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Abstract 

Near-infrared- (NIR-) emitting compounds are an important subclass of luminescent materials 

because of their potential applications in sensors, night-vision displays, telecommunication, 

and solid-state lighting. However such type of compounds are mostly dominated by Ir or Pt 

based metal complexes which mostly emits via phosphorescence and thus have limited kr. 

Thus, it’s cheaper alternative based on CuI donor-acceptor complexes displaying low energy 

emissions via thermally activated delayed fluorescence (TADF) have gained interest over the 

years due to its potential to gain high kr. 

Herein we present comprehensive studies on synthesis, structure, and photophysical behavior 

of a series of luminescent CuI phosphide (-PPh2) complexes supported by various mono- and 

bidentate phosphines displaying TADF behaviour. Depending upon the stoichiometry used 

two heteroleptic dimers and four heteroleptic polynuclear CuI clusters could be isolated from 

the self-assembly reaction of CuI-phosphide and phosphine ligand. X-ray structural analysis 

shows that the phosphide ligand is involved in the bridging -μ2 or μ3 coordination mode. In 

solid-state, these complexes are green-to-red (1-2 & 4-6) and NIR (3) photo-emitters with 

emission maxima varying over the range λmax = 515 to 890 nm. Moderate to high 

photoluminescence quantum yield (Ф = 20-44% ), with a relatively high radiative rate constant 

of up to 0.3106 s-1, and short lifetimes τ = 0.1-34 μs were observed. Compounds 2 and 5 

exhibit pronounced thermochromism and evidence of dual TADF behaviour originating from 

two different types of excited states.  

 

 

 

Another area of interest of photoluminescent transition metal complexes is the visible light 

catalysed organic reactions via energy transfer. The use of visible light instead of ultraviolet 

light generally required for traditional organic photochemistry has numerous benefits which 

includes lower cost and decreased energy demand of visible light sources; ability to conduct 



photoreactions without specialized photoreactors or quartz glassware; and the ability to 

selectively photoexcite the transition metal photocatalyst without inducing undesired radical 

reactions of photochemically sensitive organic functional groups. The excited state energy as 

well as the lifetime of the photocatalyst are among the key factors for effective as well as 

efficient transformations. 

We report a new sterically demanding, electrophilic [2.2]isoindolinophanyl-based carbene 

(iPC) that bears a [2.2]paracyclophane moiety. The iPC ligand is a very potent π-chromophore, 

which participates in low energy IL-“through-space”-CT transitions in [Au(iPC)2]OTf (8) in the 

visible. The steric demand of the iPC leads to a high stability of 8 against air, moisture, or 

solvent attack, and ultralong-lived green phosphorescence with a lifetime of 185 μs is 

observed in solution. The beneficial photophysical and electronic properties of the iPC ligand, 

including a large accessible π surface area, were exploited by employing highly efficient 

energy transfer (EnT) photocatalysis in a [2+2] styrene cycloaddition reaction using 8, which 

outperformed other established photocatalysts in comparison. 

We also describe a series of linear copper(I) carbene carbazolate complexes (9-12) bearing 

the [2.2]isoindolino-phanyl-based carbene (iPC) ligand as a potent excited state π-acceptor. 

The compounds show efficient TADF from ligand-to-ligand charge transfer (1/3LLCT) states 

with quantum yields of up to 0.8 and exceptional kr of 0.8-1.9×106 s-1 that are among the fastest 

for CuI emitters, outcompeting traditional triplet emitters based on IrIII and PtII. While yellow to 

orange emission is observed in single crystals, doping the complexes into polymer matrices 

or grinding shifts the luminescence into the deep red to near-IR. The mechanochromic TADF 

is due to the disruption of C–H···π interactions between the Cz and iPC ligands, which reduces 

the energy gap between the ground state and the 1/3LLCT states.  

 

 

 

 

 

 

 

 



Zusammenfassung 

Im nahen Infrarot (NIR) emittierende Verbindungen sind eine wichtige Unterklasse 

lumineszierender Materialien aufgrund ihrer potenziellen Anwendungen in Sensoren, 

Nachtsichtgeräten, Telekommunikation und Festkörperbeleuchtung. Bei dieser Art von 

Verbindungen dominieren jedoch Metallkomplexe auf Ir- oder Pt-Basis, die hauptsächlich 

durch Phosphoreszenz emittieren und daher hinsichtlich ihrer strahlenden Ratenkonstante kr 

limitiert sind. Die billigere Alternative auf der Basis von CuI-Donor-Akzeptor-Komplexen, die 

durch thermisch aktivierte verzögerte Fluoreszenz (TADF) eine niederenergetische Emission 

aufweisen, hat daher im Laufe der Jahre an Interesse gewonnen, da sie ein hohes kr erreichen 

kann. 

In dieser Arbeit stelle ich umfassende Studien zu Synthese, Struktur und zum 

photophysikalischen Verhalten einer Reihe von lumineszierenden CuI-Phosphid(-PPh2)-

komplexen vor, die zusätzlich von verschiedenen ein- und zweizähnigen Phosphinen 

koordiniert werden und TADF-Verhalten zeigen. Je nach verwendeter Stöchiometrie konnten 

zwei heteroleptische Dimere und vier heteroleptische polynukleare CuI-Cluster aus der 

Selbstassemblierungsreaktion von CuI-Phosphid und Phosphinligand isoliert werden. Die 

Röntgenstrukturanalyse zeigt, dass der Phosphidligand μ2- oder μ3-verbrückend an die 

Kupferatome koordiniert. Im festen Zustand sind diese Komplexe grün-rote (1-2 & 4-6) und 

NIR(3)-Photoemitter mit Emissionsmaxima im Bereich von λmax = 515 bis 890 nm. Es wurden 

mäßige bis hohe Photolumineszenzquantenausbeuten (Ф = 20-44 %) mit einer relativ hohen 

Strahlungsratenkonstante von bis zu 0,3×106 s-1 und kurzen Lebensdauern τ = 0,1-34 μs 

beobachtet. Die Verbindungen 2 und 5 weisen einen ausgeprägten Thermochromismus und 

Anzeichen für ein duales TADF-Verhalten auf, das von zwei verschiedenen Arten angeregter 

Zustände herrührt. 

 

 

 

 

 

 

Ein weiterer Bereich, in dem photolumineszente Übergangsmetallkomplexe von Interesse 

sind, sind durch sichtbares Licht katalysierte organische Reaktionen mittels Energietransfer. 

Die Verwendung von sichtbarem Licht anstelle von ultraviolettem Licht, das in der Regel für 



die herkömmliche organische Photochemie benötigt wird, hat zahlreiche Vorteile. Dazu 

gehören niedrigere Kosten und ein geringerer Energiebedarf für sichtbare Lichtquellen, die 

Möglichkeit, Photoreaktionen ohne spezielle Photoreaktoren oder Quarzglasgeräte 

durchzuführen, und die Fähigkeit, den Übergangsmetall-Photokatalysator selektiv 

photozitieren zu können, ohne unerwünschte radikalische Reaktionen von photochemisch 

empfindlichen organischen Funktionsgruppen auszulösen. Die Energie des angeregten 

Zustands sowie die Lebensdauer des Photokatalysators gehören zu den Schlüsselfaktoren 

für effektive und effiziente Umwandlungen. 

Wir berichten über ein neues sterisch anspruchsvolles, elektrophiles Carben auf 

[2.2]Isoindolinophanyl-Basis (iPC), das eine [2.2]Paracyclophan-Einheit trägt. Der iPC-Ligand 

ist ein sehr potenter π-Chromophor, der an niederenergetischen IL-“Durch-Raum”-CT-

Übergängen in [Au(iPC)2]OTf (8) im sichtbaren Bereich beteiligt ist. Der sterische Bedarf des 

iPC führt zu einer hohen Stabilität von 8 gegenüber Luft, Feuchtigkeit oder 

Lösungsmittelangriffen, und in Lösung wird eine ultralanglebige grüne Phosphoreszenz mit 

einer Lebensdauer von 185 μs beobachtet. Die vorteilhaften photophysikalischen und 

elektronischen Eigenschaften des iPC-Liganden, einschließlich einer großen zugänglichen π-

Oberfläche, wurden durch den Einsatz hocheffizienter Energietransfer-Photokatalyse (EnT) in 

einer [2+2]-Styrol-Cycloaddition-Reaktion unter Verwendung von 8 ausgenutzt, die andere 

etablierte Photokatalysatoren im Vergleich übertraf. 

Wir beschreiben außerdem eine Reihe linearer Kupfer(I)-Carben-Carbazolat-Komplexe (9-

12), die den [2.2]Isoindolino-Phanyl-basierten Carben-Liganden (iPC) als potenten π-

Akzeptor für angeregte Zustände tragen. Die Verbindungen zeigen effiziente TADF aus 

Ligand-zu-Ligand-Ladungstransfer-Zuständen (1/3LLCT) mit Quantenausbeuten von bis zu 0,8 

und außergewöhnlichen kr von 0,8-1,9×106 s-1, die zu den schnellsten für CuI-Emitter gehören 

und herkömmliche Triplett-Emitter auf der Basis von IrIII und PtII übertreffen. Während in 

Einkristallen eine gelbe bis orangefarbene Emission beobachtet wird, verschiebt sich die 

Lumineszenz durch Dotierung der Komplexe in Polymermatrizen oder durch Schleifen in den 

tiefroten bis nahen IR-Bereich. Die mechanochrome TADF ist auf die Unterbrechung der C-

H···π-Wechselwirkungen zwischen den Cz- und iPC-Liganden zurückzuführen, wodurch die 

Energielücke zwischen dem Grundzustand und den 1/3LLCT-Zuständen verringert wird.  
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A                                                                   Acceptor 

AC                                              Avoided crossing  

acac                                                            Acetate 

MeCN                                                 Acetonitrile 

HMDS                               Bis(trimethylsilyl)amine 

br                                                      broad signal  

tBu                                                        tert-Butyl 

CPL               Circularly polarised luminescence 

CC                                              Cluster centered 

c                                                    Concentration 

CAAC                          Cyclic alkyl amino carbene 

CAArC                         Cyclic amino alkyl carbene 

Cz                                                      Carbazolate 

CMA                                  Carbene-metal-amide 

CT                                              Charge transfer 

CI                                        Conical intersection 

Et2O                                               Diethyl ether 

d                                                              Doublet 

D                                                                 Donor 

DAC                                           Diamidocarbene 

DCM                                         Dichloromethane 

DET                                   Dexter-Energy transfer 

DFT                                Density functional theory 

Dipp                                             2,6-Diisopropyl 

EL                                      Electroluminescence 

ESI                   Electronic supporting information 

Et                                                                Ethyl 

FCWD                         Franck-Condon-weighted 

                                  of states 

HOMO          Highest occupied molecular orbital 

HLCT                        Hybrid local charge transfer  

IC                                         Internal Conversion 

ILCT                           Interligand charge transfer 

iPC           [2.2]isoindolinophanyl-based carbene 

(R)ISC               (Reverse) Intersystem Crossing 

kr                                     Radiative rate constant 

LC                                                 Ligand centered 

LLCT               Ligand-to-Ligand charge transfer 

LUMO        Lowest unoccupied molecular orbital 

MAC                         Monoamido-aminocarbene 

MC                                               Metal centered 

mCP            9-(3-Carbazol-9-ylphenyl)carbazole 

Me                                                               Methyl 

Mes                                                          Mesityl 

MLCT                  Metall-to-Ligand charge transfer 

MMLCT Metal-Metal- to-Ligand charge transfer 

NTO                                Natural transition orbital 

n.a.                                                 not available 

n.d.                                              not determined 

NIR                                                   Near Infrared 

NHC                                  N-Heterocyclic carbene 

NMR                      Nuclear magnetic resonance 

OLED             Organometallic light emitting diode 

PES                              Potential energy surface 

Ph                                                           Phenyl 

PL                                          Photoluminescence 

PMMA                             Polymethylmethacrylate 

PS                                                    Polystyrene 

iPr                                                       iso-Propyl 

RT                                            Room temperature 

S                                                                Singlet 

S0                                         Singlet ground state 

Sn                                  nth Singlet excited state 

SSL                                          Solid-state lighting 



sept                                                          Septet 

SOC                                        Spin orbit coupling 

SVC                                  Spin vibronic coupling 

Tm                                 mth Triplet excited state 

TADF                         Thermally activated delayed  

                               fluorescence 

TD                                              Time dependent 

THF                                           Tetrahydrofuran 

Tf2O              Trifluoromethanesulfonic anhydride 

TSCT                 Through-space charge transfer 

UV                                                          Ultraviolet 

Vis                                                     Visible light 

VR                                      Vibrational relaxation 

Zeff                                 Effective nuclear charge 

ZFS                                         Zero-field splitting 
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1. Introduction   

 

Over the past years transition metal complexes have extensive application in the field of dye-

sensitized solar cells, catalysis, photodynamic therapy (PDT), photothermal therapy (PTT), 

photoswitchers, bio-imaging etc.[1] Another area which is emerging is their application in 

emitter materials specially as Thermally activated delayed fluorescence (TADF) emitters and 

near infrared (NIR) emitters.[2] Applications of NIR light includes sensors, food and currency 

security etc. Further area which is of great interest is the application in information 

technology, in which the autofluorescence of and attenuation in, fiber optic cables impair the 

quality of data transport, light in the NIR range is thus a valuable tool. TADF emitters are 

used in OLEDs, where the emission occurs from the singlet state and thus this kind of 

emitter material can theoretically have 100 percent efficiency.[3] Although, many TADF 

emitters based on transition metal complexes have been reported till date, but a few 

examples which emits red light or emits light in the NIR region have been reported till 

now.[4,5] A general problem with the generation of  NIR light with molecular emitters is that, 

compared to the generation of higher energy light, the radiative rate constant kr is smaller, 

compared to the rate constant for non-radiative processes knr which increases according to 

the energy gap law (EGL). An additional area of interest of photoactive compounds is their 

usage in energy transfer (EnT) photocatalysis.[6] Although the main principle behind EnT 

photocatalysis is the long-lived excited state species, excited state energy along with the 

efficiency of the photocatalyst is also of great importance.  

For EnT Photocatalysis, NIR/deep-red emission, systems consisting of metal such as  

Ruthenium, Platinum and  Iridium and ligands as bipyridine (bpy) derivatives, NHC, and 

CAACs, are mostly dominated which is being discussed in the next subchapters. The usage 

of coinage metals which are comparatively cheaper and also do not undergo non-radiative 

processes due to filled d-orbital are less explored. Also at the same time new types of 

ligands apart from bpy derivatives or NHCs are also of immense interest because of their 

interesting potential properties and behaviours. 

The first chapter delve with tetrameric Cu(I) complexes based on strong donor phosphide 

ligand, their variable geometry, coordination, and first overview on the photophysics of such 

complexes. These complexes show moderately efficient TADF behaviour in the green-to-red/ 

NIR region. Second chapter deals with synthesis and photophysical behaviour of dimeric 

and cluster based Cu(I) systems displaying efficient TADF behaviour. These complexes 

consists of strong cuprophilic interactions leading high SOC and thus high kr at room 

temperature. Third chapter unveils synthesis of a new ligand i.e. iPC which is a derivative of 
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the known CAArCs. Its steric and electronic properties along with its photophysical insights 

are explored along with the synthesis of a Au(I) homoleptic complex which is stable in 

ambient conditions, and also outperforms well known photocatalyst in the [2+2] 

Cycloaddition of (E,E’)-dicinnamyl ether. The fourth chapter revisits the new ligand along 

with its various Cu(I) metal-based complexes along with their photophysical insights, 

mechanochromic behavior, and their potential application in OLEDs have been displayed. 

The final chapter summarizes findings, presents a future outlook, and notes challenges.  

It is important to say that the good things contained herein are undoubtedly a product of the 

inspiration imparted by my mentors, collaborators, colleagues and friends, while the errors 

and missteps are all my own. 
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1.1. Jablonski Diagram 

In order to understand and optimize the photophysical properties of an emitter and to 

establish a structure-property relationship, a basic knowledge of photophysics is essential. 

The range of electromagnetic radiation detectable to the human eye extends from approx. 

25000 cm-1 to 13333 cm-1 which, when transferred to molecules, is reflected in the energetic 

difference between different electronic states. Transitions between different electronic states 

are therefore particularly important for the generation of visible light at the molecular level, 

which can be visualized very well in a Jablonski diagram which is a drawing of molecular 

electronic state energy levels, with singlet and triplet states in separate columns. Often 

vibrational sublevels are shown schematically as well. Radiative transitions from one level to 

another are indicated by straight arrows and non-radiative ones by dot/dash arrows. 

 

 

 

 

 

 

 

Figure 1. A simplified form of Jablonski diagram of a system with ground state S0, showing the absorption (Abs), 

fluorescence (F), phosphorescence (P), internal conversion (IC), intersystem crossing (ISC) and vibrational 

relaxation (VR) between different electronic states and their vibration levels. Created based on Montalti et al.[7] 

As a rule, the colour of the emission of a luminophore results from the energy difference 

between its singlet ground state S0 and the lowest excited singlet state S1, or the lowest 

excited triplet state T1. As it can be seen in the Jablonski diagram in Figure 1, a distinction is 

made depending on whether the emission of a photon results from the transition between 

S1→S0 (fluorescence (F)) or from T1→S0 (phosphorescence (P)). The excited states Sn and 

Tm, with n, m ≥ 1, are populated, for example, after absorption (Abs) of a photon of a suitable 

energy or after charge carrier recombination in electrically operated components. According 

to the Kasha rule, the higher excited states Sn+1 subsequently decay rapidly to the lowest 

vibrational level of the lowest excited singlet state S1.[8] This rapid decay takes place through 

internal conversion (IC) and vibrational relaxation (VR), which occur within a very short time 

of 10-11 - 10-9 s and 10-14 - 10-12 s respectively and are therefore the fastest processes. The 

IC from S1 to S0 is forbidden at a large energy distance between the two states and 



 

4 
 

fluorescence becomes competitive (10-9 - 10-6 s). Alternatively, decay from Sn to Tm is also 

possible via intersystem crossing (ISC). Analogous to the decay of excited Sn+1, the higher 

excited states Tm+1 also decay via fast IC and VR, therefore the lowest excited triplet state T1 

is quickly populated. Phosphorescence can also be competitive with non-radiative ISC if 

there is a large energy gap between T1 and S0.[7] ISC is particularly important when excited 

states are generated by charge carrier recombination in electrically driven components, 

because Tm and Sn cannot be converted into each other, and also result is a significant loss 

in efficiency.[3] Two feasible and later discussed emission mechanisms in the upcoming 

subchapters, which utilize all excitons introduced into electrically operated excitons are 

phosphorescence and thermally activated delayed fluorescence (TADF). In both emission 

mechanisms, a red shift can be achieved by lowering the energy difference between the 

singlet ground state S0 and the lowest excited states which can be achieved for molecular 

emitters using strategies such as the expansion of their π-systems, the introduction of push-

pull effects and the substitution with higher homologues.[9]  However, at the same time as the 

red shift, there is a drop in kr, which represents the main problem for NIR emitters. The other 

issue which arise is the non-radiative processes become more frequent, causing knr to 

increase disproportionately. As mentioned above, fluorescence is competitive at large ΔE(S1-

S0), whereas non-radiative IC of S1→S0 dominates at smaller ΔE(S1-S0). A similar behaviour 

is observed for phosphorescence and ISC of T1→S0, where the latter dominates at small 

ΔE(T1-S0) predominates. The respective deactivation processes starting from S1 and T1 

result in a complex interplay between radiative and non-radiative processes. With the 

exclusion of photoreactions, the quantum yield Ф, is calculated using Eq. (1), 

                                                                                                                                         Eq.(1) 

Emitters in an OLED must emit as quickly and efficiently as possible, whereby 𝑘nr should be 

as low as possible. For the ideal limiting case of 𝑘r >> 𝑘nr, This results in an approximate 

quantitative quantum yield of 1. 𝑘r must not only be significantly greater than 𝑘nr, but ideally 

should also have a high value of > 105 s-1 (corresponding to τr < 10 μs).  

 

 

 

 

 

 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
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1.1.1. Charge carrier recombination 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Vectorial representation of the individual spins of electrons in singlet and triplet states with associated 

spin quantum number S and magnetic quantum number ms, created based on Turro et al.[10] The precession of 

the two spin vectors of the individual electrons (blue arrow) around the magnetic z-axis and the total spin vector 

resulting from the combination of these individual spins (red arrow) are shown. 

Charge carrier recombination in electrically operated components is a statistical process and 

generates excitons in a ratio of 25% Sn and 75% Tm.[11] This can be understood from the 

possible arrangement of two electrons after recombination as shown in Figure 2. To simplify, 

a system with only two wave functions 𝜙i and 𝜙j is assumed. The distribution of two 

electrons, as particles with spin ± 1/2, to the two wave functions results in the four 

possibilities as shown, with spin quantum number S = 0; 1 and magnetic quantum number 

ms = 0; ±1. 

If no paths are available for coupling of triplet and singlet states, the energy used to generate 

the 75% Tm would be lost as heat. The conversion of Sn and Tm into each other or T1 into S0 

are therefore relevant processes that must be possible in modern emitter materials. These 

processes, i.e. ISC and phosphorescence, in which the spin multiplicity changes, are 

however prohibited according to the spin selection rule for electronic transitions. However, 

according to higher-order perturbation theory, there are several mechanisms by which these 

become possible such as the direct coupling of spin and orbital orbit angular momentum 
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(spin-orbit coupling, SOC), spin-vibronic coupling (SVC) and conical intersection (CI), which 

occur during geometry changes, can contribute to the multiplicity change.  

 

1.1.2. Spin-orbit coupling and intersystem crossing 

 

From a classical point of view, the processes taking place under spin reversal violate orbital 

angular momentum conservation and are therefore prohibited according to the selection 

rules for electronic transitions. However, by coupling spin and orbital angular momentum - 

resulting in a total orbital angular momentum - such transitions are made possible. When 

considering the Schrödinger equation in higher-order perturbation theory (> 0th order), this 

spin orbit coupling (SOC) can be found in perturbation correction terms, where the 

associated SOC operator 𝐻𝑆𝑂
𝑒𝑓𝑓

  can be described in a one-centre approximation according 

to Eq. (2).[12] 

                                                                                                                                         Eq.(2)                                                                                                    

Here 𝑙𝑛 corresponds to the orbital angular momentum operator and 𝑠̂𝑛 to the spin operator, 

𝑍𝐴
𝑒𝑓𝑓

 is the effective nuclear charge and 𝑟𝐴𝑛 is the distance of the electron n to the nucleus A. 

The natural constants 𝑚𝑒 and 𝑐 can be summarized with 𝑍𝐴
𝑒𝑓𝑓

and, with the averaged cubic 

radial distribution of an electron (𝑟−3), result in the spin orbit coupling constant ζ, which is 

different for each nucleus (Eq. (3)).[12] 

                                                                                                                                         Eq.(3) 

Since the extent of the SOC (𝐸𝑆𝑂) between an initial and a final state, described by the wave 

functions 𝜓𝑖 and 𝜓𝑓 , according to Eq. (4)[10] is dependent on the application of 𝐻𝑆𝑂
𝑒𝑓𝑓

 to a 

wave function, the use of slater atomic orbitals results in a dependency of 𝐸𝑆𝑂 proportional 

to Z4 (Z = atomic number), as the expected value of 𝑟−3  with slater atom orbitals contains 

Z4.[13] 

                                                                                                                                         Eq.(4)                                             

This in turn is responsible for the so-called heavy atom effect, which is why a drastic 

increase in SOC is assumed with increasing nuclear charge number. The extent of the SOC 

is in turn of great importance for the intersystem crossing (ISC), which becomes clear when 

considering the transition rate 𝑘𝐼𝑆𝐶
𝑛𝑚 of a transition from a state Sn to a state Tm according to 

Eq. (5).[14] 

𝐻𝑆𝑂
𝑒𝑓𝑓

 =  
1

2𝑚𝑒2𝑐2
∑∑

𝑍𝐴
𝑒𝑓𝑓

𝑟𝐴𝑛
3 𝑙

𝑛𝐴

𝑛𝑠̂𝑛 

𝜁 =  
𝑍𝐴
𝑒𝑓𝑓

2𝑚𝑒2𝑐2𝑟3
 

𝐸𝑆𝑂 =  ⟨𝛹𝑖|𝐻𝑆𝑂
𝑒𝑓𝑓
|𝛹𝑓⟩ 
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                                                                                                                                         Eq.(5) 

or SOC also defined as a mixture or perturbation of Sn and Tm with one another and is 

triggered by the interaction of spin and orbital angular momentum of an electron. The rate 

constant 𝑘𝐼𝑆𝐶 for the transition from an initial state 𝛹i to a final 𝛹f by means of ISC is 

represented by Fermi's golden rule as Eq. (6)[10] 

                                                                                                                                         Eq.(6) 

In addition to the size in SOC, this rate also depends on the Franck-Condon weighted 

density of states (FCWD), which describes the density of states available for coupling. On 

one hand, a high density of states enables a high 𝑘𝐼𝑆𝐶
𝑛𝑚 due to the increased probability of a 

large coupling between two states and, on the other hand, a summation of many small 

couplings ultimately leads to a large effective coupling and thus to a large transition rate. 

Furthermore, the character of the singlet or triplet states involved is also decisive for 𝑘𝐼𝑆𝐶
𝑛𝑚, 

which was described qualitatively by El-Sayed using the example of nitrogen-containing 

heterocycles.[15] El-Sayed's rule states that the nature of the excited state must change 

during the ISC process, whereby the spin reversal can be compensated by a changed orbital 

occupation and thus the total orbital angular momentum is conserved. This rule is not only 

applicable to nitrogen-containing heterocycles, but can also be applied to a wide variety of 

organic molecules. The El-Sayed rule will therefore be illustrated below using acetone as an 

example molecule. Figure 3 shows a section of the molecular orbital diagram of the CO 

fragment of acetone. 

 

    

 

   

 

                                                                                                                                                                                    

 

 

Figure 3. Section of the molecular orbital diagram of the CO fragment of acetone and the orbital occupation of 

the excited states 1n,π*, 3n,π*, 1π,π* and 3π,π*. 

𝑘𝐼𝑆𝐶
𝑛𝑚 =

2𝜋

ħ
⟨𝑆𝑛|𝐻̂𝑆𝑂|𝑇𝑚⟩

2
⋅ 𝐹𝐶𝑊𝐷 

𝑘𝐼𝑆𝐶(𝑖 → 𝑓) =
2𝜋

ħ
⟨𝛹𝑖|𝐻̂𝑆𝑂|𝛹𝑓⟩

2
∑⟨𝜃𝑖,0|𝜃𝑓,𝑛⟩

2

𝑛
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By exciting an electron from the HOMO (n-orbital) into the LUMO (π*-orbital), a singlet 

(1n,π*) or triplet (3n,π*) state can be formed. Similarly, a singlet (1π,π*) or triplet (3π,π*) state 

can be formed by exciting an electron from the HOMO-1 (π-orbital) into the LUMO (π*-

orbital). The resulting occupation of the orbitals is also shown in Figure 3. 

This shows why the transition 1(nπ*) → 3(ππ*) is more permissible and therefore faster than 

the transition 1(nπ*) → 3(nπ*) in the case of acetone, as the spin reversal in the latter cannot 

be compensated by orbital changes, which is illustrated in Figure 4. The same reasoning 

applies to the 1(ππ*) → 3(nπ*) transition allowed by El-Sayed and the 1(ππ*) → 3(ππ*) 

transition forbidden by El-Sayed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Illustration of El-Sayed's rule to explain possible ISC transitions in purely organic molecules using the 

example of acetone. 

 

For NIR emitters, the last term of Eq. (6), the FCWD, is particularly important, as the so-

called energy gap law (EGL) for nested potential curves, also known as the Siebrand rule, is 

derived from it.[15,16,17] 
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Figure 5. Simplified Jablonski diagram to illustrate the state densities of the states 𝛹i and 𝛹f involved in a non-

radiation transition, such as intersystem crossing (ISC) or internal conversion (IC). 

 

Even if, as can be seen in Figure 5, the density of states decreases for a non-radiative 

transition between the two states 𝛹i and 𝛹f as the energy gap ΔE(𝛹i - 𝛹f) decreases, the 

overlap integral of the vibratory wave functions increases, and thus the FCWD, which also 

increases the 𝑘𝐼𝑆𝐶. On one hand, this means that the Sn and Tm can be converted into each 

other, but it also reveals a problem when moving to lower-energy emitters. The 𝑘𝐼𝑆𝐶 (T1→S0) 

can be regarded as the main component for the 𝑘𝑛𝑟 in triplet emitters if photoreactions and 

other quenching processes are excluded. The EGL also applies in parallel to fluorophores. 

Here, 𝑘𝐼𝐶 (S1→S0) can be regarded as the main component for the 𝑘𝑛𝑟 and the Hamiltonian 

𝐻̂IC, which couples the nuclear and electron motion as a perturbation operator, is used for 

calculation via Eq. (6).[18] 

In the literature, the increase in non-radiative decay when moving to lower-energy emitters is 

often reduced due to the EGL. In fact, however, it only applies strictly in the case of weak 

coupling. In the case of weak coupling, or nested potential wells are present in rigid 

molecules whose excited states undergo only little structural distortion compared to the 

electronic ground state, i.e. have a small reorganization energy λR. The effect of λR on the 

potential wells or the FCWD is shown in Fig. 6 or Eq. (7), with Boltzmann constants kB and 

temperature T.[12,16] 

                                                                                                                                         Eq.(7) 

 

 

 

 

FCWD =  
1

√4𝜋𝜆𝑅𝑘𝐵𝑇
𝑒𝑥𝑝 [−

(𝛥𝐸 + 𝜆)2

4𝜆𝑅𝑘𝐵𝑇
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Figure 6. Schematic representation of weak (left) and strong (right) coupling limits, based on Penfold et al.[12] 

 

In the case of weak coupling, the FCWD follows an exponential dependence on the 

energetic distance between the potentials. In the case of strong coupling, i.e. with excited 

emitter molecules, which undergo large structural changes in their molecular structure 

compared to the ground state, the potential well of their excited states is strongly shifted 

along the nuclear coordinate Q. This occurs, for example, in charge transfer (CT) transitions. 

