Therefore we added seveoaktraints to keep L planar. The theoretical
absorption spectra of complex€4-C5 have been calculated by means of time-dependeiit DF
(TD-DFT) method® using CAM-B3LYP functiondf* with solvent effect of dichloromethane at
PBE-D optimized structures. Solvent effect was m@ered using Polarizable Continuum Model
(PCM) using the integral equation formalism vari@FPCM)*> The modified Ahlrichs TZV
basis set (7s, 6p, 5d) contracted to [6s, 3p, 8d}tfe Cu atorff and cc-pVDZ basis sets for the
other atom¥ have been used. TD-DFT calculations have beemmeed using a modified version
of Gaussian 09 quantum chemistry softwdre.

Results and discussion
Syntheses

ComplexesC1-C5 were prepared using the HETPHEN appro@cft which allows the
synthesis of stable heteroleptic structures deshdewell-known lability of copper(l) complexes,
which normally leads to a fast ligand scrambling solution. This strategy is based on the
combination of a bulky ligand (DPEphos or MleBen) with a less hindered one (6,6’-dimethyl-
2,2’-bipyridine or 6,6’-diphenyl-2,2’-bipyridine)ln a first step, a 1:1 complex was obtained by
stirring the metallic precursor [Cu(MeCjpFs with DPEphos or Me®hen, the formation of the
2:1 adduct being prevented at this stage by thecsténdrance around the copper. Then, the
addition of the less hindered speciéd+{4) provided the heteroleptic complex in good yield
(Schemes 1-2).

@ @ Py Q
/© \ /N/C3 _UorLs Q

CH,Cl,, CHzCIQ / \N

©© Ar, rt. @@ \\\CH3 Ar rt é@

C1: R=NEt,, 46%
C2: N(PhOMe),, 72%

PFg
+ [CU(CHyCN),JPFg ——>

Scheme 1Synthesis of complex&3l andC2 with ligandDPEphos



C3: R=N(PhOMe),; R'=Me, 68%
C4: R=NPhy; R'=Ph, 87%
C5: R=0n0Oct; R'=Me, 83%

Scheme 2Synthesis of complex&33-C5.

Remarkably, the addition of the second ligand imiatetly induced a spontaneous intense colour
change, which could be seen with the naked eyesdthation passed from colourless (or light
yellow when MegPhen was used) to deep orange or deep red, degendiie ligands. This fact is
unusual for Cu-DPEPhos complexes, whose absorptidine visible is normally limited to a tail
and are consequently only slightly colouregla¢< 400 nm). For copper diimine complexes, on the
other hand, the MLCT band belongs to the visibtga® (.max~ 450 nm) but the normal absorption
coefficients are quite low and the solutions are imb¢énsely colored. All the five copper (1)
heteroleptic complexes are stable as solids angblation and can be conserved under normal
atmospheric conditions without degradation. Intémgdy, the formation of a stable copper complex
is observed even with the bulkie? ligand despite the presence of the phenyl substiuen the 6
and 6’ positions of the bipyridine, which preveu&sy close approach of the nitrogen to the copper
cation to make strong bonds. Note however thatigbadissociation of the comple£4 was
observed on silica gel thin layer chromatographyQ) probably due to the above-mentioned high
steric hindrance effect. On the other hand, theicst&trains imposed by ligand2 are not
compatible with the formation of a copper complaghwhe very bulky DPEphos ligand, which can
also account for its instability during the puréton. Analogous behaviour was previously reported
in literature, where the attempt to prepare [Cu(piRis)(2,9-diphenyl-1,10-phenanthroline)]BF
failed, giving only [Cu(2,9-diphenyl-1,10-phenartfine),] BF.3' All the new products were
characterized by satisfyirt¢l-NMR, **C-NMR, HR-MS and elemental analyses.

UV-Vis absorption spectroscopy and quantum chemicatalculations

The UV-Vis absorption spectra of ligantld-L4 and of complexe£1-C5 recorded in
dichloromethane are shown in Figures 2 and 3, otisedy. The corresponding data are gathered in
Table 2. The UV-Visible spectra of the four ligarate characterized by a strong absorption in the

near UV with an extinction coefficient between 4% 10* Mcm. Given the structure of these
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ligands, this band can be assigned to an intradigdnarge transfer (ILCT) transition resulting from

an electron density shift from the donor moiety if@ror alkoxy group) to the bipyridine cote.