In such a case, a crossing of the potential energy surface (PES) can occur. The 𝑘𝐼𝑆𝐶 then 

has a Gaussian dependence on (ΔE + λ), which leads to cases in which 𝑘𝐼𝑆𝐶 decreases with 

smaller ΔE, i.e. during the transition to low-energy emission.[19]  

In addition to direct SOC, there are other mechanisms that should not be neglected, which 

couple Sn and Tm states with each other, but also decreases ΔE between low excited states 

and S0 for increasing non-radiative decay. Both SVC and CI require molecular vibrations, i.e. 

the occupation of higher vibrational levels, which is possible at room temperature (RT). 

SVCs are simple and easy to describe for the molecular vibrations of ketones and simple 

aromatics.[20] For larger systems, the investigation becomes complicated due to the large 

number of possible molecular vibrations, which is why we will again limit ourselves to 

acetone as an example. Figure. 7 can be used to explain how in acetone, despite the 

absence of a heavy atom, an El-Sayed forbidden transition between the S1 with 1π,π* 

character and the T1 with 3π,π* character is possible. 
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Figure 7. Illustration of the effect of different molecular vibrations on the ISC between electronic states using the 

example of the acetone molecule. Shown are the stretching vibration, which forms a conical intersection (CI) 

between 1π,π*- and 3π,π*- state is formed, as well as the bending vibration, through which the 3n,π* can mix in 

and an avoided crossing (AC) is formed. Created on the basis of Turro et al. and Klessinger et al.[10,21] 

The potentials associated with the states are shown along two specific molecular vibrations, 

i.e. structural distortion of the molecular geometry of the acetone molecule. The transition 

1π,π*→3π,π* in acetone is possible via the bending vibration (Figure. 7, right), as this gives 

the π-orbital on the carbon atom of the π-bond a spn hybrid character. This character makes 

it possible to mix in an energetically higher n,π*-state and the transition becomes more El-

Sayed-allowed. This is referred to as the formation of an avoided crossing (AC). The mixing 

coefficient πm between two states is given by Eq. (8): 

                                                                                                                                         Eq.(8) 

It is noticeable that the first-order mixing of two states 𝛹i and 𝛹f increases with smaller 

ΔE[(𝛹i)-(𝛹f)] between the states.[22] Energetically close, higher-order states of suitable 

symmetry therefore help with ISC by mixing. This fact helps in the design of emitter 

materials. Compounds or substituents can be deliberately selected in order to introduce 

states or change their energetic position. These then help with triplet harvesting in order to 

convert the 25% singlet excitons generated into triplets, which can then be used via 

phosphorescence. Conversely, the matching states also help to enable reverse-ISC (RISC), 

where the emitter molecules are transferred from their excited T1 to the energetically close 

S1, which enables singlet harvesting or TADF. 

𝜆𝑚 = |
⟨𝑛, 𝜋∗|𝐻|𝜋, 𝜋∗⟩2

𝐸(𝜋, 𝜋∗) − 𝐸(𝑛, 𝜋∗)
| 
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However, it is also conceivable here that higher-energy states mediate non-radiative 

processes to the ground state, which can mean a further increase in 𝑘𝑛𝑟 for NIR emitters. By 

lowering the energy of S1 or T1 using established strategies, the higher Sn+1 or Tm+1 states 

are also lowered. As a result, λm is increased and the radiating states are transferred to the 

S0 in a non-radiating manner via an AC. 

In contrast to the bending oscillation, no rehybridization takes place in the stretching 

oscillation (Figure. 7, left); the two potentials cross and form a CI. When passing through a 

CI, there is a probability that energetically higher states "funnel" non-radiatively into lower 

ones. A semi-classical description of such intersections is possible using the Landau-Zener 

model. The probability p12 of remaining in the original state during a passage through a 

crossing point, i.e. a molecular geometry and energy in which two states are 

indistinguishable, is given by equation (9).[23] 

                                                                                                                                         Eq.(9) 

Included are the electronic coupling term V12 at the crossing point, the Planck constant ħ, the 

core velocity  (not frequency ) with which the crossing point is approximated, and |s1 - s2| 

is the difference between the slopes of the two PES. The more different the gradient, the 

more likely the system remains in its original state. The electronic coupling term V12 is very 

small for transitions between states of different multiplicities. CI are therefore more relevant 

for IC, but are also relevant for ISC. At crossings, the Franck-Condon factors become large, 

since amplitudes of the vibrational wave functions of energetically higher excited vibrational 

levels are large at the edges. Vibrational levels of states that are energetically close to the 

intersection will therefore have a non-negligible contribution. This aspect also means that for 

organic molecules, which exhibit little operational SOC, ISC via CI is an effective way to non-

radiatively transfer triplets generated in electrically driven devices, for example, to the S0 

state.[24]  

Although the probability of undergoing a state change via CI is not directly dependent on the 

energy gap ΔE[(𝛹i)-(𝛹f)], the occurrence of these crossings still potentially leads to an 

increase in the non-radiative rate constant 𝑘𝑛𝑟. For energetically close PESs, such as those 

present in NIR emitters, CIs are undergone more frequently and non-radiative decay 

becomes more likely, even in flexible systems that circumvent the Siebrand rule.[25] 

In summary, non-radiative decay is favoured when radiative states are lowered, which is a 

fundamental contradiction to the existence of efficient NIR emitters. It may be worthwhile to 

identify the mechanisms that transfer the excited states non-radiatively to the S0 state in 

individual cases and to reduce them specifically by varying the molecular design. However, 

𝑝12 = (
−4𝜋2𝑉12

2

ħ𝜐|𝑠1 − 𝑠2|
) 
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this is sometimes very complicated and presents synthetic challenges. A high radiative rate 

constant 𝑘𝑟 is generally useful for emitter molecules, but given the increase in non-radiative 

processes when going to NIR emitters, maximizing 𝑘𝑟 becomes even more important to 

compensate for the increasing non-radiative rate constant 𝑘𝑛𝑟. 

After considering which processes contribute to the efficient population of radiative states 

and which challenges arise for the design of efficient NIR emitters, radiative processes and 

their dependence on the emission energy are now considered. 

 

1.1.3. Phosphorescence 

 

Like ISC, phosphorescence is a spin-forbidden process between states of different spin 

multiplicity. However, SOC ensures that the pure multiplicities are cancelled by mixing in 

further energetically higher states of different multiplicities. As shown in Figure. 8, singlet 

states are added to T1 and excited triplet states are added to S0. 

 

 

 

 

 

 

Figure 8. Simplified Jablonski diagram to illustrate the addition of excited Sn or Tm+1 states to the T1 or S0 states. 

The radiative rate constant of phosphorescence 𝑘P is given by Eq. (10), which is divided into 

three terms.[26] 

                                                                                                                                       Eq.(10) 

Term 1 (red) indicates the relationship between 𝑘P and the smaller energy gap ΔE(T1-S0). 

This term decreases exponentially with decreasing energy. This reveals a further challenge 

in addition to the suppression of non-radiative processes: in order for 𝑘P to remain 

competitive with the non-radiative rate constant 𝑘nr, the contributions of the other terms 2 

(blue) and 3 (green) must be large. The second term (blue) indicates the mentioned 

admixture of excited singlet states Sn to T1 and the third (green) the proportion of admixture 

of excited triplet states Tm to S0. Both terms contain the mixing coefficient λm of the 

interfering states, which corresponds to the break, as well as the transition dipole moment 𝑀⃑⃑  

𝑘P =
4𝑒2

3𝑐2ħ4
(ΔE(𝑇𝑚 − 𝑆0))

3
. |∑

⟨𝑆𝑛|𝐻̂𝑆𝑂|𝑇1⟩

ΔE(𝑆𝑛 − 𝑇1)
⟨𝑆0| ∑ 𝑀⃑⃑ 𝑛 |𝑆𝑛⟩ + ∑

⟨𝑆0|𝐻̂𝑆𝑂|𝑇𝑚⟩

ΔE(𝑇𝑚 − 𝑆0)
⟨𝑇𝑚| ∑ 𝑀⃑⃑ 𝑚 |𝑇1⟩

∞

𝑚=1

∞

𝑛=0

|

2
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of the transitions of the respective interfering states Sn or Tm to the interfered S0 or T1. The 

mixing coefficient λm is dependent on the integral of the direct SOC ⟨𝛹𝑖|𝐻̂𝑆𝑂|𝛹𝑓⟩ and the 

energy difference ΔE(Sn-T1) or ΔE(Tm-S0). The greater the direct SOC and the smaller the 

energy difference, the greater the admixture of the respective states. 

By mixing, the "pure" multiplicities of the S0 and T1 states are cancelled and large transition 

dipole moments 𝑀⃑⃑  of selected transitions between excited states Sn→S0 or Tm→T1 can be 

used. Intensity is "borrowed" from the allowed Sn→S0 or Tm→T1 transitions to the T1→S0 

transition. The Sn or Tm states that are particularly relevant here are those that have a 

matching orbital constitution to the S0 or T1. In contrast to the transition between states of 

different multiplicity, however, orbital overlap is important here, as no change in spin is 

necessary and the orbital angular momentum must therefore also be maintained. The 

admixture of higher states allows in part a high oscillator strength ƒ for the T1→S0 transition 

and can compensate the exponential drop in 𝑘P during the transition to low-energy emission 

in term 1 (red). 

As mentioned, the mixing coefficient λm increases with a larger operational SOC, which in 

turn occurs for the radiative transition T1→S0 analogous to the factors discussed for ISC. Of 

particular interest is the dependence of the Hamiltonian 𝐻̂𝑆𝑂 on the spin-orbit coupling 

constants 𝜉c of the atoms involved. The large SOC constants of heavy atoms are particularly 

effective when their orbitals are involved in the transition. This is the case, for example, 

when excited states have MLCT character and heavy metals such as IrIII, PtII, AuI or OsII are 

involved. 

The use of complexes of these heavy transition metals for triplet emission offers a further 

advantage resulting from the availability of their d orbitals. The large number of energetically 

close d-orbitals results in a large number of possible states, all of which are potentially 

suitable for perturbing the low-energy states. The enormous density of states can be 

illustrated using the example of an octahedral IrIII complex. Involving only the 5d-metal 

orbitals and the boundary orbitals of the ligands already results in 18 Sn- and 54 Tm- states, 

which are energetically close to each other. These metal-to-ligand charge transfer (MLCT), 

ligand-to-ligand charge transfer (LLCT) or interligand charge transfer (ILCT) states can, with 

the right design, even achieve large mixing coefficients λm of up to 0.1 and thus benefit from 

the high rate constant of spin-allowed fluorescence 𝑘F. Even without a single contribution of 

this size, the summation over smaller contributions leads to the effective elimination of the 

"pure" multiplicity of T1 or S0 simply due to the large number of states.[13] Here, too, the 

states with 3MLCT (d,π*) character are more relevant, as these can mix particularly 
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efficiently with other 1,3MLCT states.[27] The result is that transition metal-based triplet 

emitters certainly realise phosphorescence rate constants 𝑘P > 105 s-1. Systems are also 

known in the red and NIR range in which 𝑘P is competitive with the non-radiative rate 

constant 𝑘nr, i.e. both rates are of the same order of magnitude.[28] Many NIR emitters used 

today are therefore based on complexes of these metals. In comparison, typical organic 

triplet emitters offer 𝑘P ≈ 10-1-102 s-1.[13] 

However, the fact that the use of iridium, platinum and other rare transition metals as 

luminescence sources is not sustainable speaks against the use of these elements.[29] 

Furthermore, the 𝑘P of heavy metal emitters cannot be increased indefinitely with increasing 

SOC. The limitation to 𝑘P ≈ 106 s-1 is empirically attributed to the zero-field splitting (ZFS) of 

the triplet levels of the T1 state. The three triplet sublevels in Figure. 2 are actually 

degenerate, but split due to the ZFS, which also increases with SOC. A Boltzmann 

distribution is formed over the triplet sublevels, where the energetically highest state, which 

is the least frequently occupied at high ZFS, is the state with the largest 𝑘P. The reduced 

"fast" contribution leads to a stagnation of the total 𝑘P of the system. This behavior of the 

triplet sublevels was found for octahedral IrIII complexes and is observed for all octahedral 

transition metals and also for square planar complexes, e.g. of PtII.[27] An alternative 

emission mechanism, where the use of rare elements is not necessary and with which the 

radiative rate constant 𝑘r can be increased compared to phosphorescence, is TADF. 

 

1.1.4. TADF 

 

TADF is increasingly establishing itself as a relevant emission mechanism since Adachi,[30] 

Yersin[27] and others have proposed it as a possible radiative mechanism in optoelectronic 

devices. Since the radiative process is fluorescence and therefore not formally a forbidden 

transition, no rare or expensive heavy elements, such as iridium or platinum, are required.  

At room temperature (RT), energetically higher vibration levels (of T1) are thermally occupied 

according to a Boltzmann distribution. As can be seen in the Jablonski diagram in Figure. 9, 

a reverse-ISC (RISC) can occur from these levels. The population of S1 can then be followed 

by fast, as spin-permitted, delayed fluorescence. 
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Figure 9. Section of a Jablonski diagram illustrating the TADF process in which delayed fluorescence (F) instead 

of phosphorescence (P) occurs after reverse intersystem crossing (RISC) T1→S1. Created on the basis of Yersin 

et al.[31] 

In addition to the factors described for the ISC process, a small ΔE(S1-T1) is particularly 

relevant for occupying the S1 state. Values ΔE(S1-T1) < 3000 cm-1 (= 0.37 eV) are usually 

specified for an efficient RISC process. The relevance of the small energy gap can be 

recognized by considering the radiative rate constant for TADF i.e., 𝑘TADF in Eq. (11).[32] 

 

                                                                                                                                        Eq.(11) 

 

                                                                                                                                       Eq.(12) 

 

For example, at RT and small ΔE(S1-T1) < 750 cm-1 the exponential term of Eq. (11), which 

evaluates the fluorescence rate constant 𝑘F, would certainly assume values >0.1. If one 

assumes that 𝑘F >> 𝑘P, whereby the former can certainly be greater by a factor of 106 in 

organic molecules, one recognizes how the 𝑘TADF can also be increased by a factor of >104 

by small exponential terms <0.1. 

Eq. (11) also shows the exponential dependence of 𝑘F on the emission energy. Analogous to 

phosphorescent emitters, vide supra, it follows that emitters in the low-energy, such as the 

NIR range, can only have a high radiative rate constant if the other factors in Eq. 11 and 12, 

such as the transition dipole moment 𝑀⃑⃑  of the S1→S0 transition is large or the energy gap 

ΔE(S1-T1) is small.[33] The latter can be realized, for example, by increasing spatial 

separation of the donor and acceptor orbitals in D-A systems, or by increasing torsion angles 

γ between the ligand planes or boundary orbitals. Theoretically, ΔE(S1-T1) can thus be 

reduced as desired and the RISC process is improved. However, the transition dipole 

moment ⟨𝑆1|𝑀̂|𝑆0⟩ also depends on the spatial overlap. Increasing spatial separation leads 

𝑘TADF =
𝑘P + 𝑘F. exp [−

ΔE(S1 − T1)
𝑘B𝑇

]

3 + exp [−
ΔE(S1 − T1)

𝑘B𝑇
]

 

𝑘𝑟(𝑆1) =
64𝜋43

3ħ𝑐3
⟨𝑆1|𝑀̂|𝑆0⟩

2
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to a decrease in the oscillator strength of the S1→S0 transition. The result would be that the 

fluorescence becomes less likely or 𝑘F becomes smaller. The design of efficient TADF 

emitters thus requires a careful approach in order to find a balance between increasing 𝑘RISC 

and decreasing 𝑘F with decreasing ΔE(S1-T1).[31] 

A further challenge in the design of efficient TADF emitters arises from the fact that these are 

mostly D-A systems whose lowest excited states have 1CT or 3CT character and the 

transition between these states is El-Sayed forbidden. From this fact arises the importance 

of further excited CT, π,π* and n,π* states that mix into the low CT states and thus facilitate 

RISC.[34] Here, too, the incorporation of transition metals to increase the available amount of 

low-energy states appears to make sense. In fact, 𝑘TADF > 106 s-1 has already been 

achieved with transition metal-based TADF emitters. In comparison, purely organic TADF 

emitters are almost always limited to 𝑘r < 2∙105 s-1.[3] In addition to the increase in density of 

states, other factors are plausible for the increase in 𝑘TADF compared to organic molecules. 

On the one hand, 𝑘P in Eq. (11) is increased by the effective elimination of pure spin 

multiplicity, whereby the participation of the metal orbitals also contributes. On the other 

hand, 𝑘RISC and thus the population of S1 is improved. 

Due to the fact that both 𝑘F and 𝑘P become smaller during the transition to bathochromic 

emission, but at the same time 𝑘nr increases disproportionately, thus a system must be 

found whose intrinsic 𝑘r is competitive with 𝑘nr. As has been shown, a high 𝑘r also results 

from the increasing transition dipole moment 𝑀⃑⃑  .  

 

1.2. Photocatalysis 

 

Starting from an excited state, a large number of radiative and non-radiative transitions are 

possible, as described in the previous subchapters. Transitions to other molecules, such as 

a substrate, have not yet been considered. In the following, we will discuss how transfer 

reactions work and how they can be used in the context of photocatalysis. 
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Figure 10. Schematic representation of a thermally catalysed reaction (black line) and a non-catalyzed reaction 

(orange line). Starting from the reactant R and the catalyst C, the activation energy barrier E'a is lowered via an 

R---C transition state and the product P is obtained. The catalyst C emerges unchanged during the reaction. [35] 

In principle, there are various ways to influence chemical reactions, for example using a 

catalyst, which was defined by OSTWALD: "A catalyst is a substance that increases the rate 

of a chemical reaction without itself being consumed and without changing the final position 

of the thermodynamic equilibrium of this reaction."[36] In catalysis, a catalyst therefore only 

changes the reaction kinetics, but not the thermodynamic position of the reactants R and 

products P.[35,37] The reduction of the activation energy Ea by a catalyst C can be achieved, 

for example, by introducing an alternative reaction pathway or by distributing the reaction 

over several sub-steps (Figure 10). This increases the reaction rate, whereby in equilibrium 

reactions the forward and reverse reactions are changed in the same way. However, 

equilibrium is reached more quickly in this case. It is also crucial for a catalyst that it remains 

unchanged after the reaction and is not consumed. During the catalysis of transition metal 

complexes, whether homogeneous or heterogeneous, the reactants are coordinated to the 

metal centre, bringing them into close proximity to each other. By forming a metal-substrate 

bond, the reaction can be promoted by activating the substrate, facilitating a nucleophilic 

attack on the substrate or, if the catalyst is chiral, exerting an asymmetric induction on the 

substrate and thus enabling enantioselective syntheses.[38,39] 

 

 

 

 

 

Figure 11. Schematic representation of a thermally catalysed reaction (black line) and a photo-chemical reaction 

(orange line). By absorbing a photon, the photocatalyst (PC) is transferred to a higher-energy state. This 

transfers the energy to the reactant (R). Excess energy can be released from the excited state of the product (P*) 

in a non-radiative or radiative manner. The photocatalyst (PC) emerges from the reaction unchanged.[35] 
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As an alternative to thermal catalysis is a reaction which can be catalysed by light. The 

advantage of photocatalysis is that light is available in unlimited quantities and is therefore a 

cheap resource, also with regard to green chemistry.[40] Photoexcited metal catalysis is 

particularly promising, as it opens up an alternative reaction pathway compared to thermal 

catalysis (Figure 11). However, predicting the reactivity of the excited molecules is 

problematic, which hinders the development of these systems. As a result, the majority of 

systems known in the literature involve ligand dissociation by light, which generates the 

catalytically active species. Reactions in which the activation of a catalyst is light-induced 

and occurs without intermolecular electron transfer are hardly known. In recent literature, the 

distinction between photocatalytic reactions and catalytic photoreactions (via photocatalyst) 

and photosensitized catalysis (via photosensitizer) has been established.[35] The latter can 

be further subdivided into photo-induced and photo-assisted catalytic reactions. In a 

photocatalyst (PC), absorption and chemical transformation take place in one unit, whereas 

in a photosensitizer (PS), also known as a light harvester, they are spatially separated. By 

absorbing light, the energy obtained from the photosensitizer can also be transferred to a 

metal catalyst or directly to a substrate. In the latter case, the conversion to the product is 

carried out by the substrate in the excited state without further interaction with a catalyst.[38,41] 

In principle, various processes can take place during a photocatalytic reaction. On the one 

hand, an energy transfer (EnT) or a single electron transfer (SET) can take place, which are 

explained in more detail below (Figure 12). In the latter case, re-oxidation and reduction is 

possible by means of a non-excited reaction partner or the addition of another reaction 

component. The energy transfer is a photophysical process from an excited donor D* to an 

acceptor molecule A, which is thermodynamically only possible if the energy D* is equal to or 

higher than that of the acceptor A*. Since the donor molecule undergoes no chemical 

change, it is referred to as a photosensitizer.[10] 

 

 

 

 

 

 

 

Figure 12. Graphical representation of relevant energy and charge transfer mechanisms. 
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In general, there are four possible energy transfer options: 

1. Radiative energy transfer (trivial energy transfer): In the case of radiative energy transfer, 

D* emits a photon which is directly absorbed by the acceptor A. As a prerequisite for this 

transfer, the absorption spectrum of A must overlap with the emission spectrum of D, 

whereby the distance does not matter. An example of this is the absorption of sunlight by 

chlorophyll during photosynthesis. 

2. Förster (resonance) energy transfer (FRET): This energy transfer is also commonly 

referred to as the coulomb, dipole-dipole or resonance mechanism. This is a non-radiative 

process, in which the lifetime of D*, in contrast to trivial energy transfer, depends on the 

concentration of the acceptor. The lifetime of D* decreases with increasing concentration. In 

FRET, the dipole moment of D* induces a dipole in A, creating a coulomb interaction. If there 

is a spectral overlap, i.e. an overlap of the wave functions of 𝛹*𝐴 and 𝛹*𝐵, an energy transfer 

occurs. Here, the FRET rate is proportional to the integral of the spectral overlap, but 

inversely proportional to the sixth power of the donor-acceptor distance. This is a pure 

singlet-singlet transfer. 

                                                                                                                                       Eq.(13) 

𝑘𝐹𝑅𝐸𝑇 indicates the transfer rate, 𝑘𝑟,𝐷 the radiation emission rate of the donor, 𝜏𝐷 the 

fluorescence lifetime, 𝑟 the distance between donor and acceptor and 𝑅0 the Förster radius, 

i.e. the distance between the two centers where the efficiency of energy transfer via FRET is 

50%. FRET is usually performed at distances of 100 Å to 5 Å. 

3. Dexter energy transfer or electron exchange: For Dexter energy transfer, a sufficient 

overlap of the orbitals of D and A is required. Typical distances are less than or equal to 10 

Å. This is a synchronous double exchange of electrons, where the total spin of the donor-

acceptor pair is maintained. Both triplet-triplet transfer and singlet-singlet transfer are 

possible, although the latter are rather rare.  

                                                                                                                                       Eq.(14) 

Here 𝑘𝑑𝑒𝑥𝑡𝑒𝑟𝐸𝑇  indicates the transfer rate, 𝑟 the distance between donor and acceptor, 𝐽 the 

integral of the overlapping spectra of donor and acceptor and 𝐿 the penetration depth. The 

transfer rate decreases exponentially with increasing distance between donor and acceptor. 

4. Energy hopping or energy migration: Energy is transferred in crystalline solids via 

excitons. An exciton is a bound electron-hole pair. A distinction is made between FRENKEL 

excitons, where the binding energy is high, and WANNIER excitons, where the binding 

energy is low. This process plays no role in catalysis.[35,42] 
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In addition to energy transfer reactions, there is also the possibility of electron transfer to a 

substrate. In the case of electron transfer, the sensitiser is oxidised or reduced, making 

further additions to the reaction necessary in order to enable its degradation. If the excited 

molecule RH* has a more negative reduction potential than the substrate, it donates an 

electron to the acceptor. If it is more positive, it accepts an electron as a donor. The redox 

potentials can be estimated as follows: 

                                                                                                                                       Eq.(15) 

                                                                                                                                       Eq.(16) 

𝐸0−0′ describes the energy of the transition between the lowest vibrational levels of the 

electronic ground state (S0) and the lowest excited state (S1). From this equation it follows 

that the excited state is both a better oxidizing agent and reducing agent than the ground 

state. Due to the short average lifetime of excited singlet states, SET is mostly performed by 

molecules in a triplet state, which can be easily generated by effective ISC through transition 

metals,[10,35] for example. 

The process of photosensitization occurs in the excited state and can usually take place by 

energy transfer. Rarely, proton transfer can occur, which is not described in detail here. 

Usually, the photosensitizer (PS) absorbs light with a higher wavelength than the substrate 

A. In order to prevent absorption of the substrate, the absorption spectra must differ 

significantly. Rapid conversion to product B takes place with efficient triplet energy transfer if 

efficient ISC is present and the energy of the excited sensitizer is equal to or higher than that 

of the substrate or acceptor. The use of a photosensitizer is necessary because, as already 

mentioned, the population of the triplet state by ISC is usually inefficient. In summary, the 

reaction mechanism is carried out according to the following scheme, whereby the PS is first 

converted into an excited state by light. Subsequently, energy is transferred to the acceptor A 

in a triplet-triplet transfer, whereby the sensitizer is transferred back to the ground state. 

Finally, the excited acceptor reacts to form product B. 

                                                                                                                                       Eq.(17) 

                                                                                                                                       Eq.(18) 

                                                                                                                                       Eq.(19) 

The energy requirements for DEXTER energy transfer are shown in Figure 13. Favourable 

conditions are therefore present if the sensitizer has a small and the acceptor a large singlet-

triplet splitting. Since the substrates are usually purely organic molecules, they have 

intrinsically large energy gaps.[35] 

∗
𝐸𝑟𝑒𝑑
0 =  𝐸𝑟𝑒𝑑

0 − 𝐸0−0′ 
∗
𝐸𝑜𝑥
0 =  𝐸𝑜𝑥

0 − 𝐸0−0′ 

 

𝑃𝑆
ħ
→1𝑃𝑆∗ → 3𝑃𝑆∗ 

3𝑃𝑆∗ + 𝐴 → 𝑃𝑆 +  3𝐴∗ 

3𝐴∗ → 𝐵 
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Figure 13: Electronic state diagram for the sensitization of a DEXTER energy transfer.[35] 

If sensitization takes place via a reductive energy transfer, a reduction potential is required 

for the photosensitizer PS in the excited state, which is more negative or at least equal to the 

acceptor potential (Figure 14). Consequently, a positive potential is required for oxidative 

sensitization. The mechanism of a reductive one-electron transfer is described below. First, 

PS is converted into an excited state by light absorption. By transferring electrons to 

acceptor A, A is reduced and PS is oxidized. For the recovery of PS, a donor (D) is added, 

which reduces PS and oxidizes itself in the process, as shown below.[35] 

                                                                                                                                       Eq.(20) 

                                                                                                                                       Eq.(21) 

                                                                                                                                       Eq.(22) 

                                                                                                                                       Eq.(23) 

 

 

 

 

 

 

 

 

Figure 14: Illustration of the electrochemical potentials for reductive (left) and oxidative (right) electron transfer 

sensitization.[35] 

𝑃𝑆
ħ
→𝑃𝑆∗ 

𝑃𝑆∗ + 𝐴 → 𝑃𝑆+ +  𝐴− 

𝑃𝑆+ + 𝐷 → 𝑃𝑆 + 𝐷+ 

Overall: 𝐷 + 𝐴
ħ,   𝑆
→   𝐷+ +  𝐴− 
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In addition to organic molecules with a conjugated 𝜋-system, metal transition complexes can 

also be used as photosensitizers, which cover a wide range of triplet energies. Some 

examples can be found in Figure 15.[43,44] 

 

 

 

 

 

 

 

 

Figure 15. Overview of some photosensitizers known in the literature, sorted by triplet energies. Graphic created 

based on STRIETH-KALTHOFF et al.[43] 

[Ru(bpy)3]2+ is considered one of the best-researched photosensitizers in the literature.[41,45] 

Due to its chemical and photophysical properties, the cationic transition metal complex has 

been intensively studied as a photocatalyst and shows an absorption band in the visible 

range (450 nm in ethanol, 𝜀 ≈ 18,000 M-1cm-1).[46] After an MLCT (𝑡2𝑔→𝜋*), this photocatalyst 

undergoes rapid ISC with high quantum yield due to SOC, resulting in the formation of long-

lived (𝜏 = 1100 ns) excited states in acetonitrile with high efficiency.[47] The reduction potential 

of the half reaction [Ru(bpy)3]3+ + e- → Ru(bpy)3]2+* with E1/2
M+/M* = -0.81 V is significantly 

lower than that of the ground state [Ru(bpy)3]2+ with E1/2
M+/M = 1.29 V and shows that the 

excited electron in the system leads to a significantly higher electron donor capability. At the 

same time, the reduction potential of the excited state with E1/2
M*/M- = 0.77 V shows that it is a 

stronger oxidizing agent than in the ground state (E1/2
M*/M = -1.33 V). [35,48] 

As photosensitizers or photocatalysts, monometallic complexes are limited to reactions 

based on charge or electron transfer. In addition, modifications of the ligands lead to 

changes in both catalytic and photophysical properties. Since none of the properties can be 

kept constant, optimizing the catalyst is difficult.[47] If a photocatalyst has to catalyze via 

organometallic means, ligands must inevitably dissociate or associate, which changes the 

geometry. All these factors lead to an altered ligand field, which is of immense importance in 

photophysics and further restricts perfect "tuning". 
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1.3. Phosphorescence starting from 4d and 5d transition metal complexes 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Overview of some 4d and 5 d transition metal complexes with long-lived triplet state and high triplet 

energy known in the literature.[49–54] 

 

Table 1. Selected photophysical data of complexes 1a-4b at RT. 

 Solvent em (nm) τ (s) Ф kr (102 s-1) 

1a Toluene 545 162 0.12 7.40 

1a 2-MeTHF 544 372 0.33 8.87 

1b Toluene 542 89 0.01 1.12 

1b 2-MeTHF 577 81 0.02 2.46 

1c Toluene 540 181 0.14 7.73 

1c 2-MeTHF 541 338 0.16 4.73 

1d Toluene 535 63 0.02 3.17 

1d 2-MeTHF 534 646 0.10 1.54 

2a CH3CN 581 0.6 0.23 3833.33 

2b CH3CN 543 1.1 0.26 2363.63 

2c CH3CN 470 2.3 0.68 2956.52 

3a CH2Cl2 466 106 0.47 44.33 

3b CH2Cl2 599 44 0.07 15.90 

3c CH2Cl2 515 272 0.18 6.61 

4a THF 431 335 0.33 9.85 

4b THF 429 266 0.32 12.03 
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In general the 3d transition metal complexes of Cr, Mn, Fe and Co consists of d-electrons 

and thus undergo d-d transition and decay non-radiatively with low photoluminescence 

quantum yield in solution, together with have low emission intensity, or  short or 

unmeasurable decay times which make them less attractive species for solution state 

studies and application. However few of 4d and 5d transition metal complexes displays 

remarkable phosphorescence at room temperature with long lifetimes and moderate to high 

photoluminescence quantum yield and thus makes ideal for application such as energy 

transfer (EnT) photocatalysis.  

Some of the prominent examples include Rh(I) compounds 1a-1d reported by Marder and 

coworkers, which consisted of small values of the radiative rate constants kr in toluene, 

indicating that the nature of the T1 state was purely 3IL with weak SOC mediated by the Rh 

atom which was further confirmed by luminescence measurements on the compounds in 2-

MeTHF.[54] The exceptionally long lifetimes and small radiative rate constants of the rhodium 

biphenyl complexes in comparison to other 3IL emitters presumably were a result of the long 

conjugation of the organic ligand π-system. According to the TD-DFT studies, the T1 state 

involved charge-transfer from the biphenyl ligand into the arylethynyl moiety away from the 

rhodium atom, which reduces SOC of the metal center, which would be necessary for fast 

phosphorescence. 

Other examples of such behavior from group 9 elements consists of Ir(III) complexes 2a-c 

with the ppy-bpy scaffold reported by Malliaras, Bernhard, and coworkers, where the 

emission was derived from a mixed excited-state involving 3MLCT (t2g→π*N˄N) and 3LC 

(πC˄N→π*C˄N) transitions.[51–53] The emitted light could be described by the wave equation Ф 

                                                          Ф = aФ(3MLCT) +bФ(3LC)                                    Eq.(24) 

where a and b are normalized coefficients that describe the contribution of 3MLCT and 3LC 

transitions to the observed emission. As a < b, the emitted light has greater ligand-centered 

character, which was reflected in the shape (vibrationally structured) and position 

(hypsochromic shift) of the emission band. 

More such well known examples of compounds displaying appreciable phosphorescence in 

solution state includes the Pd(II) complexes 3a-c reported by Che and workers, where the 

emission was mainly derived from 3IL π→π* excited states.[50] The emission energy of 

compound 3a could be tuned by ligand modification such as in compound 3b, with a 1-

isoquinoline ring instead of the pyridine ring, shows red-shifted emission band. The long 

decay time in 3c in comparison to 3a was because of slower kr which was due to orbitals 

being delocalized over the tetradentate ligand in the T1 excited state, thus the T1→S0 
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transition was conceived to be accompanied with a small structural distortion in 3a as 

compared to 3c, also metal contribution in T1 was found to be smaller in the case of 3c than 

in 3a and thus the smaller SOC, hence the slower kr. 

The Au(I) complexes 4a-b described by Steffen, Nolan, and coworkers, also exhibited 

emission via phosphorescence in THF solution from a high-energy 3Cbz state with 

exceptionally long lifetimes of τ = 335 and 266 μs.[49] The stronger SOC of Au apparently 

facilitated ISC S1→Tn with much higher efficiency, thus quenching any prompt fluorescence. 

The nature of the carbene ligand didn’t seem to influence the luminescence properties, 

although the TD-DFT calculations predicted the 3LLCT state to be lowest in energy for the 

complex 4b, while the weaker π - acceptor in 4a leads to a T1 state of 3LC character 

localized at the Cz ligand. Complex 4b displayed better photo-stability in comparison to 4a in 

solution. 

Ag(I) compounds often tend to undergo photodecomposition and/or have photostability 

issues and thus are not discussed here,[49] whereas in general the Pt(II) compounds displays 

unstructured phosphorescence at room temperature in solution, yet mostly have short or 

unmeasurable lifetimes in comparison to other 4d and 5d transition metal complexes.[55] 

Although subsequent process have been made over the past years in the development of Pt 

complexes and the proposed Pt analogue of Ir(III) complexes 2a-b displays promising triplet 

emission in the high energy region which as can utilized for EnT photocatalysis reactions.[56] 

 

1.3.1. [2+2] Cycloaddition of (E,E’)-Dicinnamyl Ether 

 

 

 

 

Photocatalysts (loading) ex Solvent Time Yield 

2c: [Ir(dF(CF3)ppy)2(dtbbpy)]PF6  (1mol%) CFL DMSO 4 h 89 % 

4b: [Au(Cz)(SIPr)] 5 mol% 365 nm THF 4 h >99 % 

3a: [Pd-B-1] (1 mol%) >350 nm ACN 3 h 88 % 

3c: [Pd-N-1](1 mol%) 462 nm ACN 4 h 97% 

Scheme 1. [2+2] cycloaddition of (E,E’)-dicinnamyl ether by photo-induced EnT comparison with various 

established photocatalysts.[49,50,57] 

In terms of reaction duration the Pd(II) compound 3a was found to be most efficient 

photocatalyst with 3 hours reaction time,[50] where as in terms of conversion or yield of the 
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reaction the Au(I) compound 4b was found to be most effective to carry out the EnT 

photocatalysis.[49] 

 

1.4. NIR TADF Emission displayed by organic molecules 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Selected examples of organic NIR TADF emitters known from literature.[58] 

 

Table 2. Selected photophysical data of complexes 1-4 at RT. 

 em (nm) τ (s) Ф kr (105s-1) 

1 (100 wt% in TPBi films) 708 0.76 0.14 1.84 

2 (10 wt% in mCBP films) 729 18.6 0.22 0.11 

3 (40 wt% in CBP films) 712 0.0005, 0.0032 0.14 2800, 438 

4 (in thin films)a 715 0.56 0.06 1.07 

aFilms preparation: The quartz plate substrates were precleaned carefully and treated by UV ozone for 4 min. 

The solutions with the concentration of 10 mg mL-1 were spin coated onto the quartz plate substrate and dried in 

vacuum. 
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The first organic NIR-TADF was reported by Wang and co-workers,[59] compound 1 had a V-

shaped D-π-A-π-D type of structure, where 2,3-dicyanopyrazino phenanthrene (DCPP) was 

used as the acceptor (A) due to the presence of large and rigid π-conjugation and strong 

electron-withdrawing capability, whereas diphenylamine (DPA) was used as an electron 

donor (D) due to its excellent hole-transporting ability and to mitigate the effect of 

aggregation-induced quenching. According to the DFT calculations a small the dihedral 

angle of 35 ⁰ was found between DCPP and the phenyl-conjugated bridge which suggested 

a near-planar arrangement and a reasonable orbital overlap, enhancing the fluorescence 

rate (kF = 9.0×10-7 s-1) and from the TD-DFT calculation, a small ΔEST value of 0.20 eV was 

estimated. In CHCl3, compound 1 displayed NIR emission (em, 720 nm) with associated τF, 

τTADF, and the photoluminescence quantum yield Ф values of 1.7 ns, 9.1 ns, and 3%, 

respectively. In THF, compound 1 exhibited more red-shifted NIR emission (em, 780 nm) 

with τF, τTADF, and Ф values of 0.4 ns, 4.0 ns, and 1%, respectively. With increasing polarity to 

DCM, the emission was further red-shifted (em, 810 nm). The TADF emission was attributed 

to a reverse internal conversion (RIC) from the π-π* state to the 3CT state, followed by RISC 

to the emissive 1CT state. The pure thin film 1 exhibited a broad NIR emission at 708 nm 

with associated τF, τTADF, and Ф values of 20.8 ns, 0.76 s, and 14% due to the AIE 

(aggregation-induced emission).  

Adachi and coworkers in 2021 reported a D-A type emitter, 11,12-bis(4-

(diphenylamino)dibenzo[a,c]phenazine- 2,3,6,7-tetracarbonitrile (TPA-PZTCN), 2, in which a 

rigid moiety dibenzo[a,c]phenazine-2,3,6,7-tetracarbonitrile (PZTCN) acted as an electron 

acceptor with two TPA as electron donors (Figure 17).[60] The 10 wt% of 2 doped mCBP film 

exhibited emission at em = 729 nm with associated τTADF (300 K), ФPL, ФTADF values of 18.6 

s, 19.1%, and 21.7%, respectively. From the temperature-dependent transient PL 

measurement on the 10 wt% of 2 in mCBP film, the TADF nature (ΔEST = 0.10 eV) was 

estimated with a long-delayed fluorescence lifetime of 18.6 s and also with microsecond 

regime τTADF values at the high-temperature region (200–300 K). The calculated kRISC value 

of 7.6×104 s-1 for the 10 wt% doped films at 300 K. An increase in overlap integral (IH/L) 

between the highest occupied NTO (HONTO) and the lowest unoccupied NTO (LUNTO) was 

observed in the T2 state, indicating the latter achieved a hybrid local-CT character (3HLCT2). 

The calculation predicted that the spin-flip event was effectual not only by small ΔEST but 

also by the energetically close T2 state through the equilibrium 3HLCT2↔3CT2↔1CT1. 

Aléo and coworkers synthesized a novel hemicurcuminoid molecule (TPA-HBF), 3 in which 

TPA and acetylacetonate boron difluoride acted as a donor and an acceptor, respectively.[61] 

The photophysical properties of the molecule were examined in various solvents. In DCM, 
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molecule 3 exhibited an emission peak at 736 nm, whereas in MeCN, it displayed emission 

at 787 nm (Ф = 0.03%) due to the formation of a more polar excited state. On changing the 

solvent from DCM to acetone to acetonitrile, the intensity of the locally excited band was 

found to be increasing in comparison to that of the CT emission. Molecule 3 in a neat film 

showed Ф of 5.5%. For the blend film, CBP was chosen as the host because of its HOMO 

and LUMO energy levels that fit well with those of emitter 3, thus disabling the exciplex 

formation and enabling the Förster (resonance) energy transfer (FRET). At an excitation 

value of 340 nm, the thin film of molecule 23 with 40 and 60 wt% in CBP exhibited emissions 

at 712 and 716 nm, respectively, with τF = 0.52, τTADF = 3.21 ns and Ф = 19% (for 40 wt%) 

and τF = 0.47, τTADF = 3.04 ns and Ф = 12% (for 60 wt%). It was observed that for both the 

doping concentrations, at high energy, the NIR emission originated from the monomeric 

structure with a short-lived emission, and at the lower energy, the same was instigated from 

the dimeric structure with longer-lived emission. 

Sun, Jiang, and coworkers reported for the first time NIR D-π-A-π-D type TADF dendrimers, 

MPPA-3Cz, 4 with non-conjugated tricarbazole as peripheral dendrons.[62] To compare the 

photophysical properties of molecules 4, a simple donor–acceptor moiety 2,6-bis(4-(bis(4-

methoxyphenyl)amino)phenyl)anthracene 9,10-dione (MPPA) was also synthesized. The 

DFT calculation suggested a ΔEST value of 0.18 eV for MPPA where the HOMO orbital was 

mostly confined over the methoxy triphenylamine units, and the LUMO was distributed on 

the anthraquinone-acceptor and partially on the phenyl substituent. The ΔEST and the 

HOMO–LUMO distribution of 4 were nearly similar to the emissive core MPPA and matched 

well with the experimentally observed ΔEST ranging from 0.17 eV. Neat films of 4 exhibited 

em at 715 nm, whereas the same for MPPA was not detected. This observation suggested 

that the introduction of nonconjugated aliphatic chain carbazole dendrons would enhance 

the emission by decreasing the aggregation caused quenching, thus inducing the Ф value of 

6% compared to the non-emitting MPPA.  

Overall in general organic based NIR emitters often have low Ф in solution state, shows low 

energy emission up to >800 nm with broad emission band due to structural reorganisation in 

excited state. They are often doped in high concentration in films/polymer matrices leading 

to aggregation induced emissions or sometimes aggregation induced quenching and are 

prone to photodegradation. 

 

 

 



 

30 
 

1.5. NIR Emission displayed by 4d and 5d transition metal complexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Selected examples of 4d and 5d transition metal based NIR emitters known from literature.[63–67] 

 

Table 3. Selected photophysical data of complexes 1-7 at RT. 

 em (nm) τ (s) Ф kr (105s-1) 

1 (in MeCN) 720 0.0016 0.002 12.5 

2 (in MeCN) 755 0.35 0.002 0.05 

3 (in MeCN) 710 0.040 0.009 2.25 

4 (in MeCN) 744 0.044 0.004 0.90 

5 (solid state; ground) 985 0.023 n.a.a - 

6 (solid state; ground) 985 0.033 n.a.a - 

7 (solid state; ground) 1070 0.014 n.a.a - 

aValues not available in the publication, might be due to weak emission behaviour (Ф< 1%). 

Zysman-Colman and coworkers explained the photophysical behaviour of compound 1.[63] 

The emission profiles were broad and featureless with emission maxima ranging at 730 nm. 

The near infrared emission was assigned to a mixed metal-to-ligand and ligand-to-ligand 

charge transfer transitions (3MLCT and 3LLCT), commonly observed for heteroleptic cationic 

iridium complexes. The presence of iridium and the large observed stokes shifts, clearly 

indicated phosphorescence despite the short emission state lifetimes. The markedly low 

quantum yields accompanied by very short, nanosecond emission lifetimes. The structural 

commonality in these poorly emissive complexes was due  the presence of the 3-MeO 
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groups on the C^N ligands. According to TD-DFT studies T1 state was described 

predominantly by a LUMO→HOMO transition implying an emission resulting from an 

admixture of 3MLCT/3LLCT. This assignment was consistent with the TD-DFT results and the 

observed broad and unstructured emission at 298 K in MeCN. 

Qiu and co-workers measured the absorption spectra of 2,[64] the intense absorption bands 

below 350 nm were assigned to spin-allowed intraligand (IL) (π→π*) transitions, whereas 

the less intense long tails extending to 600 nm correspond to mixed transitions of MLCT 

(metal-to-ligand charge transfer) with LLCT (ligand-to-ligand charge transfer). Owing to the 

additional sp2-hybridized N, complex 2 gives clearly red-shifted MLCT bands and 3π-π* 

transitions around 398, 466, and 530 nm. For the PL spectra, 2 was first checked for any 

possible visible emission with a photomultiplier tube (PMT) detector (calibrated up to 870 

nm) and showed maxima at 755 nm. The NIR characteristics were further measured with a 

Ge detector (calibrated from 800 to 1700 nm), suitable for recording NIR PL spectra. 

According to the TD-DFT studies the T1 and T2 states of 2 are degenerate, and their 

compositions are quite complicated as well. For complex 2, T1 state originates from 24% 

HOMO − 2 → LUMO + 2, 20% HOMO − 1 → LUMO + 3, 16% HOMO − 1 → LUMO + 1, and 

other smaller contributors. The mixed characters of the lowest triplet states result in broad 

but well-resolved phosphorescence spectra. Moreover, the LUMO consists of the π* orbital 

of the mpbqx-g ligands (77%) in complex 2 which makes sense in that the use of a second 

electron-withdrawing N atom in the heterocyclic part of cyclometalated ligands lowers the 

LUMO significantly and the unfavourable interligand charge transfer is suppressed as well. 

Zysman-Colman and coworkers reported the photophysical behaviour of 3,[65] where the 

emission spectrum was found to be broad and featureless with an emission maximum at 710 

nm. At low temperature, the emission shifted to higher energy (ΔE ∼2900 cm−1) and became 

slightly more structured. This rigidochromic shift at low temperature was an indication of a 

significant excited state dipole moment, and suggested that the emissive state was charge 

transfer (CT) rather than ligand centered (LC) in nature. This deep-red emission was 

distinctive by comparison to most other red-emitting (λem> 620 nm in ACN) complexes of 

the form [Ir(ppy)2(N∧N)]+ due to (i) the very low emission energy and (ii) the relatively 

nonconjugated nature or absence of electron-withdrawing groups decorating the ancillary 

ligand. From the TD-DFT studies it was found that the HOMO is distributed approximately 

equally on the iridium and ppy ligands with only a 5% contribution arising from the 2,5-dpp. 

In 3, the HOMO − 2 through HOMO − 4 electron distributions parallel that found for the 

HOMO while HOMO − 1 is predominantly ppy-based (90%). The LUMO and LUMO + 1 for 

was localized on the π* orbitals of the 2,5-dpp (>90%). The LUMO + 2 and LUMO + 3 were 
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concentrated mainly on the π* orbitals of the ppy ligands while LUMO + 4, like LUMO, is 

mostly π*2,5‑dpp. 

Zysman-Colman and coworkers also described the absorption behaviour of complex 4.[66] 

The singlet ligand-centered π→π* transitions (1LC) extend up to 407 nm, as was predicted 

by TD-DFT, due to increased conjugation. The set of absorption bands clustered around 363 

nm in 4. The nature of these transitions is more CT in character and comprises 1MLCT from 

Ir(dπ) →L2(π*) (N∧N ligand) and singlet ligand-to-ligand charge transfer (1LLCT) from ppy(π) 

→L2(π*), as suggested by TD-DFT studies. The lowest energy absorption maxima for 4 

appear at 599 nm. These bands are assigned as a mixture of spin-allowed and spin-

forbidden 1MLCT/3MLCT and ligand-to-ligand charge transfer (1LLCT/3LLCT) transitions. The 

emission profile of 4 in acetonitrile which was found to be broad and featureless, and 

indicative of mixed 3CT emission. The spin density distribution of the excited-state 

corroborates this assignment as well.  

Sicilia and coworkers reported the emission behaviour of powdery samples of the dimeric 

Pt2(III,III) compounds (5-7),[67] which shows at room temperature NIR emissions with maxima 

ranging from 985 to 1070 nm that are strongly dependent on the axial ligand X. Upon cooling 

down to 77 K, these emissions experience a hypsochromic shift and undergo a 100-fold 

increase in their lifetime decays. From the TD-DFT studies, the calculated the spin-density 

distributions in the optimized first excited states (T1) was located along the X-Pt-Pt-X axis, 

essentially on the X ligand (0.778 in 5, 1.031 in 7) and the Pt center (0.857 in 5, 0.669 in 7). 

There are also minor contributions from the N∧S (0.237 in 5, 0.184 in 7) and C∧N (0.128 in 5, 

0.116 in 7) groups. Thus, the emissions would be mainly attributed to 3XMMCT [σ(X) 

→dσ*(Pt-Pt)] excited states with a minor contribution of the S∧N group that become slightly 

more important in 5. The optimized geometries of the T1 states for 5 and 7 show a similar 

structure to that of the S0 state but with a substantial elongation of the Pt-Pt distance from 

2.675 Å (S0) to 2.988 Å (T1) in 5 and would be consistent with a decrease in the Pt-Pt BO as 

a consequence of the electron promoted to the dσ*(Pt)2 orbital in the excitation process. To 

evaluate Pt-Pt bonding, Mayer BO analyses were carried out in the S0 and T1 states. The Pt-

Pt interaction is significantly weakened in the first excited state of both complexes, 5 and 7, 

which would be supporting the 3XMMCT character of these emissions.  

From these reported photophysical behaviours and others, we can determine that the NIR 

emitters based on heavy metals such as Ir and Pt mostly outperforms the NIR emitters 

based on organic molecules as they can show low energy emission up to 1070 nm, mostly 

have higher kr in solution/solid-state, often have structured emissions and also their low 
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emission behaviour is mostly an intrinsic property rather than due to energy transfer like 

FRET between the host and acceptor. 

Along with the advantages of the heavy metals-based NIR emitters, there are also multiple 

disadvantages, such as the low natural abundance and the environmental contamination 

associated with the often-used heavy metals in OLEDs, which enhance the overall cost of 

commercialized materials. Other drawbacks include the degradation of the device due to the 

annihilation of the high energy polarons (singlet or triplet) and also the dissociation of the 

ligand by forming unstable radical cation in the complex. 

One of the ways to minimize the above factors is to find a cheaper and possibly an efficient 

alternative such as Cu(I)-based NIR emitters. 

 

1.6. NIR Emission displayed by Cu(I) complexes 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Selected examples of Cu(I)-based NIR emitters known from literature. 
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Table 3. Selected photophysical data of complexes 1-14 at RT. 

 em (nm) τ (s) Ф kr (105s-1) 

1 (in DCM) 746 0.066 0.13 19.69 

2 (in DCM) 732 0.014 0.06 42.85 

3 (solid-state; ground) 712 0.100a 0.024 2.4 

4 (solid-state; ground) 715 0.080a 0.029 3.62 

5a (solid-state; ground) 752 0.506 0.01 0.19 

5b (solid-state; ground) 724 0.408 0.01 0.24 

9b (solid-state; ground) 727 n.d. 0.01 - 

11 (solid-state; ground) 760 0.068 0.01 1.47 

12 (solid-state; ground) 772 0.050 0.01 2 

13 (solid state; ground) 762 n.d. n.d. - 

14 (solid state; ground) 739 n.d. n.d. - 

aValues estimated from the graph in the main paper. 

Su, Mauro, and coworkers reported two binuclear cationic Cu(I) complexes, 1-2 which 

displayed photoluminescence into the NIR region in solution with maximum centered at 746 

and 732 nm, respectively.[68] A hypsochromic shift was being observed going from solution to 

solid state samples, but the emission still remined in the NIR region. The emission was 

achieved due to the dinuclearisation strategy and establishment of two π-π stacking 

interligand interactions which provided a doubly locked architecture, disfavouring large, 

excited state geometrical distortion. The radiative process was assigned to a long-lived 

excited state with 3MLCT character and was supported by photophysical and computational 

analysis. Despite the Ф values being moderate, the kr were amongst the highest for Cu(I) 

derivatives. 

Mononuclear copper(I) complexes 3 and 4 were described by Bushueva and coworkers.[69] 

In the structures of complex cations [CuL2]+ ions was coordinated with two L molecules (N,N-

chelating coordination). Extended π-systems of the L molecules in [CuL2]+ favoured the 

formation of paired π–π stacking intramolecular interactions between the pyrimidine and 

phenyl rings leading to significant distortions of tetrahedral coordination cores, CuN4. The 

free ligand L demonstrated dual excitation wavelength dependent luminescence in the UV 

and violet regions, which was attributed to S1→S0 fluorescence and T1→S0 

phosphorescence with intraligand charge transfer character. Complexes 3 and 4  

demonstrated T1→S0 phosphorescence in the near-infrared region. Theoretical 

investigations pointed towards its ligand-to-metal charge transfer (LMCT) nature. Spin–orbit 

coupling computations revealed that the most effective intersystem crossing channels for 
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[CuL2]+ appeared in high-lying excited states, while the S1→T1 transition is unfavourable 

according to El-Sayed’s rule and the energy gap law. 

Steffen and co-workers had reported various Cu(I)-based NIR emitters over the years. In 

2017 they had reported trigonal and tetrahedral cationic Cu(I) complexes 5a-10a bearing 

phosphine or N-heterocyclic carbene ligands as donors, with benzthiazol-2-pyridine (pybt) 

and benzthiazol-2-quinoline (qybt) acting as π-chromophores.[70] The emission behaviour of 

this series of complexes where checked in DCM where compounds 6b, 7b, 8a, 8b, and 9b 

displayed emission in the NIR region with poor Ф, whereas in 1 wt% PMMA films 5a-10a 

displayed emission maxima ranging from yellow-to-NIR. The emission originated from a 

3(Cu→pybt/qybt)MLCT state and supported by DFT/TD-DFT calculations, also no clear 

indication for thermally activated delayed fluorescence was found. The red to near-IR 

emission was a result of incorporation of the sulphur into the chromophore ligand. In 2020, 

the monometallic Cu(I) compounds 11 and 12 based on cyclic (amino) (aryl) carbene 

(CAArC) ligand were reported.[4] Complexes 11 and 12 showed two featureless low-energy 

absorption bands around 410 nm and 500 nm, which according to the TD-DFT studies were 

attributed to mixed (Cu → CAArC)/LL(acac → CAArC)CT and weakly allowed dσ→ 

π*(CAArC) MLCT transitions. 12 also exhibited allowed dπ→π*(acac)/π→π*(acac) 

transitions involving the phenyl substituents of the acac ligand at 365 nm. The origin on 

emission was due to phosphorescence from 3MLCT/LLCT states which was supported by 

theoretical calculations as well. In 2022, the trigonal neutral Cu(I)-CAAC (cyclic (amino) 

(alkyl) carbene) complexes 13 and 14 bearing chelating ligands with O and N donor atoms 

were studied.[71] These compounds displayed weak low-energy absorption in solution 

between 400 and 500 nm due to mixed Cu→CAAC 1MLCT/LLCT states. In the solid-state, 

the origin of emission was from phosphorescence from dominant 3(Cu→CAAC) CT states 

and was supported by DFT/TD-DFT calculations as well. 

As there are dearth of examples of red-to-NIR emissive copper(I) complexes, so new 

systems consisting of various donors, and acceptors have always remained an area of great 

interest. 
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2. Results and Discussions 

 

2.1. Multimetallic Copper(I) Diphenylphosphides Displaying Thermally Activated   

Delayed Fluorescence (TADF) in the Visible to Near-IR 

This subchapter as part of this partially cumulative dissertation work is currently under 

“manuscript under preparation” status and is planned to be submitted as an edge article in 

“Chemical Science” journal of Royal Society of Chemistry. 

Summary : This case study on a series of luminescent heteroleptic Cu(I) phosphide (-PPh2) 

complexes [Cu4(μ2-PPh2)4(dppm)2] (1), [Cu4(μ2-PPh2)4(dppb)2] (2), and [Cu4(μ2-

PPh2)4(xantphos)2] (3). 1-3 shows deep red-to-green (1 and 2) and NIR (3) emission at room 

temperature with a high photoluminescence quantum yield of up to 44% and short lifetimes 

(0.3-34 s) in the solid state with moderately efficient TADF behaviour. The beneficial 

coordination geometry around the Cu center along with the bite angles of the phosphines 

involved can largely impact the steric, photophysical, and electronic properties of the 

complexes. The formation of conformers in (2), due to the steric constraint of the C4 bridge 

of dppb, was exploited by pronounced reversible thermochromic behaviour arising from two 

different excited states displaying dual TADF behaviour. 

Own contribution in the experimental part: approx. 85 % 

Own contribution in the writing part: approx. 70% 
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2.2. Hetero-di/multi-nuclear Copper(I) Diphenylphosphides Displaying Thermally 

Activated Delayed Fluorescence (TADF) in the Visible to Near NIR 

This subchapter as part of this partially cumulative dissertation work is currently under 

“manuscript under preparation” status and is planned to be submitted as a short article in 

“Inorganic Chemistry” journal by the American Chemical Society. 

Summary : Phosphides have been known as very useful ligands for catalytic applications 

such as hydrophosphination; their transition metal complexes display fascinating 

luminescence behaviour, which can be used for diverse photonic applications. In this 

contribution, we describe the usage of strong donor phosphide (-PPh2) ligand in facile 

synthesis, structural, and photophysical behavior of a series of luminescent di/multinuclear 

Cu(I)-phosphide complexes [Cu2(μ2-PPh2)2(dppe)2] (1), [Cu2(μ2-PPh2)2(dppben)2] (2), and 

[Cu5(μ2-PPh2)2(μ3-PPh2)3(PPh3)3] (3). 1-3 exhibits green to red emission at room temperature 

with a high photoluminescence quantum yield up to 32% and short lifetimes (0.1 - 8 s) in 

solid state with efficient TADF (thermally activated delayed fluorescence) behavior. The 

beneficial coordination geometry around the Cu center along with the π-acceptor character 

of the phosphines involved can largely impact steric, photophysical, and electronic 

properties. Short TADF decay times were achieved by the molecular crystal theory of 

coupling symmetry-related transition dipole moments in compound 2, which also at low 

temperatures shows evidence of dual TADF emissions. 

Own contribution in the experimental part: approx. 80 % 

Own contribution in the writing part: approx. 70% 
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2.3. A [2.2]Isoindolinophanyl-based Carbene (iPC) Ligand: Synthesis, Electronic and 

Photophysical Properties, and Application in Photocatalysis 

This subchapter as part of this partially cumulative dissertation work was published in 

collaboration with Wiley-VCH GDCh. Reprinted with permission from Angew. Chem. Int. Ed. 

2024, 63, e202409115 (doi.org/10.1002/anie.202409115). Copyright © 2024 John Wiley & 

Sons, Inc. 

Summary : Cyclic amino(alkyl) and cyclic amino(aryl) carbenes (cAACs and cAArCs) have 

been established as very useful ligands for catalytic and photonic applications of transition 

metal complexes. Herein, we describe the synthesis of a structurally related sterically 

demanding, electrophilic [2.2]isoindolinophanyl-based carbene (iPC) that bears a 

[2.2]paracyclophane moiety. The latter leads to more delocalized frontier orbitals and intense 

green fluorescence of (HiPC)OTf (2) from an intra-ligand charge transfer (1ILCT) state in the 

solid state. Base-promoted synthesis of the free carbene led to an unusual ring expansion 

and subsequent dimerization reaction, but the beneficial ligand properties can be exploited 

by trapping in situ at a metal center. The iPC ligand is a very potent π-chromophore, which 

participates in low energy metal-to-ligand (ML)CT transitions in [RhCl(CO)2(iPC)] (4) and IL-

“through-space”-CT transitions in [Au(iPC)2]OTf (5) in the visible. The steric demand of the 

iPC leads to high stability of 5 against air, moisture, or solvent attack, and ultralong-lived 

green phosphorescence with a lifetime of 185 μs is observed in solution. The beneficial 

photophysical and electronic properties of the iPC ligand, including a large accessible π 

surface area, were exploited by employing highly efficient energy transfer (EnT) 

photocatalysis in a [2+2] styrene cycloaddition reaction using 5, which outperformed other 

established photocatalysts in comparison. 

Own contribution in the experimental part: approx. 80 % 

Own contribution in the writing part: approx. 20% 
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2.4. Highly Efficient Mechanochromic TADF in the Deep Red to Near-IR in Copper(I) 

[2.2]Isoindolinophanyl-Carbene Carbazolates 

This subchapter as part of this partially cumulative dissertation work was recently submitted 

in Angew. Chem. Int. Ed. 2024 (October) published by Wiley-VCH on behalf of GDCh. 

Some aspects of this publication were developed as part of this thesis, which includes 

synthesis of complexes [iPC-Cu-Br] 2, [iPC-Cu-Cz] 3, and [iPC-Cu-CztBu] 4 along with their 

photophysical studies in PMMA and PS. Rest of it was done mostly by Dr. André M.T. 