60000 - —

-] 3
—L4

50000 4

40000 A

.1)

Tem

30000 -

e (M

20000 -

10000 -

450 500 550 600

A (nm)

250 300 350 400

Figure 2. UV-Visible absorption spectra of the ligands-L4, recorded in dichloromethane.

The influence of the donor groups on the opticadpprties is well demonstrated by
comparingL1l andL3 to L4. The first two ligands appear as yellow to orapgerders and have an
absorption maximum around 390-400 nm, with a tathie visible region responsible for their color.
ConverselyL4 is a perfectly white powder as it does not absortne visible regionXnax at 334
nm) because the octyloxy group, a weaker donor tf@@mino group, destabilizes less the HOMO
which is centered on the styryl-donor moiety of tlgand. The same behavior was reported in
literature for ligands having a similar structuret backing the methyl groups at the 6 and 6’

positions of the bipyridin&’

Table 2. Absorption data for ligandsl-L4 and of the complexe&81-C5 recorded in ChLCl».

A (nm) [g (M "em™)]

L1 393 [5.8107] C1 439 [6.8107]
310 [2.4x107] 323 [2.8101

259 [4.3101]

L2 399 [5.4x10°] C2 445 [4.9107
272 [3.9x101 290 [4.610%

L3 401 [5.5x 107] C3 438 [5.%107]
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296 [4.4x 107 285 [5.910%

256 [5.610%

L4 334 [6.1x 101 C4 418 [4.810
484 [1.%104

C5

344 [5.9101

297 [5.%107

253 [4.610

The UV-Vis absorption spectra of the complex€4-C5 are characterized by two main
contributions: a broad absorption band in the wsitdgion corresponding to the charge-transfer
(CT) transitions and a ligand-centered absorptemddn the UV (Figure 4).

— (1
—(C2
—(C3
w4
—(C5

e (Lmol'cm™)

500 550 600 650 700
A (nm)

250 300 350 400 450
Figure 3. Normalized UV-Vis absorption spectra of the compBC1-C5 recorded in

dichloromethane

The charge transfer bands of these complexes ane ineense and exhibit absorption
maxima ranging from 418 nm to 484 nm. Such an s#erisible absorption band is very unusual
for DPEphoscontaining copper (I) complexes, whose spectraramnally limited to the UV
region’ ** *High molar extinction coefficient values of thesiile band (~ 5 x 0L mol™* cm?)
constitute a marked improvement of the light abismybproperties of diimine Cucomplexes.

Indeed, the molar extinction coefficients ©1-C5 are almost one order of magnitude higher than
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those of regular copper(l) diimine complexes (feample [Cu(neocuproing) € = 8 x 16 L mol™*
cm?). The visible absorption band results from the esppsition of several transitions
corresponding to a mixture of metal to ligand cleatgnsfers (MLCTs) and intraligand charge
transfer (ILCT, see results of TD-DFT calculatiamghe computational study). The contribution of
the intense styrylbipyridine ILCT transition is pessible for this impressive value, as the metal
ion acts as an inductive acceptor by stabilizing ilpyridine-centred LUMO and provoking the
red-shift of the band with respect to the freerigm

Electrochemistry

The electrochemical properties of the ligands ahdhe complexes were measured in
dichloromethane and all the potentials are refetee&CE reference electrod@&aple 3). An
irreversible wave around 0.64 V was attributed lte pxidation of the amines ihl which
decompose according toBaelimination reactiori’ L2 displays a first oxidation wave attributed to
the removal of an electron from the amine unitdsinocess is not reversible, probably because of
the absence of para substitution on the phenyl rings, which enablesnaical reaction from the
radical generated at this position. Indeed, ind®&3, having donating methoxy groups in thara
position, the oxidation process at 0.87 V is relodes This potentialk anodically shifted compared
to L1, accounting for the less electron rich nature phdnylamine with respect to diethylamine.
No oxidation wave was recordedlid, confirming that the weaker donating nature ofahe/loxy
groups.

Table 3. Oxidation potentials of ligandsl-L4 and of complexe€1-C5 measured by square wave
voltammetry in dichloromethane with 0.1 M TBAPFRs supporting electrolyte. Reference
electrode: SCErreversible processSuperimposed waves.