Muthig. The OLED architecture and analysis were conducted in collaboration with Prof. Dr. 

Jens Pflaum from Julius-Maximilians University of Würzburg. 

Summary : Low energy triplet emitters are highly relevant for the development of red to near-

IR OLEDs and future photonic IT applications, but typically suffer from non-radiative decay 

due to the energy gap law (EGL). Premature excited state deactivation can be limited by 

enhancing the radiative decay rate kr via thermally activated delayed fluorescence (TADF), 

by passing spin-forbidden slow phosphorescence. We report on a series of linear copper(I) 

carbene carbazolate complexes bearing a recently reported [2.2]isoindolino-phanyl-based 

carbene (iPC) ligand as a potent excited state π-acceptor. The compounds show efficient 

TADF from ligand-to-ligand charge transfer (1/3LLCT) states with quantum yields of up to 0.8 

and exceptional kr of 0.8-1.9·106 s-1 that are among the fastest for CuI emitters, 

outcompeting traditional triplet emitters based on IrIII and PtII. While yellow to orange 

emission is observed in single crystals, doping the complexes into polymer matrices or 

grinding shifts the luminescence into the deep red to near-IR. The mechanochromic TADF is 

due to disruption of C–H···π interactions between the Cz and iPC ligands, which reduces the 

energy gap between the ground state and the 1/3LLCT states. The CuI iPC complexes also 

bear potential for devices operating under electroluminescent conditions as demonstrated by 

a proof-of-concept deep-red OLED application. 

Own contribution in the experimental part: approx. 25 % 

Own contribution in the writing part: approx. 20% 
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3. Conclusion  

 

CuI-phosphides have been known for years because of their diverse structure and 

application in catalysis, such as hydrophosphination reactions. I presented the first insight 

into the photophysical behaviour of such types of complexes where they undergo excited 

state charge transfer. The various structures of the complexes, the coordination of copper (I), 

and the types of phosphines used as acceptor molecules are among the key factors in 

determining their emission energy. However, increased rigidity due to cuprophilic 

interactions, co-crystalised solvent molecules, and increased conjugation of the phosphine 

also influence photophysical behaviour to a great extent. We had achieved six different types 

of complexes, which can be classified broadly into four types: dimers, cluster-A, cluster-B, 

and cluster-C. 

 

 

 

 

 

 

 

 

 

Figure 20. Various structural motifs of CuI-phosphides. 

Compound 3 shows NIR emission with maxima around 900 nm at room temperature, which 

surpasses the previously reported NIR emitters based on CuI and IrIII complexes. 1, 4 and 6 

display efficient to moderately efficient TADF behaviour with compound 4 being the one of 

the best TADF emitter with kr of ca. 2×105 s-1. Interestingly, compound 2 and 5 exhibited 

pronounced reversible thermochromic behaviour along with dual TADF behaviour arising 

from two different excited states. The dual TADF behaviour in such types of compounds is 

the first of its kind and hasn’t been explored till now, also such behaviour holds up great 

potential in different possible photonic applications as well. 

Apart from the advantages, there are also a few challenges associated with these 

complexes; one among them is the dynamic behaviour in solution, i.e., the existence of 
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multiple species in solution that are in equilibrium with one another and cannot be isolated 

even at low temperatures. One of the solutions to resolve this issue could be the linking of 

the aryl parts of the phosphine and the phosphide, thus increasing the overall rigidity of the 

system and reducing the possibility of any dissociation in solution.  

Another solution could be increasing the steric constraint of the phosphide ligand, i.e., the 

use of dimesityl phosphides instead of diphenyl phosphides, the resulting compound due to 

the higher steric demand can possibly form a monomeric structure and thus can be stable in 

solution state as well. Various carbenes can be used instead of the phosphines as the 

acceptor moiety and thus emission behaviour can be possibly tuned in the deep-red to NIR 

region along with the introduction of chirality in the carbene part can also lead to other 

interesting phenomena such as CPL (circularly polarised luminescence). This project is 

currently carried out by M.Sc. Paul Ruer from our group. 

 

 

 

 

 

Figure 21. Proposed monometallic CuI-phosphide complexes. 

Further such type of complexes (monometallic or Multimetallic) should be tested under 

electroluminescence conditions, by vapour deposition or solution-processed OLED 

architecture. 

 

I had reported a new sterically demanding, electrophilic [2.2]isoindolinophanyl-based 

carbene (iPC) that bears a [2.2]paracyclophane moiety. The iPC ligand is a very potent π-

chromophore, which participates in low energy IL-“through-space”-CT transitions in 

[Au(iPC)2]OTf (8) in the visible. The beneficial photophysical and electronic properties of the 

iPC ligand, including a large accessible π surface area, were exploited by employing highly 

efficient energy transfer (EnT) photocatalysis in a [2+2] styrene cycloaddition reaction using 

8, which outperformed other established photocatalysts in comparison. We had also 

described a series of linear copper(I) carbene carbazolate complexes (9-12) bearing the 

[2.2]isoindolino-phanyl-based carbene (iPC) ligand. The compounds show efficient TADF 

from ligand-to-ligand charge transfer (1/3LLCT) states with quantum yields of up to 0.8 and 
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exceptional kr of 0.8-1.9×106 s-1 that are among the fastest for CuI emitters, outcompeting 

traditional triplet emitters based on IrIII and PtII. 

 

 

 

 

 

 

Figure 22. Current overview of iPC-based compounds. 

All the compounds obtained were in their racemic form, but introduction of chirality into the 

system can increase its applications to a great extent such as in enantio-selective catalysis, 

CPL etc. 

Thus various attempts have been made to for the chiral resolution of 7 such as synthesis of 

the respective conformers, crystallisation in various solvents, exchanging the triflate anion by 

a chiral anion by ion exchange resin, and the use of chiral TLC plates, yet none of the 

attempts were successful so far. Further attempts such as the use of chiral HPLC or a 

possibly different synthetic route should be used to isolate the conformers of 7. However 

crystals of different isomers of 8 were isolated from the mixture by crystallisation in different 

solvent systems. Same conditions should be employed to a much higher quantity (800-900 

mg) of racemate 8, and a closer look on crystallisation can possibly result in isolation the 

different isomers completely. 

Compound 8 should be subjected to various other photocatalysis reactions such as the 

DeMayo reaction as well as in various photoredox catalysis reactions. Compounds (9-12) 

could also be modified by introduction of the adamentyl group instead of the Dipp group, 

thus increasing the steric constraint and also restricting the movement of the Cz group which 

will possibly lead to small tortional angle between the carbene and the Cz backbone 

resulting in higher kr. The AuI and AgI analogue of compounds 9-12 should be studied as well 

as they too can also lead to high kr values. The use stronger donor carbazoles such at 

phenoxazine and phenothiaxine can further push the emissions into the NIR range. Currently 

this work is continued by M.Sc Andreas Prüfer from our group. 
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Figure 23. Top: Proposed DeMayo reaction with 8 as photocatalyst; Middle left: iPC-Au-Cl (photographs under 

365 nm irradiation; intense blue emission in THF); Middle left: Proposed coinage metal complexes for potentially 

high kr; Down: iPC-Cu-NO/NS complexes for NIR emission in microcrystalline state (max = 805 nm & 770 nm). 

During end of 2021, I was also interested in the emission properties of the complexes 

consisting of the paracyclophane moiety at the donor side i.e., on the carbazole fragment. 

This project was started in collaboration with Prof. Dr. Eli Zysman-Colman from University of 

St. Andrews and Prof. Dr. Stefan Bräse from Karlsruher Institut für Technologie (KIT). The 

first compound which I synthesized using the carbazolophane (CzP) was CAACMe-Cu-CzP 

which displayed intense green emission in solution as 

well as in solid-state. It was interesting to note that the 

paracyclophane moiety of CzP and the Dipp fragment of 

the CAAC were on opposite sides. An small torsional 

angle of 16.4(1) º as found, which makes them 

interesting candidates for high kr values. To increase the 

rigidity and hence the Ф, the methyl fragment was 

replaced by the ethyl fragment. During end of 2022, this 

project was transferred to M.Sc. Indranil Sen for further 

studies.  
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5. Appendix 

 

SI of the publications of the cumulative part of this work 
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1. General Procedures 
 

All manipulations were carried out under an inert atmosphere of argon using standard Schlenk 

link[1] or glovebox techniques (GS MEGA E-Line, <0.5 ppm of H2O and O2). All reagents were 

used as supplied. Solvents such as tetrahydrofuran (THF), toluene, and pentane were used 

at HPLC grade purity from commercial sources (VWR and Fisher Chemicals) and dried using 

PureSolv MD 7 drying system. After being dried, diethyl ether was kept in 4 Å molecular sieves. 

NMR spectra were recorded on a Bruker Avance III HD NanoBay 400 MHz; H and chemical 

shifts (δ) are given in ppm relative to TMS, coupling constants (J) in Hz. The solvent signals 

were used as references, and the chemical shifts were converted to the TMS scale. ATR-IR 

spectra were measured on a Bruker Alpha-II IR Spectrometer, and CHN elemental analyses 

were performed on a Micro cube (Elementar).  

Copper(I) tert-butanolate and [Cu(PPh)2]8 were synthesised according to literature 

procedures.[2] 
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2. Characterization Data 
 

Synthesis of 1 

 

 

 

 

 

 

Cu(PPh)2]8 (50 mg, 0.2 mmol) and 1,2-bis (diphenylphosphino) methane (dppm) (39 mg, 0.1 

mmol) were added to 6 mL anhydrous THF. After 24 hours the reaction mixture was filtered 

over a pipette containing celite and basic aluminium oxide. A deep orange transparent filtrate 

was obtained which was co-crystallized with toluene (2:1). Deep red crystals were obtained 

which were washed with 2 mL toluene. Yield: 23% (40 mg). EA calc. for [C98H84Cu4P8] C, 

66.74; H, 4.80. Found: C, 67.0; H, 5.1. IR (ATR) [cm-1]: ṽ = 3047.54,1580.44, 1475.35, 

1432.08, 1182.75, 1090.02, 1024.09, 997.30, 772.70, 733.55, 690.28, 506.89, 473.92, 412.10. 

On measuring the 1H-NMR spectra at room temperature, the number of protons were more 

than the expected structure and also the aromatic peaks were merged. In the 31P{1H} NMR at 

room temperature shows multiple peaks indicating presence of multiple species in solution. 

On cooling down to - 80 ⁰ C, 1H-NMR spectra shows better resolution in the aromatic part, yet 

number of protons were more than the expected structure. 31P{1H} NMR shows less peaks at 

- 80 ⁰ C, but when warmed up to room temperature shows the extra peaks which were missing. 

This indicates the presence of multiple species in solution which are at equilibrium to one 

another and can’t be separated even at low temperatures. 

1H-NMR (d8-THF, 400 MHz, 298 K): 8.00 - 6.41 (m, Ar-H), 2.76 (bs), 2.30 (s); 31P {1H} NMR 

(d8-THF, 400 MHz, 298 K): 24.11, - 5.37, - 8.62, - 15.59, - 21.47.   

  

Synthesis of 2 

 

 

 

 

 

 

 

[Cu(PPh)2]8 (50 mg, 0.2 mmol) and 1,2-bis (diphenylphosphino) butane (43 mg, 0.1 mmol) 

were taken. Compound 2 was obtained using a similar procedure to that reported for 

compound 1 as yellowish green crystals were obtained on recrystallisation with pentane (2:1). 

S-3 
 

Yield: 24% (45 mg). EA calc. for [C104H96Cu4P8] C, 67.60; H, 5.24. Found: C, 67.6; H, 5.4. IR 

(ATR) [cm-1]: ṽ = 3043.42, 1576.31, 1473.29, 1430.02, 1143.60, 1094.15, 1073.54, 1024.09, 

997.30, 886.03, 789.18, 731.49, 688.22, 506.89, 475.98, 440.95, 414.17. 

On measuring the 1H-NMR spectra at room temperature, the number of protons were more 

than the expected structure and also the aromatic peaks were merged. In the 31P{1H} NMR at 

room temperature shows multiple peaks indicating presence of multiple species in solution. 

On cooling down to - 80 ⁰ C, 1H-NMR spectra shows better resolution in the aromatic part, yet 

number of protons were more than the expected structure. 31P{1H} NMR shows less peaks at 

- 80 ⁰ C, but when warmed up to room temperature shows the extra peaks which were missing. 

This indicates the presence of multiple species in solution which are at equilibrium to one 

another and can’t be separated even at low temperatures. 

1H-NMR (d8-THF, 400 MHz, 298 K): 7.89 - 6.63 (m, Ar-H), 2.41 (s), 1.31 - 1.25 (bs), 0.84 (t); 
31P {1H} NMR (d8-THF, 400 MHz, 298 K): 26.80, 26.47, 19.94, - 15.56, - 17.26,. 

 

Synthesis of 3 

 

 

 

 

 

 

[Cu(PPh)2]8 (50 mg, 0.2 mmol) and 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene (58 mg, 

0.1 mmol) were taken. Compound 3 was obtained using a similar procedure to that reported 

for compound 1 as yellowish crystals were obtained on recrystallisation with pentane (1:2). 

Yield: 20% (44 mg). EA calc. for [C126H104Cu4O2P8] C, 70.32; H, 4.87. Found: C, 70.3; H, 5.0. 

IR (ATR) [cm-1]: ṽ = 3047.54, 1578.37, 1473.29, 1432.08, 1407.35, 1236.32, 1087.96, 

1065.30, 1022.03, 997.30, 879.85, 844.82, 789.18, 754.16, 735.61, 692.34, 533.68, 502.77, 

480.10, 455.38, 432.71, 410.04. 

On measuring the 1H-NMR spectra at room temperature, the number of protons were more 

than the expected structure and also the aromatic peaks were merged. In the 31P{1H} NMR at 

room temperature shows multiple peaks indicating presence of multiple species in solution. 

On cooling down to - 80 ⁰ C, 1H-NMR spectra shows better resolution in the aromatic part, yet 

number of protons were more than the expected structure. 31P{1H} NMR shows less peaks at 

- 80 ⁰ C, but when warmed up to room temperature shows the extra peaks which were missing. 

This indicates the presence of multiple species in solution which are at equilibrium to one 

another and can’t be separated even at low temperatures. 

1H-NMR (d8-THF, 400 MHz, 298 K): 7.54 - 6.46 (m, Ar-H), 5.90 - 5.85 (bs, Ar-H), 5.15 – 5.11 

(bs, Ar-H), 1.62 (s), 1.29 - 1.25 (m), 0.89 - 0.85 (m); 31P {1H} NMR (d8-THF, 400 MHz, 298 K): 

23.78, - 13.63, - 15.60, - 18.25, - 22.53, - 36.74. 
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3. NMR spectra
 

Figure S1.1H-NMR (400 MHz, THF-d8, 298 K) of 1. 

Figure S2.1H-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 1. 
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Figure S3.31P-NMR (400 MHz, THF-d8, 298 K) of 1. 

Figure S4.31P-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 1. 
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Figure S5.1H-NMR (400 MHz, THF-d8, 298 K) of 2. 

 

Figure S6.1H-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 2. 
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Figure S7.31P-NMR (400 MHz, THF-d8, 298 K) of 2. 

 

 

Figure S8.31P-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 2. 
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Figure S9.1H-NMR (400 MHz, THF-d8, 298 K) of 3. 

 

Figure S10.1H-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 3. 
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Figure S11.31P-NMR (400 MHz, THF-d8, 298 K) of 3. 

 

Figure S12.31P-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 3. 
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4. ATR-IR 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S13. ATR-IR spectrum of 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S14. ATR-IR spectrum of 2.  
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Figure S15. ATR-IR spectrum of 3. 
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5. X-ray characterization data 

 

General part 

 

X-ray diffraction determination 

The crystals of 1–3 were immersed in a film of NVH or perfluoropolyether oil, mounted on a 

polyimide microloop (MiTeGen) and transferred to a stream of cold nitrogen (Bruker Kryoflex2), 

and measured at a temperature of 100 K. The X-ray diffraction data were collected on a Bruker 

D8 diffractometer with a CMOS Photon 100 and multilayer optics monochromated MoKα 

(0.71073Å) radiation (INCOATEC microfocus sealed tube). The frames were integrated with 

the Bruker SAINT software package using a narrow-frame algorithm. The APEX3 v2018.7-0 

program package was used for cell refinements and data reductions. The structure was solved 

using the intrinsic phasing method,[3] refined and visualized with the OLEX2-1.5 program.[4] A 

semiempirical absorption correction (SADABS) was applied to all data. All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were included in structure factors 

calculations. All Hydrogen atoms were assigned to idealized geometric positions. The unit cells 

of the 1–3 contain disordered solvent molecules which have been treated as a diffuse 

contribution to the overall scattering without specific atom positions by SQUEEZE/PLATON.[5] 

The crystallographic details are summarized in Table S1. CCDC 2379890–2379892 contains 

the supplementary crystallographic data for this paper. 
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X-ray Structures 

 

 

 

 

 

 

 

 

 

 

 

Figure S16. X-ray solid-state structure of 1. Thermal ellipsoids were drawn at the 50% 

probability level; H atoms and solvent molecules have been omitted for clarity. Selected bond 

lengths (Å) and angles [deg]: Cu1-P1 2.2423(6), Cu1-P4 2.2551(6), Cu1-P2 2.2605(6), Cu2-

P1 2.2882(5), Cu2-P3 2.2846(6), Cu2-P2 2.2712(6), P4-Cu1-P2 131.49(2), P3-Cu2-P2 

127.53(2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S17. X-ray solid-state structure of 2. Thermal ellipsoids were drawn at the 50% 

probability level; H atoms and solvent molecule have been omitted for clarity. Selected bond 

lengths (Å) and angles [deg]: Cu1-P1 2.2875(5), Cu1-P3 2.2615(6), Cu1-P2 2.2761(6), Cu2-

P1 2.2882(5), Cu2-P4 2.2521(6), Cu2-P2 2.2636(5), Cu3-P5 2.2977(6), Cu3-P8 2.2946(6), 

Cu3-P6 2.2704(5), Cu4-P5 2.2904(5), Cu4-P7 2.2777(6), Cu4-P62.2684(5), P3-Cu1-P1 

125.965(17), P4-Cu2-P1 120.437(17), P8-Cu3-P5 119.393(18), P7-Cu4-P5 121.716(17). 
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Figure S18. X-ray solid-state structure of 3. Thermal ellipsoids were drawn at the 50% 

probability level; H atoms and solvent molecule have been omitted for clarity. Selected bond 

lengths (Å) and angles [deg]: Cu1-P1 2.3418(12), Cu1-P2 2.3651(8), Cu2-P2 2.2500(12), 

Cu2-P1 2.2492(11), Cu1-P3 2.3569(8), Cu1-P4 2.3449(9), P1-Cu1-P2 99.13(3), P2-Cu2-P1 

161.11(3). 
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Table S1. Crystal data and structure refinement for 1–3. 

(a) GooF = S = [[∑w(Fo
2-Fc

2)2]/(m-n)]1/2, where m = number of reflexes and n = number of 

parameters; (b) R1 = ∑||Fo|-|Fc||/∑|Fo|; wR2 = [∑[w(Fo
2-Fc

2)2/∑[(wFo
2)2]]1/2; w = 

1/[σ2(Fo
2)+(aP)2+bP], where P = (Fo

2+2Fc
2)/3 

 

 

 

 

 

 

 

Identification code 1 2 3 

CCDC number 2379891 2379892 2379890 

Empirical formula C61.25H56Cu2P4  C54H52Cu2O0.5P4 C64.33H54.66Cu2O1.33P4  

Formula weight 1043.02  959.91  1100.08  

Temperature [K] 100 

Crystal system monoclinic  triclinic  triclinic  

Space group P21/c  P-1  P-1  

a [Å] 
b [Å] 
c [Å] 
α [°] 
β [°] 
γ [°] 

12.9339(4) 
20.5583(7) 
21.1058(6) 

90 
105.8690(10) 

90 

15.1047(3) 
17.2117(4) 
19.5900(5) 
88.7840(10) 
83.3650(10) 
82.1340(10) 

13.1205(3)  
16.3246(5) 
17.9182(5) 
63.7060(10) 
68.7360(10) 
78.9980(10) 

Volume [Å3] 5398.1(3)  5011.2(2)  3204.41(16)  

Z 4  4  2  

ρcalc [g/cm3] 1.283  1.272  1.140  

μ [mm-1] 0.944  1.011  0.800  

F(000) 2166.0  1992.0  1139.0  

Crystal size [mm3] 0.336 × 0.2 × 0.156  0.284 × 0.255 × 0.168  0.136 × 0.102 × 0.069  

Radiation type MoKα (λ = 0.71073)   

2Θ range for data 
collection [°] 

3.826 to 54.996  4.736 to 50.284  4.832 to 53.998  

Index ranges 
-16 ≤ h ≤ 16, -23 ≤ k ≤ 

26, -27 ≤ l ≤ 27  
-18 ≤ h ≤ 17, -20 ≤ k ≤ 

20, -23 ≤ l ≤ 23  
-16 ≤ h ≤ 14, -20 ≤ k ≤ 

20, -22 ≤ l ≤ 22  

Reflections collected 47760  104787  75490  

Independent reflections 
12340 [Rint = 0.0287, 

Rsigma = 0.0270]  
17871 [Rint = 0.0269, 

Rsigma = 0.0170]  
13933 [Rint = 0.0976, 

Rsigma = 0.0650]  

Data/restraints/paramet
ers 

12340/142/624  17871/0/1090  13933/75/678  

Goodness-of-fit on F2 (a) 1.037  1.038  1.029  

Final R indexes [I>=2σ 
(I)] (b) 

R1 = 0.0354, wR2 = 
0.0970  

R1 = 0.0241, wR2 = 
0.0655  

R1 = 0.0507, wR2 = 
0.1442  

Final R indexes [all data] 
(b) 

R1 = 0.0414, wR2 = 
0.1004  

R1 = 0.0266, wR2 = 
0.0669  

R1 = 0.0744, wR2 = 
0.1590  

Largest diff. peak/hole 
[e/Å-3] 

0.69/-0.55  0.35/-0.28  1.13/-0.42  
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6. Structural details of 1-3 
 

Table S2. Structural Details of Compounds 1−6 at 100 K 

Compd. 1 2 3 

Geometry at Cu 

centre 

Distorted triangular 

planar 

Distorted triangular 

planar  

Flattened tetrahedron 

(Cu1) 

   Distorted linear (Cu2) 

Cu−Cu (Å) Cu1−Cu2 3.0008(4)a Cu1−Cu2 3.7166(5)a Cu2−Cu2 2.8470(5)a 

  Cu3−Cu4 3.6458(5)a Cu1−Cu2 3.9655(7)a 

Cu−P (Å) Cu1−P 2.2514(6) Cu1−P 2.2818(6) Cu1−P 2.3534(10) 

(phosphide) Cu2−P 2.2797(6) Cu2−P 2.2804(5) Cu2−P 2.2496(12) 

  Cu3−P 2.2840(6)  

  Cu4−P 2.2794(5)  

Cu−P (Å) Cu−P 2.2698(6) Cu−P 2.2568(6)c Cu−P 2.3509(9) 

(phosphine)  Cu−P 2.2861(6)d  

Dihedral angle (o) : 109.9 

: 40.8 

: 105.1, 102.9 

: 28.1, 33.7    

88.8 

βn (o)b 71.70 97.70 107.12 

βn (o) - - P3−Cu1−P4 107.97(3)     

P−Cu−P (o) P2−Cu−P1 124.25(2) P1−Cu−P2 119.947(17) P1−Cu1−P2 99.13(3) 

(phosphide)  P5−Cu−P6 123.445(17) P1−Cu2−P2 161.11(3) 

P−Cu−P (o) P1−Cu−P 105.52(2) P3−Cu1−P 118.560(17) P−Cu1−P4 116.00(3)  

(phosphide and 

phosphine) 

P2−Cu−P 129.51(2)  P2−Cu2−P 120.802(17) 

P8−Cu3−P 119.347(18) 

P7−Cu4−P 116.995(17) 

P−Cu1−P3 108.61(3)  

Cu−P−Cu (o) Cu1−P2−Cu2 115.97(2) Cu1−P1−Cu2 

122.876(19) 

Cu1−P−Cu2 118.96(4) 

(phosphide) Cu1−P1−Cu2 82.957(19) Cu1−P2−Cu2 

109.910(18) 

 

  Cu3−P5−Cu4 126.39(2)  

  Cu3−P6−Cu4 

106.882(18) 

 

 

aDistance between two Cu centres. bbite angle from ref 6. cwith Cu1 and Cu2 centres. dwith 

Cu3 and Cu4 centres. Mean values written in bold font. 
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Figure S19. Dihedral angle in 1 ( = 40.85 º &  = 109.93 º).Red: Cu4P4(phosphide), green: 

Cu2P2(phosphine), and blue:Cu2P (phosphide). 

 

 

 

 

 

 

 

 

 

Figure S20. Dihedral angle in 2a (left) ( = 28.05 º &  = 105.16 º) and in 2b (right) ( = 

33.75 º &  = 102.92 º). Red: Cu4P4(phosphide), green: Cu2P2(phosphine), and blue:Cu2P 

(phosphide).  

 

 

 

 

 

 

 

 

Figure S21. Dihedral angle in 3 ( = 88.79 º). Green: Cu2P2(phosphine), and blue:Cu2P 

(phosphide).  
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Figure S22. Molecular C–H···π interactions of 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S23. Molecular C–H···π interactions of 3. 
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Figure S24. Packing diagram of 1, view along the crystallographic a-axis. Channel A has a  

cuboid/cylindrical shape with approximately length 1.21 nm and breadth/diameter 0.74 nm. H 

atoms and solvent molecules omitted for clarity. 

 

 

 

 

 

 

 

 

 

Figure S25. Packing diagram of 2, view along the crystallographic a-axis. Channel A has a  

cuboid/cylindrical shape with approximately length 1.16 nm and breadth/diameter 0.89 nm. H 

atoms and solvent molecule omitted for clarity.  

 

 

 

 

 

 

 

 

 

Figure S26. Packing diagram of 3, view along the crystallographic a-axis. Channel A has a 

cuboid/cylindrical shape with approximately length 1.32 nm and breadth/diameter 0.91 nm. H 

atoms and solvent molecule omitted for clarity. 
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7. Photophysical Measurements 
 

All photophysical measurements were performed in solid-state were in single-crystalline form 

under argon. Excitation and emission spectra were recorded on an Edinburgh Instrument 

FLS1000 spectrometer, equipped with a 450 W Xenon arc lamp, double monochromators for 

the excitation and emission pathways, and a red-sensitive photomultiplier (PMT-980) as a 

detector. For NIR measurements liquid N2-cooled PMT-1400, range up to 1400 nm was used. 

The excitation and emission spectra were corrected using the standard corrections supplied 

by the manufacturer for the excitation source‘s spectral power and the detector‘s sensitivity. 

Quantum yields of solid samples were measured using an integrating cryosphere (Microstat 

N2) from Oxford Instruments. The luminescence lifetimes were measured using a μF2 pulsed 

60 W Xenon microsecond flashlamp, with a repetition rate of 100 Hz, a multichannel scaling 

(MCS) module or VPLED (271.8 nm with 0.3 mW or 383.8 nm with 1.1 mW or 449.6 nm with 

37 mW), with 48.4 ns or 48.1 ns or 59.8 ns minimum pulse width respectively and an MCS 

module, depending on the time range. The low temperature experiments were performed 

using a 4 K cryostat (CS204SI-FMX-1SS) from Advanced Research System equipped with a 

closed cycle water-cooled helium compressor. The emission was collected at a right angle to 

the excitation source. 
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8. Emission Studies 

Figure S27. Normalized excitation (A) and emission (B) spectra of compound 1 (red) and 2 

(green) at room temperature in solid state. 

 

 

 

 

 

 

 

 

 

Figure S28. Emission decays of compound 1 (A) and 2 (B) at room temperature in solid state.  

 

Table S3. Selected photophysical data of compound 1 and 2 at RT. 

  λem 
max

 (nm) 

[λex (nm)] 

Stokes 

Shift (cm
-1

) 

FWHM  

(cm
-1

) 

τ (μs)
a
  <τ>amp 

(μs) 

Ф  kr ( s
-1

)
b
 

1 660 [490]  6125 3117  31(82), 53 (18)  34 0.38  1.1 × 10
4
 

2 520 [410]  5461 4011 0.56 (83), 2 (8), 

27 (3) 85 (6)  

7 0.44  6.3 × 10
4
 

(a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 
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Figure S29. Normalized excitation and emission spectra (A) of 1 at room temperature (red) 

and at 77 K(blue) in solid state (solid lines for emission spectra and dash lines for excitation 

spectra). Emission decay (B) of 1 at 77 K in solid state. 

 

Table S4. Selected photophysical data for 1 at RT and 77 K. 

 (a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S30. Radiative lifetimes of 1 at various temperatures with three-level fit. 

Intrinsic lifetimes (int) are calculated by dividing amplitude-weighted averaged 
lifetimes by quantum yields. 

 
λem max (nm) 

[λex (nm)] 

Stokes 

Shift (cm-1) 

FWHM  

(cm-1) 

τ (μs)a <τ>amp 

(μs) 

Ф kr ( s-1)b 

RT 660 [490] 6125 3117 31(82), 53 (18) 34 0.38 1.1 × 104 

77 K 720 [490] 6944 2000 1864 (100) 1864 0.29 1.5 × 102 
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Figure S31. Radiative lifetimes of 1 at various temperatures with two-level fit. Intrinsic 

lifetimes (int) are calculated by dividing amplitude-weighted averaged lifetimes by 
quantum yields. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S32. Radiative lifetimes of 1 at various temperatures with two-level fit for 

temperature >137 º C. Intrinsic lifetimes (int) are calculated by dividing amplitude-
weighted averaged lifetimes by quantum yields. 
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Three-level fitting equation: 

 

 

 

 

Two-level fitting equation: 

 

 

Table S5. Temperature dependent life-times details for compound 1. 

Temp 

(K) 

τ1 (µs) τ2 (µs) τ <amp> 

(µs) 

τ <int> 

(µs)    
ꭓ

2
 φ τ <intrinsic> 

27 1021.77 (10) 1998.89 (90) 1896.38 1943.65 1.09 0.29 6470.09 

37 1217.27 (17) 2017.04 (83) 1881.44 1929.30 1.09 0.2 6419.10 

47 1906.92 (100)   1906.92 1906.92 1.16 0.29 6506.04 

57 1892.20 (100)   1892.20 1892.20 1.06 0.29 6455.82 

67 1874.82 (100)   1874.81 1874.81 1.13 0.29 6396.50 

77 1863.87 (100)   1863.87 1863.87 1.09 0.29 6359.16 

97 1810.93 (99) 4844.36 (1) 1831.76 1866.02 1.17 0.33 5464.68 

117 1719.77 (99) 4388.52 (1) 1737.45 1764.45 1.19 0.37 4631.98 

137 1389.32 (100) 
 

1389.32 1389.32 1.17 0.43 3221.98 

157 1066.56 (98) 2189.02 (2) 1084.56 1102.89 1.16 0.42 2522.82 

177 638.94 (96) 1176.29 (4)    657.94 672.91 1.11 0.45 1436.24 

197 371.25 (98) 791.09 (2) 380.84 391.18 1.15 0.45 831.00 

217 207.94 (95) 386.24 (5) 217.36 224.67 1.10 0.41 517.77 

237 123.65 (93) 224.75 (7) 130.87 136.05 1.01 0.42 308.73 

257 66.89 (73) 106.96(27) 77.64 81.70 1.09 0.40 192.70 

277 47.23 (88) 83.74 (12) 51.39 54.00 1.18 0.39 131.77 

297 30.77 (82) 52.71 (18)   33.70 36.74 1.20 0.38 90.79 

<amp>: amplitude-weighted averaged lifetimes; <int>: intensity-weighted averaged 

lifetimes. 

 

 

𝜏r,av(𝑇) =
3 + 𝑒𝑥𝑝 [−

∆𝐸(𝑆1 − 𝑇1)
𝑘𝐵𝑇

]

3
𝜏(T1)

+ [
1

𝜏(S1)
] 𝑒𝑥𝑝 [−

Δ𝐸(S1 − T1)
𝑘𝐵𝑇

]
 

𝜏r,av(𝑇) =

(2 + 𝑒

−∆𝐸(𝑇1
𝐼−𝑇1

𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇 + 𝑒

−∆𝐸(𝑆1−𝑇1
𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇 )

(
2

𝜏𝑟(𝑇1
𝐼𝐼,𝐼𝐼𝐼)

+
𝑒

−∆𝐸(𝑇1
𝐼−𝑇1

𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇

𝜏𝑟(𝑇1
𝐼)

+
𝑒

−∆𝐸(𝑆1−𝑇1
𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇

𝜏𝑟(𝑆1)
)

 

S-25 
 

 

 

 

 

 

 

 

 

 

 

 

Figure S33. Normalized excitation and emission spectra of 2 at room temperature (green) and 

at 77 K(yellow) in solid state. Solid lines for emission spectra and dash/dot lines for excitation 

spectra.  

 

 

Figure S34. Emission decays of compound 2 (A: 77 K, Em 520 nm; B: 77 K, Em 660 nm; C: 

7 K, Em 520 nm; D: 7 K, Em 660 nm). 

 

Table S6. Selected photophysical data for 2 at 77 K and 7 K. 

(a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 

 

 
Temperature λem max (nm) 

[λex (nm)] 

τ (μs)a <τ>amp 

(μs) 

Ф kr ( s-1)b 

2 RT 520 [410] 0.56 (83), 2 (8), 27 (3) 85 (6) 7 0.44 6.3 × 104 

 
77 K 520 [410] HE, 2 (66), 15 (29), 128 (3), 787 (2) 24 0.38 - 

  
660 [410] LE 72 (17), 819 (34), 1891 (49) 1224 

 
7 K 520 [410] HE 769 (44), 2569 (56) 1773 

  

  
660 [410] LE 912 (52), 2276 (48) 1561 
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Figure S35. Normalized emission spectra of 2 at various temperatures. Left-to-right: 7 K-77 

K, 77 K-127 K, 127 K-187 K and 187 K-297 K. Low temperatures in green lines and high 

temperatures in purple line. 

 

 

 

 

Figure S36. Normalized excitation and emission spectra of compound 3 at room temperature 

(A) and at 77 K (B) in solid state. Solid lines for emission spectra and dash/dot lines for 

excitation spectra. 
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Figure S37. Emission decays of compound 3 (A: Room Temperature(RT), Em 450 nm; B: RT, 

Em 580 nm; C: RT, Em 890 nm; D: 77 K, Em 580 nm; E:77 K, Em 1015 nm). 

 

Table S7. Selected photophysical data of compound 3 at RT and 77 K. 

  Temperature λ
em

 
max

 (nm) [λ
ex

 (nm)] τ (μs)
a
  <τ>

amp
 

(μs) 

Ф  

3 RT 450 [365] HE, 0.05(82), 0.79(18)  0.2 < 0.01  

  
 

580 [365] LE, 0.10(80), 0.46(20)  0.2 
 

890 [365] LE 0.12(44), 0.43(56) 0.3 

77 K 450 [365] HE, n.d. n.d. 0.02  
 

580 [365] LE, 2(43), 4.5(53), 18(4)  4 
 

1015
 
[365] LE 4.3(79), 62(21)  17 

(a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) Emission maxima written in bold. 
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9. Thermal stability of compound 1-3 
 

Thermal stability of the compounds were checked using TA SDT 650 simultaneous thermal 

analyzer under continuous flow of argon. 

 

Figure S38. TG/DTA data of compound 1 (A), 2 (B) and 3 (C). 

 

All three compounds shows thermal stability up to 200 ⁰ C. Compound 1 undergo weight loss 

of 8.7% around 95 ⁰ C which is the removal of toluene molecules present in the unit cell. 

Similarly, compound 2 undergo weight loss of 0.4% at 159 ⁰ C which is the removal of THF 

molecules present in the unit cell. Around 400 ⁰ C, approximately 20% weight still remains in 

the melt for all the three compounds which indicates the presence of CuP(phosphide) units. 
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10. TD-DFT calculations 

DFT calculations for compound 1 were performed with the ORCA 5.0.3 software package.[7] 

Geometry optimization with tight convergence criteria was carried out using PBE0 functional[8] 

with def2-TZVP basis set[9] and Grimme-D3BJ empirical dispersion correction.[10] To 

accelerate calculations, the SARC/J[11] auxiliary basis set was used together with RI 

approximation. Solvents effects (1: CH2Cl2,  = 9.08) were accounted for by implicit solvent 

model CPCM.[12] Relativistic effects were accounted for by employing the ZORA method.[13] 

Electronic transition differences at isovalues of 0.003 were prepared using the orca plot 

module as implemented in ORCA 5.0.3. software and USCF Chimera.[14] 

Table S8. XYZ coordinates of optimized molecule 1. 

 Cu     2.659241    8.741882    8.680621 

 Cu     1.722410   11.567772   10.949827 

  P      1.002249    9.975049    9.553566 

  P      3.177632   13.163380   10.388758 

  P      3.977745   12.181893   13.781882 

  P      1.028264   12.109938   13.005061 

  C     -0.037066   10.820164    8.294044 

  C      3.622858   13.541401    8.668421 

  C     -0.205491    8.854202   10.371067 

  C      0.193148    7.565893   10.758149 

  H      1.191471    7.219527   10.488381 

  C     -1.497489    9.281028   10.720766 

  H     -1.832301   10.279392   10.435912 

  C      4.132742   12.741055    6.429754 

  H      4.236249   11.911486    5.735087 

  C     -1.942271    7.172517   11.827242 

  H     -2.613007    6.526442   12.394311 
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  C      0.218398   12.163506    7.973701 

  H      0.974938   12.707399    8.541748 

  C      0.266883   10.934773   14.185219 

  C      4.381683   14.045961    5.995963 

  H      4.676072   14.233199    4.963039 

  C     -2.358640    8.447938   11.432851 

  H     -3.357048    8.801546   11.693934 

  C     -1.027422   10.141824    7.562923 

  H     -1.249168    9.098990    7.792869 

  C      2.323844   12.977782   14.002417 

  H      2.437503   13.970758   13.542778 

  H      2.038915   13.121346   15.052418 

  C     -0.272825   13.374180   12.768345 

  C      4.098217   10.918291   15.103870 

  C      3.870654   14.851482    8.221728 

  H      3.775512   15.685376    8.916839 

  C      3.757123   12.487872    7.745618 

  H      3.561318   11.458612    8.060406 

  C      4.245706   15.100016    6.900290 

  H      4.433283   16.126059    6.579894 

  C      1.761713   15.495028   11.131433 

  H      0.908235   15.040218   10.628367 

  C      0.275593    9.576364   13.861570 

  H      0.702059    9.249514   12.913953 

  C      2.993174   14.823529   11.145301 
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  C      5.251767   10.120125   15.103130 

  H      6.002461   10.247959   14.321935 

  C     -0.660571    6.736638   11.488599 

  H     -0.320037    5.743812   11.786105 

  C      4.079227   15.430808   11.794757 

  H      5.045138   14.927635   11.795429 

  C      5.141682   13.453078   14.407680 

  C     -0.483020   14.459686   13.626215 

  H      0.137793   14.592776   14.512296 

  C     -1.729693   10.782845    6.542437 

  H     -2.492315   10.235288    5.986965 

  C      3.129768   10.718510   16.094297 

  H      2.218025   11.310664   16.113589 

  C      4.871759   14.232245   15.539187 

  H      3.944134   14.092960   16.095446 

  C      5.436971    9.147883   16.083891 

  H      6.337576    8.534750   16.065687 

  C      6.345046   13.632943   13.714938 

  H      6.548018   13.027660   12.828375 

  C      3.933015   16.656097   12.446089 

  H      4.785897   17.100338   12.960836 

  C     -1.454484   12.116453    6.224121 

  H     -2.001077   12.614566    5.422922 

  C     -0.475532   12.802852    6.945557 

  H     -0.250239   13.844498    6.712594 
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  C     -1.066028   13.240731   11.619251 

  H     -0.884269   12.410593   10.933441 

  C     -1.475355   15.397968   13.337951 

  H     -1.627973   16.245336   14.006663 

  C     -0.301182   11.355323   15.397618 

  H     -0.328262   12.415205   15.655317 

  C      1.613306   16.726377   11.772314 

  H      0.645380   17.227847   11.761252 

  C     -0.253252    8.638509   14.751910 

  H     -0.230958    7.581212   14.490859 

  C      2.695181   17.303883   12.441059 

  H      2.574794   18.258614   12.953999 

  C      5.790833   15.192730   15.960920 

  H      5.573394   15.802038   16.838449 

  C     -2.261639   15.260384   12.191978 

  H     -3.030329   15.999527   11.965491 

  C      4.463016    8.946557   17.065364 

  H      4.600834    8.174753   17.822847 

  C     -0.827224   10.419754   16.285166 

  H     -1.261471   10.750921   17.228772 

  C     -0.797827    9.057299   15.964497 

  H     -1.207343    8.325388   16.661148 

  C      3.308552    9.730532   17.065399 

  H      2.538097    9.576129   17.821220 

  C     -2.056722   14.178255   11.332324 
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  H     -2.658794   14.068964   10.430102 

  C      6.988110   15.373509   15.262136 

  H      7.703855   16.126027   15.593765 

  C      7.267629   14.588910   14.141666 

  H      8.199132   14.725144   13.591942 

  Cu     4.503543   11.816279   11.621111 

  Cu     5.440655    8.990393    9.351515 

  P      6.160448   10.582719   10.748390 

  P      3.985582    7.394541    9.912311 

  P      3.184678    8.377036    6.519613 

  P      6.134441    8.448877    7.295990 

  C      7.199529    9.737559   12.008098 

  C      3.540761    7.015843   11.632615 

  C      7.368401   11.703647    9.931282 

  C      6.970036   12.992238    9.544855 

  H      5.971952   13.338837    9.815196 

  C      8.659976   11.276391    9.580542 

  H      8.994452   10.277679    9.864579 

  C      3.032796    7.815110   13.872104 

  H      2.930205    8.644313   14.567344 

  C      9.105106   13.385298    8.474952 

  H      9.775855   14.031411    7.907942 

  C      6.944118    8.394189   12.328337 

  H      6.187642    7.850294   11.760207 

  C      6.896421    9.624204    6.116374 
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  C      2.783056    6.510119   14.305177 

  H      2.489096    6.322435   15.338141 

  C      9.521130   12.109492    8.868469 

  H     10.519301   11.755644    8.606805 

  C      8.189917   10.415860   12.739218 

  H      8.411702   11.458685   12.509275 

  C      4.838715    7.581632    6.298303 

  H      4.725286    6.588323    6.757275 

  H      5.123465    7.438780    5.248153 

  C      7.435177    7.184210    7.532430 

  C      3.063311    9.641016    5.198064 

  C      3.292483    5.705636   12.078675 

  H      3.386753    4.872101   11.383014 

  C      3.407762    8.068880   12.556164 

  H      3.604018    9.098216   12.241904 

  C      2.917927    5.456531   13.400143 

  H      2.729836    4.430413   13.719997 

  C      5.401443    5.063315    9.168237 

  H      6.255065    5.518030    9.671150 

  C      6.892312   10.981990    6.442755 

  H      6.469080   11.308141    7.392071 

  C      4.169877    5.734646    9.155172 

  C      1.910393   10.440093    5.200677 

  H      1.160774   10.312716    5.982989 

  C      7.823743   13.821520    8.814420 
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  H      7.483507   14.814675    8.517670 

  C      3.083751    5.127680    8.505547 

  H      2.117834    5.630846    8.505244 

  C      2.020948    7.105720    5.893688 

  C      7.644860    6.098683    6.674463 

  H      7.023974    5.965952    5.788379 

  C      8.892297    9.774763   13.759577 

  H      9.654988   10.322270   14.315001 

  C      4.030522    9.840348    4.206336 

  H      4.941806    9.247539    4.185615 

  C      2.290824    6.326958    4.761892 

  H      3.218336    6.466571    4.205531 

  C      1.724505   11.412691    4.220401 

  H      0.824467   12.026619    4.240145 

  C      0.817570    6.925673    6.586361 

  H      0.614569    7.530748    7.473059 

  C      3.229800    3.902553    7.853871 

  H      2.376819    3.458493    7.339137 

  C      8.617191    8.441096   14.077743 

  H      9.163928    7.942895   14.878789 

  C      7.638226    7.754731   13.356298 

  H      7.412929    6.713079   13.589230 

  C      8.227985    7.316810    8.681893 

  H      8.046410    8.146790    9.367946 

  C      8.637100    5.160191    6.962365 
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  H      8.789449    4.312915    6.293476 

  C      7.460135    9.204519    4.901650 

  H      7.483286    8.145124    4.641583 

  C      5.549601    3.831973    8.527289 

  H      6.517536    3.330509    8.537968 

  C      7.421854   11.920119    5.553115 

  H      7.403286   12.976945    5.816388 

  C      4.467594    3.254692    7.858561 

  H      4.587807    2.300003    7.345503 

  C      1.371973    5.366256    4.340165 

  H      1.589462    4.757138    3.462518 

  C      9.423457    5.297306    8.108344 

  H     10.191991    4.557936    8.334613 

  C      2.697180   11.613481    3.237549 

  H      2.558908   12.385647    2.480518 

  C      7.986925   10.140362    4.014831 

  H      8.417815    9.809881    3.069448 

  C      7.962321   11.502233    4.338381 

  H      8.372466   12.234361    3.642330 

  C      3.851100   10.828701    3.235733 

  H      4.620532   10.982619    2.478771 

  C      9.218599    6.379087    8.968450 

  H      9.820498    6.487825    9.870853 

  C      0.174857    5.185025    5.039105 

  H     -0.540677    4.432281    4.707530 
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  C     -0.104726    5.969388    6.159726 

  H     -1.036270    5.833053    6.709356 

 

 

Figure S39. HOMO (left) and LUMO (right) orbitals for compound 1. 
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1. General Procedures 
 

All manipulations were carried out under an inert atmosphere of argon using standard Schlenk 

link[1] or glovebox techniques (GS MEGA E-Line, <0.5 ppm of H2O and O2). All reagents were 

used as supplied. Solvents such as tetrahydrofuran (THF), toluene, and pentane were used 

at HPLC grade purity from commercial sources (VWR and Fisher Chemicals) and dried using 

PureSolv MD 7 drying system. After being dried, diethyl ether was kept in 4 Å molecular sieves. 

NMR spectra were recorded on a Bruker Avance III HD NanoBay 400 MHz; H and chemical 

shifts (δ) are given in ppm relative to TMS, coupling constants (J) in Hz. The solvent signals 

were used as references, and the chemical shifts were converted to the TMS scale. ATR-IR 

spectra were measured on a Bruker Alpha-II IR Spectrometer, and CHN elemental analyses 

were performed on a Micro cube (Elementar).  

Copper(I) tert-butanolate and [Cu(PPh)2]8 were synthesised according to literature 

procedures.[2] 
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2. Characterization Data 
 

Synthesis of 1 

 

 

 

 

[Cu(PPh)2]8 (80 mg, 0.3 mmol) and 1,2-bis (diphenylphosphino) ethane (128 mg, 0.3 mmol) 

were added to a 20 mL scintillation vial, and 6 mL anhydrous THF was added to the reaction 

mixture inside the glovebox. After stirring for 24 hours the reaction mixture was filtered over a 

pipette containing celite and basic aluminium oxide. A yellow transparent filtrate was obtained 

which was then co-crystallized with n-pentane in the ratio of 2:1 (THF:n-pentane). Yellow-

green crystals were obtained which were washed with 2 mL pentane. Yield: 20% (84 mg). EA 

calc. for [C76H68Cu2P6] C, 70.53; H, 5.30. Found: C, 70.7; H, 5.3. IR (ATR) [cm-1]: ṽ = 

3041.36,1574.25, 1469.17, 1430.02, 1096.21, 1024.09, 999.36, 873.67, 818.03, 729.43, 

690.28, 659.37, 519.25, 473.92, 414.17. 

On measuring the 1H-NMR spectra at room temperature, the number of protons were more 

than the expected structure and also the aromatic peaks were merged. In the 31P{1H} NMR at 

room temperature shows multiple peaks indicating presence of multiple species in solution. 

On cooling down to - 80 ⁰ C, 1H-NMR spectra shows better resolution in the aromatic as well 

as in the aliphatic part, yet number of protons were more than the expected structure. 31P{1H} 

NMR shows less peaks at - 80 ⁰ C, but when warmed up to room temperature shows the extra 

peaks which were missing. This indicates the presence of multiple species in solution which 

are at equilibrium to one another and can’t be separated even at low temperatures. 

1H-NMR (d8-THF, 400 MHz, 298 K): 7.32 - 6.42 (m, Ar-H), 2.13 (s), 2.04 - 1.99 (bs); 31P {1H} 

NMR (d8-THF, 400 MHz, 298 K): 27.71, 27.25, 27.08, 17.28, -0.37, -5.57, -12.71, -21.07.   

  

Synthesis of 2 

 

 

 

 

[Cu(PPh)2]8 (40 mg, 0.1 mmol) and 1,2-bis (diphenylphosphino) benzene (72 mg, 0.1 mmol) 

were taken. Compound 2 was obtained using similar procedure to that reported for compound 

1 as orange crystals were obtained on recrystallisation with a mixture of n-

pentane/cyclohexane (2:0.8/0.2). Yield: 22% (50 mg). EA calc. for [C84H68Cu2P6] C, 72.56; H, 

4.93. Found: C, 72.2; H, 5.1. IR (ATR) [cm-1]: ṽ = 3045.48, 1574.25, 1471.23, 1427.95, 

1090.02, 1024.09, 995.24, 760.34, 729.43, 690.28, 515.13, 473.92, 436.83, 416.23. 

On measuring the 1H-NMR spectra at room temperature, the number of protons were more 

than the expected structure and also the aromatic peaks were merged. In the 31P{1H} NMR at 

room temperature shows multiple peaks indicating presence of multiple species in solution. 

S-3 
 

On cooling down to - 80 ⁰ C, 1H-NMR spectra shows better resolution in the aromatic as well 

as the aliphatic part, yet number of protons were more than the expected structure. 31P{1H} 

NMR shows less peaks at - 80 ⁰ C, but when warmed up to room temperature shows the extra 

peaks which were missing. This indicates the presence of multiple species in solution which 

are at equilibrium to one another and can’t be separated even at low temperatures. 

1H-NMR (d8-THF, 400 MHz, 298 K): 7.70 - 6.30 (m, Ar-H), 1.33 - 1.24 (m, n-pentane), 0.88 (t, 

n-pentane); 31P {1H} NMR (d8-THF, 400 MHz, 298 K): 27.60, 26.18, 18.20, -11.45, -14.01. 

The orange crystals of compound 2 were redissolved in THF and co-crystallised with a mixture 

of n-pentane and cyclohexane over a month resulted in orange crystals of compound 2 along 

with very few yellow crystals of compound 4 (decomposition product). The reaction conditions 

were optimized, yet the isolation of compound 4 was not possible. 

 

Synthesis of 3 

 

 

 

 

 

 

 

 

[Cu(PPh)2]8 (80 mg, 0.3 mmol) and triphenylphosphine (51 mg, 0.2 mmol) were taken. 

Compound 3 was obtained using similar procedure to that reported for compound 1 as orange 

crystals were obtained on recrystallisation with pentane (1:1). Yield: 34% (45 mg). EA calc. 

for [C114H95Cu5P8] C, 67.43; H, 4.72. Found: C, 67.6; H, 5.0. IR (ATR) [cm-1]: ṽ = 3045.48, 

1576.31, 1473.29, 1430.02, 1092.09, 1063.24, 1024.09, 997.30, 731.49, 690.28, 616.10, 

502.77, 475.98, 434.77. 

On measuring the 1H-NMR spectra at room temperature, the number of protons were more 

than the expected structure and also the aromatic peaks were merged. In the 31P{1H} NMR at 

room temperature shows multiple peaks indicating presence of multiple species in solution. 

On cooling down to - 80 ⁰ C, 1H-NMR spectra shows better resolution in the aromatic part, yet 

number of protons were more than the expected structure. 31P{1H} NMR shows less peaks at 

- 80 ⁰ C, but when warmed up to room temperature shows the extra peaks which were missing. 

This indicates the presence of multiple species in solution which are at equilibrium to one 

another and can’t be separated even at low temperatures. 

1H-NMR (d8-THF, 400 MHz, 298 K): 7.71 – 5.99 (m, Ar-H), 1.31 - 1.22 (m, n-pentane), 0.88 (t, 

n-pentane); 31P {1H} NMR (d8-THF, 400 MHz, 298 K): 23.26, 21.00, 16.17, -5.23, -31.66. 
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3. NMR spectra
 

Figure S1.1H-NMR (400 MHz, THF-d8, 298 K) of 1. 

Figure S2.1H-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 1. 
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Figure S3.31P-NMR (400 MHz, THF-d8, 298 K) of 1. 

 

Figure S4.31P-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 1. 
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Figure S5.1H-NMR (400 MHz, THF-d8, 298 K) of 2. 

 

Figure S6.1H-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 2. 
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Figure S7.31P-NMR (400 MHz, THF-d8, 298 K) of 2. 

 

Figure S8.31P-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 2. 
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Figure S9.1H-NMR (400 MHz, THF-d8, 298 K) of 3. 

 

Figure S10.1H-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 3. 
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Figure S11.31P-NMR (400 MHz, THF-d8, 298 K) of 3. 

 

Figure S12.31P-NMR (400 MHz, THF-d8, top: 298 K, bottom: 193 K) of 3. 
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4. ATR-IR 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S13. ATR-IR spectrum of 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S14. ATR-IR spectrum of 2.  
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Figure S15. ATR-IR spectrum of 3. 
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5. X-ray characterization data 

 

General part 

 

X-ray diffraction determination 

The single crystals of 1–4 were immersed in a film of NVH or perfluoropolyether oil, mounted 

on a polyimide microloop (MiTeGen) and transferred to a stream of cold nitrogen (Bruker 

Kryoflex2), and measured at a temperature of 100 K. The X-ray diffraction data were collected 

on a Bruker D8 diffractometer with a CMOS Photon 100 and multilayer optics monochromated 

MoKα (0.71073Å) radiation (INCOATEC microfocus sealed tube). The frames were integrated 

with the Bruker SAINT software package using a narrow-frame algorithm. The APEX3 

v2018.7-0 program package was used for cell refinements and data reductions. The structure 

was solved using the intrinsic phasing method,[3] refined and visualized with the OLEX2-1.5 

program.[4] A semiempirical absorption correction (SADABS) was applied to all data. All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were included in structure 

factors calculations. All Hydrogen atoms were assigned to idealized geometric positions. Unit 

cells of the 4 contain disordered solvent molecules treated as a diffuse contribution to the 

overall scattering without specific atom positions by SQUEEZE/PLATON.[5] Crystallographic 

data of the 3 and 4 contains alerts of level B (see check CIF reports), this is a result of limited 

diffraction of the samples associated with reflections omitted by the beam stopper and possible 

deficiencies in the correction absorption model. The crystallographic details are summarized 

in Table S1. CCDC 2384013–2384016 contains the supplementary crystallographic data for 

this paper. 
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X-ray Structures 

 

 

 

 

 

 

 

 

 

 

 

Figure S16. X-ray solid-state structure of 1. Thermal ellipsoids were drawn at the 50% 

probability level; H atoms have been omitted for clarity. Selected bond lengths (Å) and angles 

[deg]: Cu1-P1 2.3501(4), Cu1-P2 2.3075(3), Cu1-P3 2.2773(4), P1-Cu1-P1 87.92(1), P2-Cu1-

P3 88.51(1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S17. X-ray solid-state structure of 2. Thermal ellipsoids were drawn at the 50% 

probability level; H atoms have been omitted for clarity. Selected bond lengths (Å) and angles 

[deg]: Cu1-P1 2.3364(5), Cu1-P2 2.3111(6), Cu1-P3 2.2793(5), P1-Cu1-P1 87.17(2), P2-Cu1-

P3 85.19(2). 
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Figure S18. X-ray solid-state structure of 3. Thermal ellipsoids were drawn at the 50% 

probability level; H atoms and solvent molecule have been omitted for clarity. Selected bond 

lengths (Å): Cu1-P1 2.268(1), Cu1-P2 2.5012(9), Cu1-P3 2.321(1), Cu1-P4 2.6955(9), Cu2-

P2 2.367(1), Cu2-P4 2.3146(9), Cu2-P5 2.235(1), Cu3-P2 2.3403(9), Cu3-P3 2.3763(9), Cu3-

P8 2.262(1), Cu4-P3 2.354(1), Cu4-P4 2.3175(9), Cu4-P7 2.2760(9), Cu5-P1 2.331(1), Cu5-

P5 2.3115(9), Cu5-P6 2.274(1). 

  

 

 

 

 

 

 

 

 

 

 

Figure S19. X-ray solid-state structure of 4. Thermal ellipsoids were drawn at the 50% 

probability level; H atoms and solvent molecule have been omitted for clarity. Selected bond 

lengths (Å) and angles [deg]: Cu4-P3 2.3013(5), Cu4-P4 2.3406(6), Cu4-P7 2.2981(6), Cu4-

P8 2.3012(5), Cu3-P1 2.3215(5), Cu3-P2 2.3186(6), Cu3-P5 2.2811(6), Cu3-P6 2.2630(6), 

Cu1-P1 2.2255(6), Cu1-P4 2.2244(6), Cu2-P2 2.2227(6), Cu2-P3 2.2248(6), P1-Cu1-P4 

168.64(2), P2-Cu2-P3 163.13(2), P3-Cu4-P4 100.81(2), P7-Cu4-P8 84.06(2), P1-Cu3-P2 

91.82(2), P5-Cu3-P6 89.54(2). 
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Table S1. Crystal data and structure refinement for 1–3. 