E(aminé/amine) (V vs. SCE)E(CU'/CU) (V vs. SCE)

L1 0.64% —
L2 0.90%0.87 —
L3 0.87 —
L4 — —
C1 0.73% 1.322
C2 0.70 1.34
C3 0.71 0.87
C4 0.96° 1.03°
C5 — 0.80
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The electrochemical properties of the comple€dsC5 were then investigated. The first
complex, C1, shows a two-electron irreversible process asdigne oxidation of the
diethylaminophenyl units. Complexé&32-C4, containing the aromatic tertiary amines, dispéay
reversible two-electron oxidation wave around 0.&sgigned to electron removal at the nitrogen of
the amine substituents of the styryl moieties. éogsel one-electron oxidation reaction, attributed to
the CU/CU couple, is then observed. Interestingly, the stdl§i more constrained coordination
sphere in comple£4 relative toC3 andC5 anodically shifts the oxidation potential of tha"@Cu
couple because the four aryl rings hinder thedrattg of the tetrahedral complexes and destabilize
the CU state, which prefers a square planar environm&he DPEphos ligand induces an
important anodic shift of the oxidation potenti&l@u'/Cu couple (se€2 versusC3), because it
imposes a large steric hindrance around the metdl s a lower electron-donating effect
compared to that of MegBhen''*4'* #The cathodic behavior was also investigated, lothing
significantly different from the blank was observadtil a potential of -1.5 V vs. SCE, which was
the onset of solvent electroactivity in our corwh. This indicates that the first reduction preess
(localized on the bipyridine portion of the diimifigand according to TD-DFT calculations) occur

at a more negative potential than -1.5 V vs. SCia bothe ligands and in the complexes.

Computational study

The Cartesian coordinates of the optimized strestare shown in Sl (Table S3). The bond lengths
of Cu-N(L) are about 2.09 A for DPEPhos complex@$-C2) which are slightly longer than those
of MesPhen complexesOB-C5) which range from 2.00 A to 2.02 A. The Cu-P(DPE®hbond
lengths are 2.23-2.25 A which are similar to those crystal structure of
[CuCI(DPEPhos)(dmpymtH)] complex (dmpymtH: 4,6-dtimgpyrimidine-2(1H)-thione), 2.2966

A and 2.2829 R' The bond lengths of Cu-N(Mg2hen) are 2.05-2.11 A for the nitrogen near
stacking Mes ligand while 1.99-2.02 A for anothiragen.

In order to get detailed understanding of the erpemtal electrochemical data reported above, we
did perform a fragment analysis at PBE-D/TZP |€¢eThe complexes are separated into three
fragments, that is, L, DPEPhos/MB&en, and Cu to see the contribution of KS orbitals of each
fragment to those of the complexes. The HOM@ bfis mainly localized oh.1 (88 %), especially
on aminostyryl moieties. The largest contributicome from two nitrogen atoms of amines (19 %).
The ethyl substituents do not contribute to the HRNh C2 andC3, the HOMO is localized oh3

(97 % and 90 %, respectively) and mainly on amirgbstmoieties as inC1l. The largest
contributions come from two nitrogen atoms of amifB8 %) and from anisyl substituents (13 %
and 12 %, respectively). I€4, the HOMO is also localized ob2 (47 %) but with a large

contribution from Cu (39 %). InL2 fragment, two nitrogen atoms of amines contribute
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predominantly (9 %), the phenyl substituents cbuoting slightly (3 %). Comparin@1 andC2-
C4, we may observe a difference in the electronitribistions of the HOMO in the complexes. In
C1, the HOMO is more localized because the ethyl tdulesits do not contribute significantly. The
HOMO of C2-C4 are more delocalized over substituted aminostymgieties. In contrast, the
HOMO of C5 is mainly localized on Cu (59 %) with significaontributions ofL4 (20 %) and
diMesPhen (15 %). A large contribution of d orlstaf Cu fragment characterizes the HOMO-2 in
C1-C3. The main contributions to the HOMO-2 @11 and C2 are due to the Cu fragment (44 %
and 38 %, respectively) with a large contributioh @PEPhos fragment (32 % and 35 %,
respectively) and a moderate contributiorLdfor L2 (19 % and 23 %, respectively). On the other
hand, HOMO-2 ofC3 is more concentrated on Cu (60 %) tharCihor C2 with a contribution of
diMesPhen (15 %) and3 (21 %). These theoretical analysis clearly indisaat in complexes
C1-C4, the first oxidation process is ligand-based ammrerparticularly it involves the amino

group. Conversely, in complé&b copper center is strongly involved in the electremoval.