Identification code 1 2 3 4 

CCDC number 2384013 2384014 2384015 2384016 

Empirical formula C76H68Cu2P6 C42H34CuP3 C233H200Cu10P16 C111H94Cu4P8 

Formula weight 1294.20 695.14 4130.84 1929.78 

Temperature [K] 100 

Crystal system triclinic triclinic monoclinic triclinic 

Space group P-1 P-1 P21 P-1 

a [Å] 
b [Å] 
c [Å] 
α [°] 
β [°] 
γ [°] 

12.0545(3) 
12.1466(3) 
12.9951(3) 

101.3900(10) 
114.3490(10) 
104.5500(10) 

11.6992(3) 
11.7418(3) 
13.6414(4) 

107.1790(10) 
105.9810(10) 
98.9700(10) 

13.4937(3) 
17.2806(5) 
21.3461(6) 

90 
97.0430(10) 

90 

14.4287(5) 
16.0646(5) 
21.9752(7) 
87.0740(10) 
83.4680(10) 
83.2500(10) 

Volume [Å3] 1577.09(7) 1662.72(8) 4939.9(2) 5021.9(3) 

Z 1 2 1 2 

ρcalc [g/cm3] 1.363 1.388 1.389 1.276 

μ [mm-1] 0.871 0.832 1.238 1.009 

F(000) 672.0 720.0 2128.0 1992.0 

Crystal size [mm3] 
0.278 × 0.244 × 

0.116 
0.14 × 0.099 × 0.081 

0.274 × 0.123 × 
0.091 

0.103 × 0.098 × 
0.077 

Radiation type MoKα (λ = 0.71073) 

2Θ range for data 
collection [°] 

5.522 to 65.19 5.396 to 55.998 5.81 to 57.128 5.374 to 57.156 

Index ranges 
-18 ≤ h ≤ 18, -18 ≤ 
k ≤ 14, -19 ≤ l ≤ 19 

-15 ≤ h ≤ 14, -15 ≤ k 
≤ 15, -18 ≤ l ≤ 18 

-18 ≤ h ≤ 17, -23 ≤ k 
≤ 23, -28 ≤ l ≤ 28 

-19 ≤ h ≤ 19, -21 ≤ k 
≤ 21, -27 ≤ l ≤ 29 

Reflections collected 44918 36527 166401 114619 

Independent 
reflections 

11439 [Rint = 
0.0250, Rsigma = 

0.0243] 

8008 [Rint = 0.0347, 
Rsigma = 0.0290] 

25085 [Rint = 0.0543, 
Rsigma = 0.0378] 

25484 [Rint = 0.0323, 
Rsigma = 0.0273] 

Data/restraints/para
meters 

11439/0/379 8008/0/415 25085/92/1192 25484/113/1135 

Goodness-of-fit on F2 

(a) 
1.023 1.028 1.047 1.036 

Final R indexes 
[I>=2σ (I)] (b) 

R1 = 0.0260, wR2 = 
0.0667 

R1 = 0.0343, wR2 = 
0.0804 

R1 = 0.0323, wR2 = 
0.0827 

R1 = 0.0331, wR2 = 
0.0979 

Final R indexes [all 
data] (b) 

R1 = 0.0302, wR2 = 
0.0686 

R1 = 0.0411, wR2 = 
0.0837 

R1 = 0.0366, wR2 = 
0.0856 

R1 = 0.0393, wR2 = 
0.1017 

Largest diff. 
peak/hole [e/Å-3] 

0.45/-0.28 0.65/-0.31 1.05/-0.42 1.08/-0.52 

Flack parameter   0.010(7)  
a) GooF = S = [[∑w(Fo

2-Fc
2)2]/(m-n)]1/2, where m = number of reflexes and n = number of parameters; 

(b) R1 = ∑||Fo|-|Fc||/∑|Fo|; wR2 = [∑[w(Fo
2-Fc

2)2/∑[(wFo
2)2]]1/2; w = 1/[σ2(Fo

2)+(aP)2+bP], where P = 

(Fo
2+2Fc

2)/3 
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6. Structural details of 1-3 
 

Table S2. Structural Details of Compounds 1−3 at 100 K 

Compd. 1 2 3 

Geometry at Cu 

centre 

Flattened tetrahedron  Flattened tetrahedron  Distorted tetrahedron(Cu1) 

      Distorted triangular planar 

(Cu3/Cu4/Cu5) 

Cu−Cu (Å) Cu1−Cu1 3.3935(3)
a
 Cu1−Cu1 3.4108(3)

a
 Cu1−Cu 2.5254(7)

b
 

      Cu2−Cu5 3.0821(7) 

Cu−P (Å) Cu1−P 2.3572(3) Cu1−P 2.3543(5) Cu1−P 2.5055(12)
c
 

(phosphide)     Cu−P 2.3447(12)
c
 

      Cu−P 2.2866(12)
d
 

Cu−P (Å) Cu−P 2.2925(5) Cu−P 2.2952(13) Cu−P 2.2708(13) 

(phosphine)       

Dihedral angle  (
o
) 81.890(14) 81.606(18) 65.64 

β
n
 (

o
)
e
 85.03 83.04 145

g
 

β
n
 (

o
) P2−Cu1−P3 

88.514(10) 

P2−Cu1−P3 85.191(18) - 

P−Cu−P (
o
) P1−Cu1−P1 

87.924(10) 

P1−Cu1−P1 87.171(17) P−Cu1−P1 114.26(4) 

(phosphide)     P−Cu2−P5 123.98(4) 

P−Cu−P (
o
) P1−Cu1−P3 

117.283(10)
 
 

P1−Cu1−P3 126.228(19)
  
 P−Cu−P 122.08(5) 

(phosphide and 

phosphine) 

P1−Cu1−P2 

124.681(10)
 
 

P1−Cu1−P2 117.741(18)
 
   

Cu−P−Cu (
o
) Cu1−P1−Cu1 

92.077(9) 

Cu1−P1−Cu1 92.829(17) Cu1−P−Cu 62.60(3)
f
 

(phosphide)     Cu2−P5−Cu5 83.34(4) 

      Cu1−P1−Cu5 113.78(5) 

a
Distance between two Cu centres. 

b
bond length between two Cu centres (in the hexagonal plane). 

c
bond length in the hexagonal plane. 

d
bond length not in the hexagonal plane. 

e
general bite angle from 

ref 6. 
f
bond angle in the hexagonal plane.

g
Cone angle. Mean values written in bold font. 
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Figure S20. Dihedral angle in 1 ( = 81.89 º). Green: Cu1P2(phosphine), and blue:Cu1P2 

(phosphide). 

 

 

 

 

 

 

 

 

 

Figure S21. Dihedral angle in 2 ( = 81.61 º). Green: Cu1P2(phosphine), and blue:Cu1P2 

(phosphide). 

 

 

 

 

 

 

 

 

 

 

Figure S22. Dihedral angle in 3 ( = 65.64 º). Green: Cu2P(phosphine), and blue:Cu2P1 

(phosphide).  
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Figure S23. Molecular C–H···π interactions of 1. 

 

 

 

 

 

 

 

 

 

 

Figure S24. Molecular C–H···π interactions of 2. 

 

 

 

 

 

 

 

 

 

 

Figure S25. Molecular C–H···π interactions of 3. 
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Figure S26. Packing diagram of 1, view along the crystallographic c-axis. No channel present. 

H atoms omitted for clarity. 

 

 

 

 

 

 

 

 

 

Figure S27. Packing diagram of 2, view along the crystallographic a-axis. No channel 

present. H atoms omitted for clarity. 

 

 

 

 

 

 

 

 

 

 

Figure S28. Packing diagram of 3, view along the crystallographic b-axis. No channel present. 

H atoms omitted for clarity. 
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7. Photophysical Measurements 
 

All photophysical measurements were performed in solid-state were in single-crystalline form 

under argon. Excitation and emission spectra were recorded on an Edinburgh Instrument 

FLS1000 spectrometer, equipped with a 450 W Xenon arc lamp, double monochromators for 

the excitation and emission pathways, and a red-sensitive photomultiplier (PMT-980) as a 

detector. The excitation and emission spectra were corrected using the standard corrections 

supplied by the manufacturer for the excitation source‘s spectral power and the detector‘s 

sensitivity. Quantum yields of solid samples were measured using an integrating cryosphere 

(Microstat N2) from Oxford Instruments. The luminescence lifetimes were measured using a 

μF2 pulsed 60 W Xenon microsecond flashlamp, with a repetition rate of 100 Hz, a 

multichannel scaling (MCS) module or VPLED (271.8 nm with 0.3 mW or 383.8 nm with 1.1 

mW or 449.6 nm with 37 mW), with 48.4 ns or 48.1 ns or 59.8 ns minimum pulse width 

respectively and an MCS module, depending on the time range. The low temperature 

experiments were performed using a 4 K cryostat (CS204SI-FMX-1SS) from Advanced 

Research System equipped with a closed cycle water-cooled helium compressor. The 

emission was collected at a right angle to the excitation source. 
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8. Emission Studies 
 

 

 

 

 

 

 

 

 

 

Figure S29. Normalized excitation (dash lines) and emission (solid lines) spectra of compound 

1 in solid state at room temperature (green) and at 77 K (purple) at room temperature in solid 

state. 

 

 

 

 

Figure S30. Emission decays of compound 1 at room temperature (A) and at 77 K (B) in solid 

state.  

 

 

Table S3. Selected photophysical data of compound 1 at RT and 77 K. 
  

λem 
max

 (nm) 

[λex (nm)] 

Stokes 

Shift (cm
-1

) 

FWHM  

(cm
-1

) 

τ (μs)a <τ>amp 

(μs) 

Ф kr ( s
-1

)b 

1 RT 535 [400] 4838 2679 2.14 (100) 2.1 0.32 1.5 × 10
5
 

 
77 K 525 [400] 5952 749 403.46 (100) 403.4 0.38 9.4  10

2
 

(a) The pre-exponential factors B are given in parentheses. (b) kr was calculated using 

amplitude-weighted averaged lifetimes. 
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Two-level fitting equation: 

 

 

Table S4. Temperature dependent life-times details for compound 1. 

 

 

 

 

Temp 

(K) 

τ1 (µs) τ2 (µs) τ3 (µs) τ <amp> 

(µs) 

τ <int> 

(µs) 

ꭓ2 Ф τ 

<intrinsic> 

7 576.14 (12) 1333.80 (80) 2780.44 (8) 1355.58 1521.44 1.11 0.37 3613.93 

17 1259.11 (90) 2517.67 (10) 
 

1380.75 1480.91 1.13 0.37 3681.03 

27 1251.02 (89) 2290.54 (11) 
 

1378.26 1688.32 1.10 0.37 3674.40 

37 1253.42 (89) 2210.73 (11) 
 

1360.86 1453.54 1.09 0.37 3627.99 

47 1207.28 (91) 2194.91 (9) 
 

1308.17 1549.38 1.06 0.37 3487.52 

57 1870.51 (10) 1002.36 (90) 
 

1282.05 36449.01 1.01 0.37 3417.90 

67 659.35 (94) 1322.80 (6) 
 

706.41 850.06 0.97 0.37 1883.26 

77 403.46 (100) 
  

403.46 403.46 1.00 0.37 1075.61 

87 219.09 (100) 
  

219.09 219.09 1.19 0.37 591.67 

97 113.18 (97) 247.07 (3) 
 

117.46 122.18 1.08 0.36 325.10 

107 66.71 (96) 137.99 (4) 
 

69.26 71.79 1.04 0.36 191.38 

117 14.24 (8) 44.88 (92) 
 

44.23 47.56 1.15 0.36 122.10 

127 16.40 (12) 31.69 (88) 
 

30.62 32.42 1.26 0.35 85.15 

137 19.76 (71) 28.32 (29) 
 

25.47 920.28 1.15 0.35 71.54 

147 15.79 (91) 25.81 (9) 
 

16.77 17.72 1.06 0.35 47.16 

157 13.00 (100) 
  

13.00 13.00 1.15 0.36 35.59 

167 9.93 (97) 20.61 (3) 
 

10.27 10.62 1.09 0.36 27.93 

177 8.01 (96) 15.87 (4) 
 

8.29 8.55 1.15 0.37 22.37 

197 5.845(100) 
  

5.84 5.84 1.24 0.38 15.23 

227 3.73 (95) 6.37 (5) 
 

3.89 4.25 1.16 0.37 10.29 

237 3.51(100) 
  

3.51 3.51 1.14 0.37 9.47 

267 2.68 (100) 
  

2.68 2.68 1.09 0.35 7.50 

297 2.14 (100) 
  

2.14 2.14 1.14 0.3188 6.71 

𝜏r,av(𝑇) =
3 + 𝑒𝑥𝑝 [−

∆𝐸(𝑆1 − 𝑇1)
𝑘𝐵𝑇

]

3
𝜏(T1)

+ [
1

𝜏(S1)
] 𝑒𝑥𝑝 [−

Δ𝐸(S1 − T1)
𝑘𝐵𝑇

]
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Figure S31. Radiative lifetimes of 1 at various temperatures with two-level fit. Intrinsic 

lifetimes (int) are calculated by dividing amplitude-weighted averaged lifetimes by 
quantum yields. 
 

 

 

 

Figure S32. (A) : Normalised emission (solid lines) and excitation (dash/dot lines) 
spectra of 2 at room temperature (red) and at 77 K (green) in solid state. (B) : 
Normalised emission spectra of 2 at room temperature (red), 77 K (green) and 7 K 
(violet) in solid state. 
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Figure S33. Emission decays of compound 2 at room temperature (A), at 77 K (B : Em 580 

nm; C : Em 710 nm), and at 7 K (D : Em 580 nm; E : Em 710 nm) in solid state.  

 

Table S5. Selected photophysical data of compound 2 at RT, 77 K and 7 K. 
 

Temp λem max (nm) 

[λex (nm)] 

Stokes 

shift 

(cm-1) 

FWHM  

(cm-1) 

τ (μs)a <τ>amp 

(μs) 

Ф kr ( s-1)b 

2 RT 660 [380] 11164 4098 0.04(54), 0.1(38), 0.6(8) 0.1 0.03 3 ×105 

77 K 710 [380] 

LE, 

7421 - 0.5(30), 5.8(70), 24(2) 4.6 0.21 - 

77 K 580 [380] 

HE 

7758 
 

58(65), 146(32), 404(3) 97 

 
7 K 710 [380] 

LE, 

  
3.8 (24), 25 (54), 102 (22) 37 

  

 
7 K 580 [380] 

HE 

  
207 (47), 807 (44), 2181 

(9) 

644 
  

(a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 
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Figure S34. Normalized excitation (dash lines) and emission (solid lines) spectra of compound 

3 in solid state at room temperature (orange) and at 77 K (blue) at room temperature in solid 

state. 

 

 

 

 

 

 

 

 

 

Figure S35. Emission decays of compound 3 at room temperature (A) and at 77 K (B) in solid 

state.  

 

Table S6. Selected photophysical data of compound 3 at RT and 77 K. 

  
 

λem 
max

 (nm) 

[λex (nm)] 
Stokes 

Shift (cm
-1

) 
FWHM  

(cm
-1

) 
τ (μs)a  <τ>amp 

(μs) 
Ф kr ( s

-1
)b 

3 RT 610 [485]  4659 2565 2.29(11), 

9.07(83), 15(6) 
8.7 0.24 2.7 x 10

4 
 

77 K 635 [485] 5991 1736 1599.07 (94), 

3119.96 (6) 
1697.0 0.28 1.6  10

2 

(a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 
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Two-level fitting equation: 

 

 

 

Table S7. Temperature dependent life-times details for compound 3. 

 

 

 

 

 

 

 

 

 

Temp 

(K) 

τ1 (µs) τ2 (µs) τ3 (µs) τ <amp> 

(µs) 

τ <int> 

(µs) 

ꭓ2 Ф τ 

<intrinsic> 

27 1642.05 

(94) 

2947.35 (6) 
 

1720.77 1776.88 1.23 0.27 6250.53 

47 1637.60 

(95) 

2994.44 (5) 
 

1707.37 1759.96 1.23 0.27 6201.86 

67 1609.96 

(95) 

3074.80 (5) 
 

1677.28 1733.37 1.20 0.27 6092.57 

77 1599.07 

(94) 

3119.96 (6) 
 

1697.01 1779.14 1.21 0.27 6164.24 

97 1276.46 

(98) 

2829.71 (2) 
 

1309.17 1347.16 1.14 0.25 5232.51 

117 723.46 (98) 1577.33 (2) 
 

743.30 765.57 1.15 0.23 3163.00 

137 337.92 (96) 672.44 (4) 
 

350.22 361.53 1.13 0.23 1520.72 

157 162.96 (92) 271.51 (8) 
 

172.17 177.48 1.03 0.24 699.60 

177 25.43 (16) 89.92 (84) 
 

84.09 92.71 1.13 0.25 334.09 

197 12.96 (10) 53.44 (84) 90.61 (6) 51.30 56.08 1.17 0.25 198.31 

217 10.37 (14) 36.20 (86) 
 

33.54 36.70 1.16 0.26 126.19 

237 11.45 (21) 26.74 (79) 
 

23.48 25.15 1.14 0.26 88.24 

257 4.36 (12) 17.29 (82) 27.82 (6) 16.46 18.04 1.12 0.25 63.71 

277 3.28 (12) 12.67 (82) 21.01 (6) 12.02 13.18 1.17 0.29 41.41 

297 2.29 (11) 9.07 (83) 15.00 (6) 8.66 9.48 1.08 0.23 36.6992 

𝜏r,av(𝑇) =
3 + 𝑒𝑥𝑝 [−

∆𝐸(𝑆1 − 𝑇1)
𝑘𝐵𝑇

]

3
𝜏(T1)

+ [
1

𝜏(S1)
] 𝑒𝑥𝑝 [−

Δ𝐸(S1 − T1)
𝑘𝐵𝑇

]
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Figure S36. Radiative lifetimes of 3 at various temperatures with two-level fit. Intrinsic 

lifetimes (int) are calculated by dividing amplitude-weighted averaged lifetimes by 
quantum yields. 
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9. Thermal stability of compound 1-3 
 

Thermal stability of the compounds were checked using TA SDT 650 simultaneous thermal 

analyzer under continuous flow of argon. 

Figure S37. TG/DTA data of compound 1 (A), 2 (B) and 3 (C). 

 

All three compounds shows high thermal stability. Compound 1 and 2 undergo steady 

decomposition from 196 and 280 º C respectively. For compound 3 weight loss of 3.8% around 

159 ⁰ C might be the removal of one PPh3 unit. Around 400 ⁰ C, approximately 20% weight still 

remains in the melt for all the three compounds which indicates the presence of 

CuP(phosphide) units. 
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10. TD-DFT calculations 

DFT calculations for compounds 1, and 2 were performed with the ORCA 5.0.3 software 

package.[7] Geometry optimization with tight convergence criteria was carried out using PBE0 

(1 and 2) functional[8] with def2-TZVP basis set[9] and Grimme-D3BJ empirical dispersion 

correction.[10] To accelerate calculations, the SARC/J[11] auxiliary basis set was used together 

with RI approximation. Solvents effects (1 and 2: CH2Cl2,  = 9.08) were accounted for by 

implicit solvent model CPCM.[12] Relativistic effects were accounted for by employing the 

ZORA method.[13] The same level of theory (PBE0 functional for 1 and 2 compounds) was 

used for TD-DFT calculation of the first 50 (1 and 2) singlet and triplet excited states. Electronic 

transition differences at isovalues of 0.003 were prepared using the orca plot module as 

implemented in ORCA 5.0.3. software and USCF Chimera.[14] 

Table S8. Singlet excitations calculated for 1 in the ground state geometry. 

State Energy [cm-1]  [nm] fosc 

   1 23186.1  431.3 0.00232209 

   2 23314.0  428.9 0.07288507 

   3 23460.5  426.2 0.02717621 

   4 23955.4  417.4 0.00123901 

   5 24199.2  413.2 0.03357893 

   6 24809.7  403.1 0.01208048 

   7 25366.1  394.2 0.00640034 

   8 25817.0  387.3 0.02642138 

   9 26104.5  383.1 0.01284119 

  10 26275.3  380.6 0.07241241 

  11 26387.0  379 0.02905901 

  12 26617.4  375.7 0.00394938 

  13 26736.2  374 0.02166967 

  14 26820.3  372.9 0.01874251 

  15 26979.1  370.7 0.04938752 

  16 27192.2  367.8 0.0068806 

  17 27222.9  367.3 0.00965934 

  18 27332.7  365.9 0.01571698 

  19 27556.1  362.9 0.01084567 

  20 27720.8  360.7 0.02250234 

  21 28036.6  356.7 0.00935109 
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  22 28302.0  353.3 0.0355592 

  23 28488.4  351 0.01462202 

  24 28885.8  346.2 0.03445336 

  25 29025.5  344.5 0.03800212 

  26 29046.5  344.3 0.0254672 

  27 29334.0  340.9 0.0008672 

  28 29495.0  339 0.00662568 

  29 29745.6  336.2 0.01529405 

  30 29884.4  334.6 0.02163188 

  31 30004.4  333.3 0.02880632 

  32 30250.0  330.6 0.03551985 

  33 30332.2  329.7 0.01012068 

  34 30390.3  329.1 0.00429185 

  35 30735.6  325.4 0.01416715 

  36 30854.4  324.1 0.03724564 

  37 30918.0  323.4 8.7378E-05 

  38 31369.0  318.8 0.00319264 

  39 31528.2  317.2 0.00161556 

  40 31545.5  317 0.04756355 

  41 31807.7  314.4 0.05312015 

  42 31845.7  314 0.0100191 

  43 32009.7  312.4 0.00715673 

  44 32156.5  311 0.02693581 

  45 32284.0  309.8 0.03737595 

  46 32362.1  309 0.17612319 

  47 32458.1  308.1 0.01040755 

  48 32599.1  306.8 0.10076803 

  49 32720.3  305.6 0.01448012 

  50 32888.8  304.1 0.00699175 

 

Table S9. Singlet excitations calculated for 2 in the ground state geometry. 

State Energy [cm-1]  [nm] fosc 

1 22201.9 450.4 0.000000205 

2 22367.4 447.1 0.020396327 

3 23445.0 426.5 0.000005532 
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4 23609.9 423.6 0.012477618 

5 23785.6 420.4 0.000000731 

6 23962.1 417.3 0.106104712 

7 24536.7 407.6 0.000039770 

8 24549.7 407.3 0.006599342 

9 24905.2 401.5 0.028269731 

10 25257.5 395.9 0.000000159 

11 25682.0 389.4 0.000006996 

12 25892.8 386.2 0.021957144 

13 26207.0 381.6 0.000000649 

14 26541.1 376.8 0.000052660 

15 26571.8 376.3 0.103298091 

16 27119.4 368.7 0.018035619 

17 27287.5 366.5 0.016926338 

18 27415.9 364.8 0.000001056 

19 27935.8 358.0 0.000083765 

20 27962.0 357.6 0.058945728 

21 28405.9 352.0 0.034374022 

22 28472.1 351.2 0.000012280 

23 28654.9 349.0 0.040106383 

24 28690.7 348.5 0.000006373 

25 28834.6 346.8 0.056381135 

26 28892.0 346.1 0.089703174 

27 28896.3 346.1 0.001015530 

28 28970.4 345.2 0.000003222 

29 29125.8 343.3 0.095761045 

30 29152.8 343.0 0.000106867 

31 29348.4 340.7 0.055618276 

32 29357.6 340.6 0.000002209 

33 29670.1 337.0 0.000008072 

34 29686.3 336.9 0.028340126 

35 29820.1 335.3 0.037661344 

36 29864.4 334.8 0.000019797 

37 29955.1 333.8 0.009105626 

38 30020.9 333.1 0.000003401 
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39 30029.0 333.0 0.001243708 

40 30198.2 331.1 0.000010954 

41 30324.5 329.8 0.000001274 

42 30601.2 326.8 0.000057281 

43 30632.2 326.5 0.129800114 

44 30861.4 324.0 0.000001937 

45 30975.1 322.8 0.044047800 

46 31072.6 321.8 0.043861312 

47 31166.1 320.9 0.000008141 

48 31224.2 320.3 0.010401965 

49 31226.7 320.2 0.010228220 

50 31332.3 319.2 0.008057801 

 

Table S10. Triplet excitations calculated for 1 in the ground state geometry. 

State Energy [cm-1]  [nm] 

1   22374.5    446.9   

2   22566.1  443.1 

3   22926.1  436.2 

4   23436.0  426.7 

5   23541.8  424.8 

6   23848.4  419.3 

7   24299.8  411.5 

8   24600.2  406.5 

9   24896.9  401.7 

10   25126.1  398 

11   25391.1  393.8 

12   25952.7  385.3 

13   25980.9  384.9 

14   26373.3  379.2 

15   26378.0  379.1 

16   26622.3  375.6 

17   26831.7  372.7 

18   26879.6  372 

19   26982.7  370.6 

20   27093.9  369.1 
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21   27282.8  366.5 

22   27599.7  362.3 

23   27841.4  359.2 

24   28017.4  356.9 

25   28159.1  355.1 

26   28296.2  353.4 

27   28746.0  347.9 

28   28905.0  346 

29   29106.1  343.6 

30   29308.3  341.2 

31   29468.0  339.4 

32   29609.5  337.7 

33   29632.9  337.5 

34   29733.9  336.3 

35   29817.4  335.4 

36   29917.3  334.3 

37   29952.7  333.9 

38   30034.1  333 

39   30132.8  331.9 

40   30192.1  331.2 

41   30310.3  329.9 

42   30363.0  329.3 

43   30380.6  329.2 

44   30522.9  327.6 

45   30798.0  324.7 

46   31122.0  321.3 

47   31139.7  321.1 

48   31199.7  320.5 

49   31448.1  318 

50   31627.7  316.2 
 

 

Table S11. Triplet excitations calculated for 2 in ground state geometry. 

State Energy [cm-1]  [nm] 

1 21778.2 459.2 
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2 21972.4 455.1 

3 22712.9 440.3 

4 23194.8 431.1 

5 23377.0 427.8 

6 23487.9 425.8 

7 24018.3 416.3 

8 24153.4 414.0 

9 24273.6 412.0 

10 24409.4 409.7 

11 24596.2 406.6 

12 24625.1 406.1 

13 24957.0 400.7 

14 25336.9 394.7 

15 25865.3 386.6 

16 26212.6 381.5 

17 26579.6 376.2 

18 26631.5 375.5 

19 26808.4 373.0 

20 27065.8 369.5 

21 27243.2 367.1 

22 27574.3 362.7 

23 27700.1 361.0 

24 27809.6 359.6 

25 27999.0 357.2 

26 28049.0 356.5 

27 28258.2 353.9 

28 28307.5 353.3 

29 28493.3 351.0 

30 28639.5 349.2 

31 28852.5 346.6 

32 28964.0 345.3 

33 28966.1 345.2 

34 28988.8 345.0 

35 29096.0 343.7 

36 29196.9 342.5 
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37 29215.9 342.3 

38 29329.1 341.0 

39 29398.5 340.2 

40 29449.7 339.6 

41 29552.6 338.4 

42 29640.8 337.4 

43 29733.4 336.3 

44 29757.6 336.0 

45 29874.2 334.7 

46 29899.8 334.5 

47 30023.8 333.1 

48 30213.2 331.0 

49 30275.0 330.3 

50 30736.7 325.3 

 

Table S12. XYZ coordinates of optimized molecule 1. 

Cu -3.40646 4.089322 6.900145 

P -2.82816 4.28021 4.646748 

P -2.37098 2.831575 8.525721 

P -2.90177 5.985334 8.076356 

C -1.44807 3.293908 3.960806 

C -1.10047 1.54003 8.291418 

C -4.22557 0.388923 11.316 

H -4.02112 -0.54896 11.84162 

C -3.29441 0.882942 10.40131 

H -2.36724 0.330463 10.22393 

C -3.54505 2.076505 9.713726 

C 0.335113 1.665281 4.302148 

H 0.907416 1.031416 4.987355 

C -0.6879 2.47322 4.804645 

H -0.90489 2.472839 5.876176 

C -1.4813 0.380365 7.59785 

H -2.51986 0.262441 7.273377 

C -4.74549 2.759669 9.952028 

H -4.97549 3.661201 9.378381 

C -0.5536 -0.61687 7.31339 

H -0.87232 -1.51421 6.774099 

C -5.40802 1.087776 11.56463 

H -6.13476 0.698922 12.2844 

C -5.66432 2.276884 10.88115 

H -6.59615 2.824299 11.05285 
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C -1.17205 6.406173 3.669997 

H -0.35188 5.687 3.593131 

C 0.236128 1.681601 8.684977 

H 0.568065 2.568521 9.229314 

C 0.625005 1.674595 2.938629 

H 1.426692 1.045739 2.539128 

C 1.169318 0.685769 8.387313 

H 2.210439 0.812998 8.699226 

C -1.95639 8.691461 3.449502 

H -1.76931 9.738589 3.193304 

C -3.21853 8.281434 3.886661 

H -4.03601 9.005633 3.968618 

C -0.93975 7.740792 3.337049 

H 0.05674 8.043778 2.998388 

C -0.39655 5.9596 6.894377 

H -0.62984 4.905175 6.712649 

C -1.52212 4.095891 9.592091 

H -1.2797 3.664767 10.57847 

H -0.57064 4.350905 9.094373 

C -2.43391 5.978488 4.114439 

C -3.45014 6.945631 4.200247 

H -4.45007 6.625167 4.506112 

C 0.779395 -0.46513 7.703696 

H 1.513214 -1.24339 7.473544 

C -1.36004 6.784466 7.492649 

C -4.01448 7.377473 8.476423 

C -2.37419 5.34942 9.741485 

H -1.82287 6.129147 10.29452 

H -3.29384 5.121159 10.30815 

C 1.096203 7.843302 6.653291 

H 2.053561 8.258949 6.324436 

C -1.15178 3.279935 2.585966 

H -1.74007 3.900403 1.901447 

C -4.5943 8.07067 7.403268 

H -4.31769 7.804846 6.379592 

C 0.129915 8.676362 7.219985 

H 0.327956 9.74625 7.337124 

C -0.12301 2.488871 2.082122 

H 0.087962 2.492508 1.007941 

C 0.830436 6.483042 6.492591 

H 1.572382 5.826493 6.028132 

C -1.0903 8.1497 7.645471 

H -1.83717 8.808244 8.098658 

C -4.38836 7.720652 9.781963 

H -3.95519 7.203891 10.64148 

C -5.51803 9.087634 7.626678 
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H -5.95649 9.616937 6.775307 

C -5.89326 9.416951 8.931365 

H -6.62897 10.20679 9.110059 

C -5.32638 8.731168 10.00502 

H -5.61165 8.984227 11.03069 

Cu -5.009961 3.625906 4.193782 

P -5.54752 3.310644 6.441873 

P -6.38106 4.95905 2.979232 

P -5.36147 1.918953 2.704455 

C -7.00193 4.094215 7.230821 

C -7.71945 5.946642 3.725597 

C -5.51641 8.114239 0.43341 

H -5.97974 9.050232 0.106293 

C -6.18314 7.295006 1.345577 

H -7.16446 7.593478 1.727117 

C -5.59477 6.101969 1.780447 

C -9.40486 4.363097 7.539861 

H -10.4253 4.038138 7.312201 

C -8.32458 3.703316 6.957101 

H -8.51319 2.866488 6.27724 

C -7.43234 6.626692 4.917975 

H -6.44551 6.524525 5.379771 

C -4.32989 5.744946 1.293692 

H -3.84519 4.841413 1.678865 

C -8.40219 7.409477 5.539145 

H -8.15993 7.929331 6.469836 

C -4.2645 7.742832 -0.06084 

H -3.74412 8.388317 -0.775 

C -3.67395 6.552321 0.367008 

H -2.68593 6.262376 -0.00362 

C -6.62233 0.995276 7.76609 

H -7.31934 1.649561 8.296155 

C -9.00693 6.042847 3.180598 

H -9.25827 5.518751 2.254408 

C -9.19159 5.443614 8.400623 

H -10.0416 5.965459 8.851011 

C -9.9839 6.811678 3.814442 

H -10.9878 6.874152 3.383374 

C -5.76687 -1.24074 7.366847 

H -5.79555 -2.31678 7.563031 

C -4.84485 -0.70743 6.461054 

H -4.14132 -1.36505 5.938794 

C -6.65069 -0.37723 8.016828 

H -7.37286 -0.77588 8.73731 

C -7.54437 0.979789 4.118918 

H -7.50367 1.977025 4.569101 
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C -7.24693 3.775355 1.839027 

H -7.73561 4.313002 1.008892 

H -8.03465 3.273922 2.430146 

C -5.70997 1.544177 6.850947 

C -4.82026 0.661239 6.21275 

H -4.09943 1.077337 5.50099 

C -9.68165 7.501549 4.989233 

H -10.4494 8.104388 5.483621 

C -6.57462 0.62817 3.172407 

C -4.02766 0.968559 1.897068 

C -6.24373 2.760406 1.300716 

H -6.7392 2.016402 0.653775 

H -5.47909 3.278011 0.694977 

C -8.50936 -1.22887 3.981306 

H -9.25862 -1.9588 4.302725 

C -6.80935 5.179945 8.097424 

H -5.78827 5.504598 8.314668 

C -3.1876 0.201664 2.71962 

H -3.35377 0.182282 3.800343 

C -7.5405 -1.58924 3.042129 

H -7.5322 -2.60048 2.623664 

C -7.887 5.852041 8.674887 

H -7.69948 6.699217 9.342694 

C -8.5137 0.060621 4.515236 

H -9.26026 0.346739 5.262484 

C -6.57924 -0.66427 2.633878 

H -5.82263 -0.9542 1.898503 

C -3.78373 0.990666 0.51834 

H -4.42027 1.574375 -0.15088 

C -2.13983 -0.53522 2.177358 

H -1.49434 -1.12349 2.836028 

C -1.90207 -0.50541 0.801498 

H -1.07151 -1.07556 0.374602 

C -2.72312 0.261004 -0.02377 

H -2.54398 0.290619 -1.10291 

 

 

Table S13. XYZ coordinates of optimized molecule 2. 