To get a better understanding of the absorption gotigs of this series of complexes and to
determine the nature of the electronic transitionplied in the visible absorption band, Time-
Dependent Density Functional Theory (TD-DFT) cahtiains were undertaken. For comparison the
theoretical absorption spectra calculated in sohaat represented in Figure S1. The electronic
density distribution of the frontier orbitals (frolOMO-3 to LUMO+3) is represented in Table S2
(all complexes) and Table 4 (complex@s andC5). The calculated transition energies to the low-
lying excited states d€1-C5 and the dipole-allowed vertical absorption wavgtarA, in nm) with
their oscillator strengthd)(are listed in Table S1 (all complexes) and Tab{€omplexe<1 and
C5). The energy of the frontier orbitals are repoitedrigure 4. A qualitative analysis of the main
contributions to the molecular orbitals, coupledimthe data from the dipole-allowed transitions,
provides useful information about the nature of bh@ds. The HOMO and HOMO-1 orbitals are
mainly localized on the donor groups of the styigand for all the complexes. 161-C4 these
orbitals are nearly degenerate, and mainly locdlime the two styryl branches of the ligands

L3. The HOMO ofC5, on the contrary, additionally contains a stroogtabution of copper, and
lies at lower energy (Figure 4). This is clearlyedfect of the reduced electron donating character
of the n-octyloxy group with respect to aliphatic and ardimamines, and corroborates the above
observations. This translates in the oxidation mideof complexC5, which is essentially a copper
based process and is anodically shifted relativéh&d of complexC3 which is a ligand based
process (Tables 3&4). The HOMO-2 and HOMO-3 havéeint characters depending on the
nature of the bulky ligand. They are essentiallyalhbased orbitals with some contribution of the

styryl ligand for diimine complexe<@, C4 andC5), whereas they are delocalized over the metal
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and phosphines for complexes witfPEphos (C1 and C2), in agreement with literature data®
Besides, the energy spacing between HOMO-1 and HQNEarger for bisphosphine complexes
while it is weaker in bisdiimine complexes. On tb#er hand, the LUMO and LUMO+1 are
localized on the pyridyl moieties of styryl bipym@ for mixed [Cu(P"P)(N~N)]PFcomplexes,
while in bisdiimine complexes the LUMO+1 is fullgdalized onL1 and its energy is close to the
LUMO (fully residing on the styryl bipyridine). Tke differences in the localization of the
molecular orbital translate into the nature of tifasitions occurring in the visible region (TaBi2
and Table 4).

Table 4. Graphical representation of the optimized stmectand frontier molecular orbitals (from
HOMO-3 to LUMO+3) of the copper (I) complex€sl and C5 calculated using CAM-B3LYP

functional considering solvent effect of dichlordhmene with their energies in atomic unit.
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Figure 4. Energy diagram of the frontier orbitals of comple&d-C5. The energy (E) is given in
a.u.. Each KS orbital is labelled by the most digant contributing fragment. The arrows indicate
the electronic transitions responsible for theblesabsorption: ILCTs (intra-ligand charge trangfer

are represented in green and MLCTs (metal-to-ligaratge transfer) in orange. Bpy indicates
the bipyridine plus the double bond of the stymgup.

The TD-DFT (CAM-B3LYP) transition energies (in nrtg the low-lying singlet excited
states of complexeS1-C5 and associated oscillator strengths f calculatedichloromethane are
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reported in Table S1 and Table 5. In tD@Ephos substituted complexes €1 and C2), the
absorption band around 440 nm corresponds to aureiaf pure ILCT transitions, namely a
displacement of electronic density from the donoyug to the bipyridyl subunit of the styryl
bipyridine ligand . The lowest MLCT absorption barare calculated in the near UV with weak
oscillator strengths, and assigned to a mixed MIWGJT state with more than 70% of MLCT
character (see Sl for the detail of transition Wewgths and oscillator strengths). This is the
consequence of the low lying position of the fil@mpper orbital (HOMO-3) that is due to the lower
o-donating strength of the phosphine compared to dimaine ligand. The interest in using
conjugated styryl-bipyridine ligands is evidencedtbe fact that the LUMOs are centred on the
bipyridine core plus the double bond or the erdiggyl moiety. The extended conjugation of the
system, compared to simple bipyridine or alkyl-ligye ligands, contributes to the red-shift of the
absorption bands.