C 4.613064 0.930009 6.133645 

C 4.775875 -0.44754 6.35652 

H 4.057753 -0.98555 6.975761 

C 5.83303 -1.14945 5.770254 

H 5.931276 -2.22062 5.954179 

C 6.747319 -0.49651 4.941521 

H 7.564343 -1.04829 4.476207 
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C 6.607852 0.879369 4.726698 

H 7.315502 1.410795 4.088528 

C 5.564438 1.58062 5.322441 

H 5.469206 2.653782 5.150322 

C 2.329463 0.819601 7.881208 

C 2.96377 0.413386 9.069572 

H 4.004307 0.693655 9.24358 

C 2.275356 -0.31401 10.03832 

H 2.785834 -0.61251 10.95499 

C 0.92889 -0.6432 9.845467 

H 0.386885 -1.20401 10.60746 

C 0.283746 -0.24195 8.675042 

H -0.76677 -0.4891 8.516173 

C 0.979613 0.481634 7.702462 

H 0.463225 0.811279 6.800522 

C 5.329836 3.425979 10.2322 

C 6.191978 2.759097 11.11008 

H 7.221621 2.55865 10.81565 

C 5.738258 2.326866 12.35665 

H 6.417509 1.796981 13.02466 

C 4.418656 2.568438 12.74275 

H 4.058723 2.224387 13.71252 

C 3.560384 3.263133 11.89055 

H 2.536591 3.470155 12.20211 

C 4.006198 3.696288 10.63756 

C 1.264068 4.438053 10.14613 

C 0.562688 3.284684 9.772585 

H 1.034987 2.55205 9.119702 

C -0.74172 3.075543 10.21668 

H -1.27498 2.174038 9.913803 

C -1.36393 4.02372 11.03328 

H -2.38749 3.865838 11.37415 

C -0.67041 5.175714 11.40816 

H -1.14859 5.91992 12.04564 

C 0.639017 5.38249 10.96968 

H 1.169233 6.286197 11.26717 

C 3.339487 6.391399 9.97392 

C 4.125226 6.717045 11.08602 

H 4.524331 5.929726 11.72457 

C 4.411569 8.051979 11.37776 

H 5.032368 8.293848 12.24083 

C 3.908754 9.071588 10.56773 

H 4.135797 10.11338 10.79554 

C 3.120371 8.751537 9.459301 

H 2.728699 9.541403 8.817758 

C 2.84433 7.418775 9.159059 



S-40 
 

H 2.247388 7.175206 8.28009 

C 7.209283 2.902226 8.088956 

C 7.157623 1.525453 8.352097 

H 6.305517 1.101625 8.883179 

C 8.194586 0.689998 7.941038 

H 8.146847 -0.37588 8.163542 

C 9.280862 1.212403 7.235149 

H 10.08791 0.556378 6.908441 

C 9.321295 2.575659 6.938961 

H 10.15966 2.990252 6.378538 

C 8.293122 3.417672 7.364955 

H 8.339545 4.482378 7.135173 

C 6.630885 5.604276 8.869062 

C 7.711341 5.738909 9.751558 

H 8.114518 4.86324 10.26174 

C 8.275469 6.993267 9.97928 

H 9.11385 7.09352 10.66918 

C 7.768399 8.120089 9.323948 

H 8.213162 9.099551 9.502164 

C 6.690972 7.991264 8.446996 

H 6.287296 8.866542 7.938081 

C 6.119988 6.736474 8.227107 

H 5.258012 6.629027 7.568424 

Cu 3.835404 4.030343 7.45671 

P 3.183994 1.922436 6.694209 

P 2.957599 4.665716 9.482868 

P 5.814382 3.992579 8.543507 

C 1.499297 5.996438 6.120627 

C 1.338661 7.375097 5.903113 

H 2.059251 7.914947 5.288357 

C 0.28048 8.075661 6.489124 

H 0.183908 9.147698 6.309401 

C -0.63713 7.420164 7.312142 

H -1.45517 7.970802 7.777033 

C -0.49987 6.043222 7.521434 

H -1.21037 5.509771 8.154722 

C 0.54459 5.343357 6.92589 

H 0.638195 4.269387 7.09382 

C 3.782328 6.108344 4.372581 

C 3.147987 6.513051 3.183726 

H 2.107939 6.231189 3.009358 

C 3.835946 7.240582 2.214752 

H 3.325591 7.537551 1.297519 

C 5.181889 7.5717 2.408038 

H 5.723652 8.132307 1.645736 

C 5.826966 7.172204 3.579089 
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H 6.877165 7.420553 3.738145 

C 5.131695 6.448038 4.55165 

H 5.647916 6.120282 5.454374 

C 0.783469 3.500786 2.021521 

C -0.07863 4.167458 1.143444 

H -1.10848 4.367377 1.437504 

C 0.375247 4.599691 -0.10307 

H -0.30408 5.129088 -0.7714 

C 1.694967 4.358356 -0.48892 

H 2.05492 4.702139 -1.45878 

C 2.553189 3.663808 0.363452 

H 3.577021 3.456777 0.052021 

C 2.107209 3.230639 1.616379 

C 4.849243 2.488245 2.108399 

C 5.551146 3.64093 2.483049 

H 5.078941 4.373447 3.136115 

C 6.856219 3.849131 2.040489 

H 7.390017 4.749905 2.3446 

C 7.47848 2.900787 1.224125 

H 8.502674 3.057756 0.884749 

C 6.784355 1.749585 0.847931 

H 7.262688 1.005108 0.210884 

C 5.474428 1.543545 1.285251 

H 4.943601 0.640625 0.986452 

C 2.773357 0.535426 2.279741 

C 1.987468 0.210171 1.167633 

H 1.588446 0.997705 0.529293 

C 1.700684 -1.12464 0.875747 

H 1.079764 -1.36619 0.012675 

C 2.203239 -2.1445 1.685611 

H 1.975979 -3.18621 1.457614 

C 2.991768 -1.82483 2.794042 

H 3.383358 -2.61492 3.435363 

C 3.268305 -0.4922 3.094409 

H 3.865168 -0.24892 3.973503 

C -1.09639 4.024218 4.164515 

C -1.04574 5.400713 3.899705 

H -0.19434 5.824401 3.367368 

C -2.08303 6.235992 4.310287 

H -2.03627 7.301568 4.086142 

C -3.16846 5.713789 5.017629 

H -3.97588 6.369644 5.343737 

C -3.20775 4.350897 5.315669 

H -4.0456 3.936427 5.87696 

C -2.17949 3.50895 4.889759 

H -2.22487 2.44457 5.121256 
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C -0.51732 1.322244 3.38451 

C -1.59768 1.187443 2.501931 

H -2.00107 2.06309 1.991879 

C -2.16121 -0.06709 2.273709 

H -2.99943 -0.1675 1.583636 

C -1.65364 -1.19392 2.928641 

H -2.09792 -2.17353 2.750026 

C -0.57631 -1.06493 3.805684 

H -0.17226 -1.94021 4.314302 

C -0.0059 0.190041 4.026043 

H 0.855991 0.297639 4.684812 

Cu 2.277779 2.896932 4.796933 

P 2.928805 5.004824 5.559663 

P 3.155466 2.260939 2.771122 

P 0.298767 2.934125 3.710196 

 

Figure S38. HOMO (left) and LUMO (right) orbitals for compound 1. 

 

 

 

 

 

 

Figure S39. Electron density differences for compound 1. 
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Figure S40. HOMO (left) and LUMO (right) orbitals for compound 2. 

 

 

 

 

 

 

Figure S41. Electron density differences for compound 2.  
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1. General Procedures 
 

All manipulations were carried out under an inert atmosphere of argon using standard Schlenk 
link[1] or glovebox techniques (GS MEGA E-Line, <0.5 ppm of H2O and O2). All reagents were 
used as supplied. Solvents such as tetrahydrofuran (THF), dichloromethane (DCM), toluene, 
and pentane were used at HPLC grade purity from commercial sources (VWR and Fisher 
Chemicals) and dried using PureSolv MD 7 drying system. After being dried, diethyl ether was 
kept in 4 Å molecular sieves. 

NMR spectra were recorded on a Bruker Avance III HD NanoBay 500 or 600 MHz; H and 
chemical shifts (δ) are given in ppm relative to TMS, coupling constants (J) in Hz. The solvent 
signals were used as references, and the chemical shifts were converted to the TMS scale. 
ATR-IR spectra were measured on a Bruker Alpha-II IR Spectrometer, CHN elemental 
analyses were performed on a Micro cube (Elementar) and ESI-MS in Finnigan MAT 95, 
accurate mass determinations in Bruker APEX III FT-MS (7 T magnet).  

4-Bromo-5-formyl[2.2]paracyclophane was synthesised according to literature procedures.[2] 
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2. Characterization Data 
 

Synthesis of 1 

 

 

 

 

4-Bromo-5-formyl[2.2]paracyclophane (1.2 g, 3.81 mmol, 1.00 equiv.) was dissolved in 100 
mL dry dichloromethane. 2,6-diisopropylaniline (0.7 mL, 3.67 mmol, 1.01 equiv.) and 
triethylamine(1 mL, 7.21 mmol, 2.06 equiv.) were added subsequently and cooled to 0 °C for 
30 minutes. Titanium(IV) chloride (0.2 mL, 1.82 mmol, 0.51 equiv.) was added to the solution 
and stirred at room temperature overnight, poured into 100 mL water, and stirred for another 
2 hours. The aqueous phase was extracted with 100 mL dichloromethane and the combined 
organic phases were dried over Na2SO4 and concentrated under reduced pressure. The crude 
product was purified via column chromatography (the column was made basic by running 
triethylamine and then running eluent i.e. n-pentane/ethyl acetate) to obtain 5 as a yellow oil 
which was kept at -35 °C to get a yellow solid (1.2 g, 2.53 mmol, 66 %). 
1H-NMR (CDCl3, 600 MHz, 298 K): 8.27 (s, 1H, CHN), 7.24 – 7.20 (m, 2H, Ar–H), 7.15 (dd, J 
= 8.4, 6.9 Hz, 1H, Ar–H), 6.99 (dd, J = 7.9, 2 Hz, 1H, Ar–H), 6.69 – 6.65 (m, 2H, Ar–H), 6.60 – 
6.57 (m, 3H, Ar–H), 4.26 (ddd, J = 12.8, 10.2, 2.6 Hz, 1H), 3.59 – 3.52 (m, 1H), 3.23 – 3.16 
(m, 5H), 3.12 – 3.08 (m, 1H), 2.99 – 2.89 (m, 2H), 1.29 (d, J = 6.9 Hz, 6H), 1.24 (d, J = 6.9 Hz, 
6H) ; 13C {1H} NMR (CDCl3, 151 MHz, 298 K): 164.13 (CHN), 149.83 (Ar–CH), 143.32 (Ar–
CH), 140.21 (Ar–CH), 140.04 (Ar–CH), 139.20 (Ar–CH), 137.77 (Ar–CH), 136.13 (Ar–CH), 
134.52 (Ar–CH), 134.43 (Ar–CH), 133.28 (Ar–CH), 132.99 (Ar–CH), 131.14 (Ar–CH), 130.98 
(Ar–CH), 128.59 (Ar–CH), 124.43 (Ar–CH), 123.24 (Ar–CH), 35.92 (CH2), 35.33 (CH2), 34.59 
(CH2), 33.46 (CH2), 28.11 (CH), 24.10 (CH3), 23..91 (CH3). 

  

Synthesis of 2 

 

 

 

 

Preparation of isoindolium salt i.e. (HiPC)(OTf) (2) was conducted similarly to an earlier 
published route.[3] 4-Bromo-5-formyl[2.2]paracyclophane-N-(2,6-
diisopropylphenyl)methanimine 1 (1.2 g, 2.53 mmol, 1.00 equiv.) was dissolved in 20 mL 
diethyl ether. nBuLi (1.2 mL, 3.03 mmol, 1.20 equiv., 2.5 M in n-hexane) was added dropwise 
at –78 °C, and the resulting mixture was stirred at the same temperature for 2 hours. 
Subsequently, a solution of diphenyl ketone (0.5 g, 2.66 mmol, 1.05 equiv.) in diethyl ether (5 
mL) was added and the mixture was warmed to room temperature and stirred for 1 hour. Then 
trifluoromethanesulfonic anhydride (0.4 mL, 2.66 mmol, 1.05 equiv.) was added dropwise at –
78 °C. The reaction mixture was stirred at room temperature for 12 hours. After filtration, the 
solid was washed with diethyl ether (5×10 mL), and extracted with dichloromethane (20 mL). 
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The organic solvent was removed by evaporation to give the corresponding isoindolium salt 2 
(0.7 g, 1.25 mmol, 49 %) as a yellow solid showing green photoluminescence upon irradiation. 
Suitable crystals were grown by dissolving the powder in THF and slowly diffusing diethyl 
ether.  
1H-NMR (CD2Cl2, 600 MHz, 298 K): 9.66 (s, 1H, CHN), 8.11 (br, 1H, Ar–H), 7.71 (br, 1H, Ar–
H), 7.60 – 7.54 (m, 1H, Ar–H), 7.48 (br, 1H, Ar–H), 7.40 – 7.27 (m, 4H, Ar–H), 7.26 – 7.10 (m, 
2H, Ar–H), 7.06 (br, 1H, Ar–H), 6.94 (dd, J = 7.7, 2.0 Hz, 2H, Ar–H), 6.86 (dd, J = 7.7, 2.0 Hz, 
1H, Ar–H), 6.84 – 6.81 (m, 2H, Ar–H), 6.79 (dd, J = 7.6, 1.0 Hz, 1H, Ar–H), 6.64 – 6.59 (m, 1H, 
Ar–H), 5.30 (dd, J = 8.2, 2.0 Hz, 1H, Ar–H), 4.00 (ddd, J = 13.8, 10.4, 5.5 Hz, 1H), 3.76 (ddd, 
J = 13.0, 10.0, 2.2 Hz, 1H), 3.61 – 3.53 (m, 1H), 3.35 – 3.28 (m, 1H), 3.18 (ddd, J = 13.3, 10.9, 
5.5 Hz, 1H), 2.98 (ddd, J = 13.8, 10.6, 2.5 Hz, 1H), 2.79 (ddd, J = 13.5, 10.6, 5.3 Hz, 1H), 2.61 
(ddd, J = 14.2, 10.2, 5.4 Hz, 1H), 2.41 (ddd, J = 13.1, 10.2, 2.5 Hz, 1H), 1.32 (d, J = 6.7 Hz, 
3H), 0.87 (p, J = 6.7 Hz, 1H), 0.72 (d, J = 6.8 Hz, 3H), 0.50 (d, J = 6.7 Hz, 3H), -0.11 (d, J = 
6.6 Hz, 3H); 13C {1H} NMR (CD2Cl2, 151 MHz, 298 K): 174.37 (CHN), 148.98 (Ar–CH), 147.63 
(Ar–CH), 147.20 (Ar–CH), 147.10 (Ar–CH), 143.69 (Ar–CH), 141.03 (Ar–CH), 139.28 (Ar–
CH), 138.28 (Ar–CH), 137.49 (Ar–CH), 134.02 (Ar–CH), 133.43 (Ar–CH), 133.12 (Ar–CH), 
132.41 (Ar–CH), 132.29 (Ar–CH), 131.98 (Ar–CH), 131.58 (Ar–CH), 131.23 (Ar–CH), 130.95 
(Ar–CH), 130.58 (Ar–CH), 130.46 (Ar–CH), 129.18 (Ar–CH), 127.05 (Ar–CH), 125.15 (Ar–
CH), 122.90 (Ar–CH),  96.09, 35.54 (CH2), 34.91 (CH2), 33.23 (CH2), 31.50 (CH2), 30.23 (CH), 
30.20 (CH), 26.65 (CH3), 25.82 (CH3), 23.33 (CH3), 22.09 (CH3); 19F-NMR (CD2Cl2, 565 MHz, 
298 K): -78.54 (s, OTf-); 15N-NMR (CD2Cl2, 60.8 MHz, 298 K): -165.2; HR-MS-ESI(+) calc. 
C42H42N+[M]+ 560.3317; found 560.3322; EA calc. for [C43H42F3NO3S] C, 72.76; H, 5.96; N, 
1.97; found C: 72.8; H: 6.2; N: 1.9. 

 

Synthesis of 3 

 

 

 

 

 

 

 

(HiPC)(OTf) (2) (200 mg, 0.28 mmol, 1.00 equiv.) and Se (50 mg, 0.63 mmol, 2.25 equiv.) in 
THF were stirred at -78 °C for 20 mins. Subsequently, a solution of KHMDS (59 mg, 0.30 
mmol, 1.05 equiv.) in 5 mL THF was added to the mixture and stirred for 24 hrs. The solvent 
was removed under reduced pressure and the crude was brought inside the glovebox, 
dissolved in DCM, and filtered over basic aluminium oxide. Evaporation of the filtrate yielded 
a yellow powder which was washed with n-pentane (60 mg, 0.05 mmol, 19%). Crystals were 
obtained by dissolving the powder in DCM and slowly diffusing n-pentane at -35 °C. 
1H-NMR (CD2Cl2, 600 MHz, 298 K): 7.79 (d, J = 7.5 Hz, 2H, NH), 7.69 – 7.66 (m, 2H, Ar–H), 
7.55 (td, J = 7.4, 1.8 Hz, 2H, Ar–H), 7.45 – 7.39 (m, 4H, Ar–H), 7.35 – 7.29 (m, 4H, Ar–H), 7.22 
(t, J = 7.7 Hz, 2H, Ar–H), 7.18 (ddd, J = 8.3, 6.6, 1.3 Hz, 2H, Ar–H), 7.14 – 7.06 (m, 2H, Ar–
H), 7.00 (dd, J = 7.7, 1.6 Hz, 2H, Ar–H), 6.91 (ddd, J = 8.6, 6.6, 1.3 Hz, 2H, Ar–H), 6.68 (dd, J 
= 8.1, 1.8 Hz, 2H, Ar–H), 6.63 (s, 2H, Ar–H), 6.51 (dd, J = 8.2, 1.9 Hz, 2H, Ar–H), 6.16 (dd, J 
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= 7.4, 1.8 Hz, 2H, Ar–H), 5.75 (dd, J = 7.4, 1.9 Hz, 2H, CH(sp2)), 5.74 – 5.71 (m, 2H, Ar–H), 
5.26 (dt, J = 4.4, 1.8 Hz, 2H), 4.05 (h, J = 6.9 Hz, 2H), 3.69 – 3.60 (m, 4H), 2.57 – 2.53 (m, 
2H, CH(sp3)), 2.52 (dd, J = 4.7, 2.3 Hz, 2H), 2.38 (dd, J = 13.2, 9.2 Hz, 2H), 2.14 – 2.07 (m, 
2H), 1.60 – 1.55 (m, 2H), 1.48 (d, J = 6.8 Hz, 6H), 1.39 (d, J = 6.8 Hz, 6H), 1.37 – 1.32 (m, 
2H), 1.02 (d, J = 6.8 Hz, 6H), 0.02 (d, J = 6.6 Hz, 6H); 13C {1H} NMR (CD2Cl2, 151 MHz, 298 
K): 145.17 (Ar–CH), 144.78 (Ar–CH), 141.21 (Ar–CH), 140.74 (Ar–CH), 140.57 (Ar–CH), 
140.10 (Ar–CH), 139.58 (Ar–CH), 138.63 (Ar–CH), 137.39 (Ar–CH), 134.37 (Ar–CH), 134.11 
(Ar–CH), 134.04 (Ar–CH), 132.97 (Ar–CH), 131.61 (Ar–CH), 131.04 (Ar–CH), 131.02 (Ar–
CH), 130.44 (Ar–CH), 128.75 (Ar–CH), 128.01 (Ar–CH), 127.53 (Ar–CH), 127.50 (Ar–CH), 
126.98 (Ar–CH), 126.14 (Ar–CH), 126.07 (Ar–CH), 125.87 (Ar–CH), 125.72 (Ar–CH), 125.48 
(Ar–CH), 124.85 (Ar–CH), 123.99 (Ar–CH), 123.20 (Ar–CH), 123.00 (Ar–CH), 117.16 (CH, 
sp2), 50.41 (CH2), 38.10 (CH, sp3), 36.43 (CH2), 32.55 (CH2), 29.65 (CH, dipp), 27.93 (CH, 
dipp), 26.56 (CH3), 24.62 (CH3), 22.88 (CH3), 21.88 (CH3); HR-MS-ESI(+) calc. (for monomeric 
unit) C42H41N+[M+H]+ 559.3238; found 559.3228; EA calc. for [C84H80N2] C, 90.28; H, 7.22; N, 
2.51; found C: 88.2; H: 7.2; N: 2.5. 

Synthesis of 4 

 

 

 

 

 

(HiPC)(OTf) (2) (180 mg, 0.25 mmol, 2.00 equiv.) and Rh2Cl2(CO)4 (50 mg, 0.13 mmol, 1.02 
equiv.) in THF were stirred at -78 °C for 20 mins. Subsequently, a solution of KHMDS (53 mg, 
0.27 mmol, 2.10 equiv.) in 5 mL THF was added to the mixture and stirred for 48 hrs. The 
solvent was removed under reduced pressure and the crude product was subjected to column 
chromatography (DCM/EtOAc). The brown oil was brought inside the glovebox and was 
dissolved in 10 mL n-pentane and kept at -35 °C  for 24 hours. The solution was filtered and 
solvent was removed, yielding a yellow powder (35 mg, 0.05 mmol, 37%). Crystals were grown 
by dissolving the powder in DCM and layering with an excess of n-pentane at -35 °C. 

The product was kept inside the glovebox.  
1H-NMR (d8-THF, 600 MHz, 298 K): 7.87 (d, J = 7.5 Hz, 1H, Ar–H), 7.70 (dd, J = 8.6, 1.3 Hz, 
1H, Ar–H), 7.57 (td, J = 7.5, 1.5 Hz, 1H, Ar–H), 7.44 (tt, J = 7.5, 1.3 Hz, 1H, Ar–H), 7.40 (td, J 
= 7.8, 1.4 Hz, 2H, Ar–H), 7.32 (dd, J = 7.8, 1.6 Hz, 1H, Ar–H), 7.24 – 7.19 (m, 1H, Ar–H), 7.17 
(ddt, J = 7.3, 3.4, 1.4 Hz, 2H, Ar–H), 7.05 (dd, J = 7.7, 1.6 Hz, 1H, Ar–H), 6.91 (ddd, J = 8.6, 
6.6, 1.3 Hz, 1H, Ar–H), 6.80 (s, 1H, Ar–H), 6.71 (dd, J = 8.0, 1.8 Hz, 1H, Ar–H), 6.52 (dd, J = 
8.2, 1.8 Hz, 1H, Ar–H), 6.17 (dd, J = 7.4, 1.8 Hz, 1H, Ar–H), 5.85 – 5.79 (m, 2H, Ar–H), 5.37 
(dt, J = 4.3, 1.7 Hz, 1H, Ar–H), 4.14 (p, J = 6.8 Hz, 1H), 2.67 (p, J = 6.9 Hz, 1H), 2.64 – 2.60 
(m, 1H), 2.42 – 2.35 (m, 1H), 2.19 (dd, J = 13.1, 9.3 Hz, 1H), 1.61 – 1.56 (m, 1H), 1.51 (d, J = 
6.8 Hz, 3H), 1.46 (d, J = 5.5 Hz, 1H), 1.41 (d, J = 6.8 Hz, 3H), 1.39 – 1.37 (m, 1H), 1.36 (d, J 
= 5.9 Hz, 2H), 1.09 (d, J = 6.8 Hz, 3H), 0.10 (d, J = 6.7 Hz, 3H); 13C {1H} NMR (d8-THF, 151 
MHz, 298 K): 244.63 (d, 1JCRh = 39.2 Hz, CRh), 188.13 (d, 1JCRh = 51.2 Hz, RhCO), 185.94 (d, 
1JCRh = 77.1 Hz, RhCO), 149.79 (Ar–CH), 148.45 (Ar–CH), 148.05 (Ar–CH), 147.92 (Ar–CH), 
145.67 (Ar–CH), 143.61 (Ar–CH), 142.09 (Ar–CH), 139.81 (Ar–CH), 138.70 (Ar–CH), 138.35 
(Ar–CH), 137.31 (Ar–CH), 134.71 (Ar–CH), 134.55 (Ar–CH), 133.87 (Ar–CH), 133.03 (Ar–
CH), 132.65 (Ar–CH), 131.88 (Ar–CH), 129.82 (Ar–CH), 129.29 (Ar–CH), 128.86 (Ar–CH), 
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127.62 (Ar–CH), 127.22 (Ar–CH), 126.00 (Ar–CH), 125.28 (Ar–CH), 96.03 , 35.85 (CH2), 
35.49 (CH2), 34.43 (CH2), 31.86 (CH2), 31.02 (CH), 30.78 (CH), 27.68 (CH3), 26.81 (CH3), 
24.07 (CH3), 22.37(CH3); IR (ATR) [cm-1]: ṽ = 2958.11, 2922.91, 2856.49, 2077.28, 1995.53, 
1587.21, 1492.10, 1445.93, 1410.56, 1379.46, 1321.40, 1259.31, 1177.91, 1100.87, 1055.33, 
800.50, 774.65, 754.87, 742.13, 723.56, 702.54, 675.64, 608.73, 581.77, 513.89, 428.88; HR-
MS-ESI(+) calc. C44H41NO2Rh+[M-Cl]+ 718.2192; found 718.2192; C43H41NORh+[M-Cl-CO]+ 
690.2243; found 690.2240; EA calc. for [C44H41ClNO2Rh] C, 70.07; H, 5.48; N, 1.86; found C: 
70.4; H: 5.5; N: 2.0. 

 

Synthesis of 5 

 

 

 

 

 

 

(HiPC)(OTf) (2) (300 mg, 0.42 mmol, 1.00 equiv.) and AuCl.SMe2 (124 mg, 0.42 mmol, 1.00 
equiv.) in THF were stirred at -78 °C for 20 mins. Subsequently, a solution of KHMDS (89 mg, 
0.45 mol, 1.05 equiv.) in 5 mL THF was added to the mixture and stirred for 48 hrs. The solvent 
was removed under reduced pressure and the crude product was dissolved in DCM and 
filtered over a PTFE syringe filter. Removing the solvent yielded a yellow powder which was 
washed with THF (3 ᵡ 3 ml) resulting in a white powder (225 mg, 153.52 μmol, 36%). 

Dissolving the powder in DCM and slowly diffusing n-pentane and cyclohexane mixture at -35 
°C provided crystals of (R,S)  conformer of the compound 5  crystalized as 1:1 with DCM. 1H 
and 13C-NMR of this crystalline material show two species were present (a minor one 
approximately 25%). The crystals were then dissolved in a mixture of DCM and 1,2-
Difluorobenzene and slowly diffusing n-pentane provided crystals of (R,R) conformer (with 
(S,S) conformer present in the unit cell) of the compound 5. Although, 1H and 13C-NMR of this 
batch also show the presence of both (R,S) and (R,R) conformers. Further this crystalline 
mixture was also subjected to column chromatography but individual conformers isolation was 
not possible. 

The crystalline mixture in solid state is stable under ambient conditions. 
1H-NMR of major conformer (CD2Cl2, 600 MHz, 298 K): 7.82 – 7.72 (m, 1H, Ar–H), 7.54 (d, J 
= 7.8 Hz, 2H, Ar–H), 7.52 (s, 2H, Ar–H), 7.51 (d, J = 1.8 Hz, 2H, Ar–H), 7.50 (d, J = 1.2 Hz, 
2H, Ar–H), 7.48 – 7.45 (m, 2H, Ar–H), 7.40 – 7.38 (m, 2H, Ar–H), 7.38 – 7.36 (m, 1H, Ar–H), 
7.33 (dd, J = 7.5, 1.9 Hz, 1H, Ar–H), 7.32 – 7.30 (m, 2H, Ar–H), 7.27 – 7.21 (m, 1H, Ar–H), 
7.04 (ddd, J = 7.6, 4.8, 2.8 Hz, 1H, Ar–H), 6.98 (ddt, J = 7.2, 5.2, 2.1 Hz, 4H, Ar–H), 6.94 (dd, 
J = 7.5, 1.8 Hz, 2H, Ar–H), 6.92 – 6.89 (m, 1H, Ar–H), 6.75 (d, J = 1.2 Hz, 4H, Ar–H), 6.45 
(dd, J = 7.6, 0.9 Hz, 2H, Ar–H), 6.36 (d, J = 7.7 Hz, 2H, Ar–H), 6.32 – 6.27 (m, 1H, Ar–H),  
5.79 (d, J = 8.0 Hz, 1H, Ar–H), 5.32 – 5.29 (m, 2H, Ar–H), 4.33 (d, J = 8.1 Hz, 2H), 3.66 (p, J 
= 6.9 Hz, 2H), 2.93 (dd, J = 13.8, 10.7 Hz, 2H), 2.77 (dd, J = 9.5, 5.3 Hz, 4H), 2.68 – 2.64 (m, 
4H), 2.51 – 2.47 (m, 2H), 2.42 (ddd, J = 12.5, 10.0, 1.8 Hz, 2H), 1.88 (d, J = 6.8 Hz, 6H), 1.10 
(p, J = 6.6 Hz, 2H), 0.93 (d, J = 6.7 Hz, 6H), 0.63 (d, J = 6.7 Hz, 6H), -0.10 (d, J = 6.5 Hz, 6H); 
13C {1H} NMR of major conformer (CD2Cl2, 126 MHz, 298 K): 229.76 (CCu), 149.37 (Ar–CH), 
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145.51 (Ar–CH), 145.05 (Ar–CH), 144.32 (Ar–CH), 139.70 (Ar–CH), 139.39 (Ar–CH), 136.03 
(Ar–CH), 135.59 (Ar–CH), 133.10 (Ar–CH), 132.78 (Ar–CH), 131.97 (Ar–CH), 131.73 (Ar–
CH), 131.41 (Ar–CH), 131.07 (Ar–CH), 130.66 (Ar–CH), 130.31 (Ar–CH), 129.70 (Ar–CH), 
129.53 (Ar–CH), 129.42 (Ar–CH), 128.78 (Ar–CH), 127.61 (Ar–CH), 127.38 (Ar–CH), 126.26 
(Ar–CH), 125.08 (Ar–CH), 95.50, 36.60 (CH2), 34.33 (CH2), 33.20 (CH2), 30.80 (CH2), 30.69 
(CH), 29.68 (CH), 26.76 (CH3), 26.14 (CH3), 22.60 (CH3), 21.77 (CH3); 19F-NMR (CD2Cl2, 565 
MHz, 298 K): -78.89 (s, OTf-); HR-MS-ESI(+) calc. C84H82AuN2

+[M]+ 1315.61; found 
1315.6095; EA calc. for [C85H82AuF3N2O3S.CH2Cl2] C, 66.62; H, 5.46; N, 1.81; found C: 66.3; 
H: 5.4; N: 1.8. 
 