Table 5. TD-DFT (CAM-B3LYP) transition energies (in nm) selected low-lying singlet excited
states of complexegS1 andC5 and associated oscillator strengths f calculatedichloromethane.
The main character of the state is given in pesggn({in parenthesis).

complex| state AE (nm) | f

c1 ILCT ., (94%) 410 1.37
ILCT ., (90%) 397 1.95
MLCT; (72%) / ILCT.; (14%) 305 0.07
ILCT 1y (92%) 310 0.08
ILCT.; (67%) / MLCT,; (22%) 299 0.23
ILCT 1 (83%) 291 0.26
ILCT.; (39%) / MLCT,; (34%) 257 0.11

C5 MLCT weszphen(53%) / MLCT 4 (38%) 447 0.12
MLCT L4 (56%) / MLCTyeszpnen(32%) 421 0.10
MLCT L4 (45%) / MLCTyeszpnen(43%) 395 0.42
ILCT .4 (52%) / MLCT4 (34%) 362 1.48
MLCT weszphen(52%) / MLCT 4 (33%) 359 0.07
MLCT L4 (26%) / ILCTyeszpnen(24%) / LLCT4 (19%) 332 0.45
/ILCT 4 (13%)
ILCT meszrhen(40%) / MLCT\4 (26%) / ILCT., (14%) 330 0.43
LLCT 14 (40%) / MLCTyeszpner(13%) / ILCTueszpnen(11%) /| 5 0.14
MLCT .4 (10%)

18



ILCT veszpher(70%) / MLCTyeszpher(16%) 275 0.10
ILCT veszphen(52%) 271 0.26
ILCT w4 (41%) / LLCT.4 (21%) / MLCT_ (13%) 264 0.24
ILCT veszphen(55%) 251 0.20

In heteroleptic bis-diimine complexeS3, C4 andC5), the absorption band in the visible is
is assigned to distinct transitions correspondmdgit.CTs and ILCT states calculated between
440 nm and 370 nm with significant oscillator strengths. hetgtingly, there are two MLCTs
transitions: the main one involves the M&sen and its oscillator strength is twice morenaee
than the one involving the styryl bipyridine (SHowever, the high energy side of the visible band
is dominated by an intense ILCT transition, whishcertainly mostly responsible for the high
extinction coefficient of the complexes in this i@gi The strongest calculated peak locates around
400 nm for C1-C4 while around 360 nm foC5. Logically, the position of this transition is
proportional to the strength of the electron rdalggasgyroup on the styryl moiety and naturally
decreases in the following order N(E® N(Anysyl)y, = N(Ph), >> OOctyl. In the spectrum @5,
even the low energy bands formally assigned to It@msitions contain the contribution of copper
() to the electron density of the departure otbttaus having a partial MLCT character.

Another distinction of the spectra of the diimirerplexes is the presence of a small absorption tail
above 430 nm, attributed to band | according tonienclature of Ichinaga and co-workéend
which is typical of a flattened complex. The flaitgy is caused by thestacking interactions of
the mesityl groups with the bipyridine and thisses the energy of the.dupon bending okl in

the xz plane.

Conclusions

In this study a series of five new heteroleptipmer(l) complexes were designed with the
aim of improving the visible absorption propert@sthis class of compounds, which are, at the
present time, one of the limitations for their usesolar energy conversion. To reach this goal,
chromophoric styrylbipyridine ligands were introeéddn the coordination sphere. Bulky dimesityl-
phenanthroline an®@PEphos were chosen as complementary ligands. These s#riesmplexes
exhibit indeed very intense absorption bandsx@7M“cm™) in the visible. The analysis of the
position, intensity and band shape, which are matieed with the help of TD-DFT calculations,
indicates a strong contribution of an intra-ligaotarge-transfer transition centered on the
styrylbipyridine ligand along with MLCT transition¥he analysis of the main contributions to the
absorption in the visible region of the spectrumvails that intra-ligand charge transfer transitions
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play a major role. This fact could cause importoisequences on the emission properties, as all
the considerations made until now on the luminesegmoperties of copper(l) complexes are based
on emission from MLCT states. Work in this directisrcurrently underway in our laboratories.
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