 

[2+2] cycloaddition  of (E,E’)-dicinnamyl ether 

 

 

 

 

 

 

 

Table S1. Photocatalysis reaction details. 

Conditions Conversion Duration 

No light and no catalyst 0 2 h 

No catalyst 0 2 h 

No light 0 2 h 

 [Au(iPC)2].OTf (1 mol%) 100 2 h 

 [Au(iPC)2].OTf (5 mol%) 100 2 h 
 

In a J. Young’s NMR tube, ((1E,1'E)-oxybis(prop-1-ene-3,1-diyl))dibenzene (6) (20 mg, 79.9 
μmol, 1 equiv.) and AuI-(iPC)2(OTf)  5 (1 mg, 1 mol%) were dissolved in DCM (0.1 M) inside 
the glovebox. The tube was bought outside and was sonicated in an ultrasonic bath for 30 
minutes. Later it was brought inside the UV chamber/box and irradiated at 405 nm (2W LED). 
The conversion from 6 to 7 was completed in 2 hours and was monitored via 1H-NMR. No 
conversion could be found in the absence of 5 or light or both. 
1H-NMR (CD2Cl2, 600 MHz, 298 K): 7.12 – 7.04 (m, 4H), 7.03 – 6.96 (m, 6H), 4.06 (d, J = 9.8 
Hz, 2H), 3.74 (d, J = 4.4 Hz, 2H), 3.70 – 3.66 (m, 2H), 3.33 – 3.28 (m, 2H); 13C {1H} NMR 
(CD2Cl2, 151 MHz, 298 K): 141.58, 128.58, 127.98, 125.83, 74.19, 47.64, 42.62. 
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3. NMR spectra 

Figure S1.1H-NMR (600 MHz, CDCl3, 298 K) of 1. 

Figure S2. 13C-NMR (151 MHz, CDCl3, 298 K) of 1. 
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Figure S3.1H-NMR (600 MHz, CD2Cl2, 298 K) of 2. 

Figure S4. 13C-NMR (151 MHz, CD2Cl2, 298 K) of 2. 
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Figure S5. 1H/15N HMBC (600/60.8 MHz, CD2Cl2, 298 K) of 2. 

 

Figure S6. 19F-NMR (565 MHz, CD2Cl2, 298 K) of 2. 
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Figure S7. HR-MS-ESI of 2. 

 

 

 

 

 

 

 

 

 

 

Figure S8. 1H-NMR (600 MHz, CD2Cl2, 298 K) of 3. 
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 Figure S9. 13C-NMR (151 MHz, CD2Cl2, 298 K) of 3. 

Figure S10.1H/15N HMBC (600/60.8 MHz, CD2Cl2, 298 K) of 3. 
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Figure S11. HR-MS-ESI of 3. 

 

 

 

 

 

 

 

 

 

Figure S12. 1H-NMR (600 MHz, THF-d8, 298 K) of 4. 
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Figure S13.13C-NMR (151 MHz, THF-d8, 298 K) of 4.      

 

Figure S14. ATR-IR spectrum of 4 (measured as solid). 
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Figure S15. HR-MS-ESI of 4. 

   

 

 

 

 

 

 
 

 

Figure S16. 1H-NMR (600 MHz, CD2Cl2, 298 K) of 5 (major conformer). 
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Figure S17.13C-NMR (151 MHz, CD2Cl2, 298 K) of 5 (major conformer). 

Figure S18. 1H-NMR (600 MHz, CD2Cl2, 298 K) of 5 (Both conformers; minor one ~ 25%). 
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Figure S19. 13C-NMR (151 MHz, CD2Cl2, 298 K) of 5 (Both conformers; minor one ~ 25%). 

Figure S20. 19F-NMR (565 MHz, CD2Cl2, 298 K) of 5 (both conformers mixture). 
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Figure S21. HR-MS-ESI of 5 (both conformers mixture). 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure S22. 1H-NMR (600 MHz, CD2Cl2, 298 K) of 7 (after 2 hours). 
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Figure S23.13C-NMR (151 MHz, CD2Cl2, 298 K) of 7 (after 2 hours). 
 

Figure S24. 1H-NMR (600 MHz, CD2Cl2, 298 K) of 6 (no light and no catalyst). 
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Figure S25. 13C-NMR (151 MHz, CD2Cl2, 298 K) of 6 (no light and no catalyst). 
 

Figure S26. 1H-NMR (600 MHz, CD2Cl2, 298 K) of 6 (no catalyst). 
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Figure S27.13C-NMR (151 MHz, CD2Cl2, 298 K) of 6 (no catalyst). 
 

Figure S28. 1H-NMR (600 MHz, CD2Cl2, 298 K) of 6 (no light). 
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Figure S29.13C-NMR (151 MHz, CD2Cl2, 298 K) of 6 (no catalyst). 
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4. X-ray characterization data 

 
General part 

 
X-ray diffraction determination 

The crystals of 6–9 were immersed in a film of NVH or perfluoropolyether oil, mounted on a 
polyimide microloop (MiTeGen) and transferred to a stream of cold nitrogen (Bruker Kryoflex2), 
and measured at a temperature of 100 K. The X-ray diffraction data were collected on a Bruker 
D8 diffractometer with a CMOS Photon 100 and multilayer optics monochromated MoKα 
(0.71073Å) radiation (INCOATEC microfocus sealed tube). The frames were integrated with 
the Bruker SAINT software package using a narrow-frame algorithm. The APEX3 v2018.7-0 
program package was used for cell refinements and data reductions. The structure was solved 
using the intrinsic phasing method,[4] refined and visualized with the OLEX2-1.5 program.[5] A 
semiempirical absorption correction (SADABS) was applied to all data. All non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were included in structure factors 
calculations. All Hydrogen atoms were assigned to idealized geometric positions. The unit 
cells of the 2 contain disordered solvent molecules which have been treated as a diffuse 
contribution to the overall scattering without specific atom positions by SQUEEZE/PLATON.[6] 

The crystallographic details are summarized in Table 1. CCDC 2271625–2271627 and 
2349442 (R,S-conformer) contains the supplementary crystallographic data for this paper. 

The crystal quality of 5 (R,R-conformer) was sufficient to confirm the connectivity. 
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X-ray Structures 

 

 

 

 

 

 

 

 

 

 

Figure S30. X-ray solid-state structure of 2 (S-isomer). Thermal ellipsoids were drawn at the 
50% probability level; H atoms, solvent molecule and R-isomer have been omitted for clarity. 
Selected bond lengths (Å) and angles [deg]: C1-C2 1.423(2), C2-C3 1.414(2), C3-C4 1.528(3), 
C4-N1 1.541(2), N1-C1 1.305(2), C2-C1-N1 112.6(1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S31. X-ray solid-state structure of 3. Thermal ellipsoids were drawn at the 50% 
probability level; H atoms and solvent molecules have been omitted for clarity. Selected bond 
lengths (Å) and angles [deg]: C4-C4 1.548(2), C4-C3 1.509(2), C3-C2 1.486(2), C3-C17 
1.343(2), C17-C18 1.529(2), C1-N1 1.393(2), C2-C3-C4 112.0(1), C3-C17-C18 126.4(1). 
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Figure S32. X-ray solid-state structure of 4 (S-isomer). Thermal ellipsoids were drawn at the 
50% probability level; H atoms, solvent molecule and R-isomer have been omitted for clarity. 
Selected bond lengths (Å) and angles [deg]: C1-C2 1.463(4), C2-C3 1.414(3), C3-C4 1.533(3), 
C4-N1 1.543(3), N1-C1 1.331(3), Rh1-C1 2.078(3), Rh1-Cl1 2.3682(8), Rh1-C43 1.914(3), 
Rh1-C44 1.833(3), C2-C1-N1 107.0(2), C1-Rh1-C43 172.3(1), C1-Rh1-C44 97.4(1), C1-Rh1-
Cl1 86.94(8), C43-Rh1-C44 86.99(9), C43-Rh1-C44 88.4(1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S33. X-ray solid-state structure of 5 (R,S-conformer). Thermal ellipsoids were drawn 
at the 50% probability level; H atoms and solvent molecule have been omitted for clarity. 
Selected bond lengths (Å) and angles [deg]: C1-C3 1.46(1), C3-C5 1.38(2), C5-C7 1.55(1), 
C7-N1 1.54(2), N1-C1 1.30(1), C1-Au1 2.03(1), C3-C1-N1 106.3(8), C1-Au1-C2 179.5(4). 
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Figure S34. X-ray solid-state structure of 5 (R,R-conformer). Thermal ellipsoids were drawn 
at the 50% probability level; H atoms, solvent molecule and S,S-conformer have been omitted 
for clarity. Selected bond lengths (Å) and angles [deg]: C1-C3 1.45(1), C3-C5 1.42(2), C5-C7 
1.52(1), C7-N1 1.55(1), N1-C1 1.34(4), C1-Au1 2.025(9), C3-C1-N1 108.2(8), C1-Au1-C2 
179.2(4). 
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Table S2. Crystal data and structure refinement for 2–5 (R,S-conformer). 

Identification code 2 3 4 5 (R,S-
conformer) 

CCDC number 2271625 2271626 2271627 2349442 
Empirical formula C43H42F3NO3S  C44H44Cl4N  C45H43Cl3NO2Rh  C86H84AuCl2F3N2

O3S  
Formula weight 709.83  728.60  839.06  1551.47  
Temperature/K 100.00  100.00  100.00  100.00  
Crystal system monoclinic  monoclinic  triclinic  triclinic  
Space group C2/c  P21/c  P-1  P1  

a/Å 
b/Å 
c/Å 
α/° 
β/° 
γ/° 

39.1326(17)  
11.1427(4) 
22.6859(8) 

90 
118.8000(10) 

90 

12.3827(3) 
20.4942(4) 
14.5949(3) 

90 
92.8350(10) 

90 

10.6973(5) 
12.2998(5) 
16.1099(7) 
86.248(2) 
72.965(2) 
67.280(2) 

11.9902(6) 
12.8137(6) 
14.3004(6) 
64.780(2) 
75.969(2) 
89.653(2) 

Volume/Å3 8668.4(6)  3699.27(14)  1866.66(14)  1916.49(16)  
Z 8  4  2  1  

ρcalcg/cm3 1.088  1.308  1.493  1.343  
μ/mm-1 0.122  0.353  0.713  2.073  
F(000) 2992.0  1532.0  864.0  794.0  

Crystal size/mm3 0.13 × 0.096 × 
0.088  

0.211 × 0.17 × 
0.129  

0.199 × 0.16 × 
0.12  

0.11 × 0.08 × 
0.06  

Radiation MoKα (λ = 0.71073)   
2Θ range for data 

collection/° 4.618 to 60.086  3.846 to 57.99  4.314 to 57.99  5.912 to 60.116  

Index ranges 
-53 ≤ h ≤ 54, -15 
≤ k ≤ 15, -31 ≤ l 

≤ 31  

-16 ≤ h ≤ 16, -27 
≤ k ≤ 27, -19 ≤ l ≤ 

17  

-14 ≤ h ≤ 14, -16 
≤ k ≤ 16, -21 ≤ l ≤ 

21  

-16 ≤ h ≤ 16, -18 
≤ k ≤ 18, -20 ≤ l ≤ 

20  
Reflections collected 45418  71443  59397  125977  

Independent reflections 
12618 [Rint = 

0.0447, Rsigma = 
0.0474]  

9818 [Rint = 
0.0633, Rsigma = 

0.0353]  

9911 [Rint = 
0.0691, Rsigma = 

0.0466]  

22195 [Rint = 
0.0504, Rsigma = 

0.0345]  
Data/restraints/paramet

ers 12618/0/464  9818/0/446  9911/0/473  22195/189/843  

Goodness-of-fit on F2 1.034  1.031  1.076  1.072  
Final R indexes [I>=2σ 

(I)] 
R1 = 0.0514, 
wR2 = 0.1356  

R1 = 0.0442, wR2 
= 0.0999  

R1 = 0.0424, wR2 
= 0.1035  

R1 = 0.0353, wR2 
= 0.0974  

Final R indexes [all data] R1 = 0.0696, 
wR2 = 0.1462  

R1 = 0.0611, wR2 
= 0.1090  

R1 = 0.0521, wR2 
= 0.1091  

R1 = 0.0357, wR2 
= 0.0978  

Largest diff. peak/hole / 
e Å-3 0.32/-0.44  0.42/-0.51  1.78/-1.22  1.76/-1.23  

(a) R1 = ∑||Fo|-|Fc||/∑|Fo|; wR2 = [∑[w(Fo
2-Fc

2)2/∑[(wFo
2)2]]1/2; w = 1/[σ2(Fo

2)+(aP)2+bP], where P 
= (Fo

2+2Fc
2)/3 (b) GooF = S = [[∑w(Fo

2-Fc
2)2]/(m-n)]1/2, where m = number of reflexes and n = 

number of parameters 
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Table S3. Crystal data and structure refinement for 5 (R,R-conformer). 

Identification code 5 (R,R-conformer) 
Empirical formula C88H84AuF4N2O3S  
Formula weight 1522.59 
Temperature/K 100.00  
Crystal system triclinic  
Space group P-1  

a/Å 
b/Å 
c/Å 
α/° 
β/° 
γ/° 

14.728(3) 
15.943(3) 
16.773(3) 
101.479(6) 
99.532(8) 
92.547(7) 

Volume/Å3 3794.1(12) 
Z 2  

ρcalcg/cm3 1.333  
μ/mm-1 2.026 
F(000) 1562.0 

Crystal size/mm3 0.07 × 0.06 × 0.03 
Radiation MoKα (λ = 0.71073)   

2Θ range for data 
collection/° 3.684 to 66.284 

Index ranges -22 ≤ h ≤ 22, -24 ≤ k 
≤ 24, -25 ≤ l ≤ 25 

Reflections collected 287458 

Independent reflections 28929 [Rint = 0.1879, 
Rsigma = 0.1003] 

Data/restraints/paramet
ers 28929/329/937 

Goodness-of-fit on F2 1.875 
Final R indexes [I>=2σ 

(I)] 
R1 = 0.1766, wR2 = 

0.4416 

Final R indexes [all data] R1 = 0.2001, wR2 = 
0.4575 

Largest diff. peak/hole / 
e Å-3 40.65/-4.24 

(a) R1 = ∑||Fo|-|Fc||/∑|Fo|; wR2 = [∑[w(Fo
2-Fc

2)2/∑[(wFo
2)2]]1/2; w = 1/[σ2(Fo

2)+(aP)2+bP], where P 
= (Fo

2+2Fc
2)/3 (b) GooF = S = [[∑w(Fo

2-Fc
2)2]/(m-n)]1/2, where m = number of reflexes and n = 

number of parameters 
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5. IR-spectroscopy  
 

 

 

 

 

 

 

 

 

 

 

 

Figure S35. ATR-IR spectrum of 4 (measured as solid). 

 

Table S4.  νav and TEP for 4. 

 
[RhCl(CO)2(iPC)] 

     IR ν (CO)                          νav (CO)                              TEP [cm-1] 
    2077/1996                           2037                                    2050 

 

*(TEP = 0.8001νav + 420 cm-1) 
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6. Photophysical Measurements 
 

All photophysical measurements were performed in dry and deaerated solutions. The solid-
state measurements were performed either in single-crystalline form (sample denoted as 
’crystals’) or, to remove co-crystallized molecules of solvent, single-crystals were ground and 
dried under vacuum for 24 h (sample denoted as ’solid’). Optical absorption spectroscopy was 
performed using an Agilent Cary 5000 spectrophotometer using standard 1 cm path length 
quartz cells. Excitation and emission spectra were recorded on an Edinburgh Instrument 
FLS1000 spectrometer, equipped with a 450 W Xenon arc lamp, double monochromators for 
the excitation and emission pathways, and a red-sensitive photomultiplier (PMT-980) as a 
detector. The excitation and emission spectra were corrected using the standard corrections 
supplied by the manufacturer for the excitation source‘s spectral power and the detector‘s 
sensitivity. Quantum yields in solution were measured using an FLS1000 spectrometer 
equipped with an integrating sphere (N-M01), or Quantaurus-QY Absolute PL quantum yield 
spectrometer (C11347- 11 Series: Standard type) from Hamamatsu and the quantum yield of 
solid samples were measured using an integrating cryosphere (Microstat N2) from Oxford 
Instruments. The luminescence lifetimes were measured using a μF2 pulsed 60 W Xenon 
microsecond flashlamp, with a repetition rate of 100 Hz, and a time-correlated single photon 
counting (TCSPC) module or EPLED (365 nm with 1.7 μW), with 50 ns pulse width  and an 
TCSPC module, depending on the time range. The emission was collected at a right angle to 
the excitation source. 
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7. UV-Visible Spectroscopy 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S36. UV-Vis absorption spectra of ligand salt 2, Rh(I) complex 4 and Au(I) complex 5 
in THF. 
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8. Emission Studies 

Figure S37. Normalized excitation (A) and emission (B) spectra of ligand salt 2 in grinded 
Solid (pink) and in THF (green). Solid lines for room temperature measurements and 
dash/short dash lines for 77 K measurements. 

 

Figure S38. Emission decays of ligand salt 2 (A: Room Temperature, B: Solid 77 K and C: 2-
MeTHF 77K). 

 

Table S5. Selected photophysical data of iPC ligand salt 2 at RT. 

 Medium λmax (nm) τ (ns)a φ kr (105 s-1)b 
2 Solid (grinded) (RT) 

Solid (grinded) (77 K)  
520 
560 

3.9 (40.8)/ 7.4 (59.2) 
13.6 (100) 

0.32 
- 

533 
- 

 THF 
2-MeTHF (77 K) 

585 
525 

3.9 (47.4)/7.7 (52.6) 
10.8 (100) 

0.01 
- 

17 
- 

(a) For lifetimes fitted with two exponentials, the pre-exponential factors B are given in 
parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 
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Figure S39. Normalized excitation and emission (A) spectra of Rh(I) complex 4 in THF at 
room temperature and normalized excitation and emission (B) spectra of Rh(I) complex 4 in 
2-MeTHF at 77 K. The sharp peak around 520 nm in (B) is Raman scattering. 

 

Figure S40. Emission map (A) of Rh(I) complex 4 in THF at room temperature and emission 
map (B) of Rh(I) complex 4 in 2-MeTHF at 77 K. The sharp peaks around 520, 552 and 572 
nm in (A) are Raman scattering. 

Figure S41. Emission decays of Rh(I) complex 4 at room temperature in THF(A) and in 2-
MeTHF (B). Emission decays of Rh(I) complex 4 at 77 K in 2-MeTHF (C and D), (λem = 450 
nm, blue; λem = 530 nm, green). 
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Figure S42. Normalized excitation and emission (A) spectra of Rh(I) complex 4 in solid state 
at room temperature (red) and at 77 K (green). Emission decays of Rh(I) complex 4 at room 
temperature (B) and at 77 K (C) in solid state. 

 

Figure S43. Emission map (A) of Rh(I) complex 4 in solid state at room temperature and 
emission map (B) of Rh(I) complex 4 in solid state at 77 K. 

 

 

Table S6. Selected photophysical data of Rh(I) complex 4 at RT. 

 Medium λmax (nm) τ (ns)a φ kr (105 s-1)b 
4 Solid (grinded) (RT) 

Solid (grinded) (77 K) 
575 
575 

0.8 (64.1)/2.0 (35.9) 
3.2 

- 
- 

- 
- 

 THF (RT) 
2-MeTHF (RT) 

2-MeTHF (77 K) 
2-MeTHF (77 K) 

450 
530 
450 
530 

3.3 
3.3 
3.7 
14.4 

0.026 
- 
- 
- 

79 
- 
- 
- 

(a) For lifetimes fitted with two exponentials, the pre-exponential factors B are given in 
parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes.  
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Figure S44. Normalized excitation and emission (A) spectra of Au(I) complex 5 in DCM (pink) 
and normalized excitation and emission (B) spectra of Au(I) complex 5 in  solid state (green). 

 

Figure S45. Emission decays of Au(I) complex 5 in DCM (λem = 540 nm; pink) and in solid 
state (λem = 540 nm; green). 

 

Table S7. Selected photophysical data of Au(I) complex 5 at RT. 

 Medium λmax (nm) τ (μs)a φ kr (105 s-1)b 
5 Solid (grinded) 

DCM 
535 
540 

17.9 (64.6)/57.7 (29.9)/112.6 (5.5)    
172.9 (81.2)/230.4 (18.8)  

0.025 
0.12 

0.0071 
0.0065 

(a) For lifetimes fitted with two/three exponentials, the pre-exponential factors B are given in 
parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 
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9. Photostability of the Au(I) complex 5 
 

Photostability of the Au(I) complex 5 for the cycloaddition reaction was checked via UV-Visible 
spectroscopy and 1H-NMR spectroscopy. 

The Au(I) complex 5 (18 mg, 12.22 µmol, 1.02 equiv.) and (E,E’)-dicinnamyl ether (3 mg, 11.98 
µmol, 1.00 equiv.)) were added in 3 mL DCM and stirred for 30 minutes. This reaction mixture 
was diluted to 6×10-5 M and irradiated for 4 hours inside the UV chamber/box. UV-Vis 
absorption spectra was recorded after every 15 minutes irradiation interval. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S46. UV-Vis absorption spectra of Au(I) complex 5 and (E,E’)-dicinnamyl ether upon 
irradiation till 4 hours. 

 

Further, Au(I) complex 5 (18 mg, 12.22 µmol, 1.02 equiv.) and (E,E’)-dicinnamyl ether (3 mg, 
11.98 µmol, 1.00 equiv.)) were added in 0.7 mL CD2Cl2 and sonicated in an ultrasonic bath for 
2 hours. This reaction mixture was irradiated inside a non-optimised setup (self-made dark 
box without mirrors). 1H-NMR spectra after every 15 minutes irradiation interval was recorded. 
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Figure S47. 1H-NMR spectra of Au(I) complex 5 and (E,E’)-dicinnamyl ether upon irradiation 
till 1 hour and 15 minutes. 

 

From the 1H-NMR, it can be concluded that the Au(I) complex 5 is responsible for the 
photocatalysis reaction. 
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10. Steric Properties 
 

Figure S48.  Topographic steric map of [(CAArC)CuCl].[7,8] 

 

 

 

 

 

 

 

Table S8. Distribution of volume in different quadrants. 

 

  

 

 

 

 

Figure S49. Topographic steric map of [(iPC)CuCl]. 

 

 

 

 

 

 

 

Table S9. Distribution of volume in different quadrants. 

 

 

 

 

%V free %V Buried %V Tot/V Ex 
56.0 44.0 99.9 

Quadrant V f V b V t %V f %V b 
SW 32.6 12.3 44.9 72.6 27.4 
NW 22.1 22.8 44.9 49.2 50.8 
NE 18.7 26.2 44.9 41.7 58.3 
SE 27.0 17.8 44.9 60.1 39.8 

%V free %V Buried %V Tot/V Ex 
47.7 52.3 99.9 

Quadrant V f V b V t %V f %V b 
SW 28.2 16.7 44.9 62.8 37.2 
NW 15.9 29.0 44.9 35.4 64.6 
NE 22.4 22.5 44.9 49.9 50.1 
SE 19.2 25.7 44.9 42.8 57.2 
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Figure S50. Topographic steric map of ((iPC)2Au(OTf)) 5. 

 

 

 

 

 

 

 

Table S10. Distribution of volume in different quadrants. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

%V free %V Buried %V Tot/V Ex 
12.1 87.9 99.9 

Quadrant V f V b V t %V f %V b 
SW 5.8 39.1 44.9 12.9 87.1 
NW 5.1 39.8 44.9 11.3 88.7 
NE 5.8 39.1 44.9 12.9 87.1 
SE 5.1 39.8 44.9 11.3 88.7 
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11. TD-DFT calculations 

DFT calculations for compounds 2, 4, and 5 were performed with the ORCA 5.0.3 software 

package.[9] Geometry optimization with tight convergence criteria was carried out using BP86 

(2 and 4) or PBE0 (5) functional[10] with def2-TZVP basis set[11] and Grimme-D3BJ empirical 

dispersion correction.[12] To accelerate calculations, the SARC/J[13] auxiliary basis set was used 

together with RI approximation. Solvents effects (2 and 4: CH2Cl2, e = 9.08; 5: THF, e = 7.25) 

were accounted for by implicit solvent model CPCM.[14] Relativistic effects were accounted for 

by employing the ZORA method.[15] The same level of theory (PBE0 functional for all 

compounds) was used for TD-DFT calculation of the first 50 (2 and 4) and 20 (5) singlet and 

triplet excited states. Electronic transition differences at isovalues of 0.003 were prepared 

using the orca_plot module as implemented in ORCA 5.0.3. software and USCF Chimera.[16] 

Table S11. Singlet excitations calculated for 2 in the ground state geometry. 

State Energy [cm-1] l [nm] fosc 
   1 24431.5  409.3 0.032089823 
   2 27421.6  364.7 0.072761986 
   3 29160.8  342.9 0.126504841 
   4 29399.2  340.1 0.007976549 
   5 31049.9  322.1 0.004283742 
   6 31362.9  318.8 0.109700295 
   7 31944.1  313.0 0.020168068 
   8 33231.6  300.9 0.018433678 
   9 34474.7  290.1 0.009580648 
  10 34895.3  286.6 0.012575773 
  11 35745.6  279.8 0.004239361 
  12 37927.3  263.7 0.085877933 
  13 38093.4  262.5 0.057167441 
  14 38715.7  258.3 0.006180336 
  15 39036.2  256.2 0.064414252 
  16 40070.7  249.6 0.007118958 
  17 40873.9  244.7 0.008503911 
  18 41055.6  243.6 0.023247734 
  19 41150.4  243.0 0.023342632 
  20 41445.6  241.3 0.028549111 
  21 41629.1  240.2 0.013464676 
  22 41800.1  239.2 0.012494774 
  23 42032.7  237.9 0.060428643 
  24 42244.5  236.7 0.001820358 
  25 42495.0  235.3 0.017051980 
  26 42890.4  233.2 0.018263348 
  27 43183.3  231.6 0.013721169 
  28 43411.5  230.4 0.013258856 
  29 43504.4  229.9 0.012098119 
  30 43714.1  228.8 0.016861974 
  31 43741.9  228.6 0.003520980 
  32 43995.1  227.3 0.009266508 
  33 44088.7  226.8 0.001004503 
  34 44350.7  225.5 0.000412968 
  35 44550.0  224.5 0.032962372 
  36 44655.9  223.9 0.029262198 
  37 44731.8  223.6 0.012273937 
  38 44764.4  223.4 0.003664580 
  39 44930.5  222.6 0.007498324 
  40 45009.2  222.2 0.043352204 
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  41 45144.6  221.5 0.000193053 
  42 45266.6  220.9 0.029813401 
  43 45389.8  220.3 0.014578411 
  44 45509.8  219.7 0.011980836 
  45 45618.5  219.2 0.038223647 
  46 45676.9  218.9 0.026697122 
  47 45820.1  218.2 0.024360185 
  48 45871.7  218.0 0.035980139 
  49 45934.1  217.7 0.006111596 
  50 46084.7  217.0 0.010256489 

 

Table S12. Singlet excitations calculated for 4 in the ground state geometry. 

State Energy [cm-1] l [nm] fosc 
   1 25216.4  396.6 0.032296818 
   2 27248.2  367.0 0.014943752 
   3 28182.6  354.8 0.038879066 
   4 29351.8  340.7 0.059202151 
   5 30891.1  323.7 0.015144667 
   6 31476.9  317.7 0.073893146 
   7 31597.6  316.5 0.087511557 
   8 32123.5  311.3 0.000333393 
   9 32811.8  304.8 0.022832287 
  10 33363.4  299.7 0.034066371 
  11 34243.5  292.0 0.006142122 
  12 34761.5  287.7 0.020630698 
  13 34939.6  286.2 0.001114146 
  14 35236.3  283.8 0.013845003 
  15 35677.7  280.3 0.020564981 
  16 35876.4  278.7 0.002243215 
  17 36121.0  276.8 0.007401416 
  18 36504.5  273.9 0.000888696 
  19 36638.2  272.9 0.010076055 
  20 36813.7  271.6 0.003467099 
  21 37668.3  265.5 0.011078387 
  22 37852.5  264.2 0.032736299 
  23 38045.8  262.8 0.005595758 
  24 38313.4  261.0 0.003513425 
  25 38451.6  260.1 0.019994422 
  26 38636.1  258.8 0.005532071 
  27 38733.2  258.2 0.004677159 
  28 38910.3  257.0 0.014452862 
  29 39086.9  255.8 0.049024493 
  30 39259.3  254.7 0.010300282 
  31 39417.0  253.7 0.038023823 
  32 39555.5  252.8 0.011188598 
  33 39805.5  251.2 0.069223629 
  34 40166.8  249.0 0.018375608 
  35 40369.5  247.7 0.018834195 
  36 40421.3  247.4 0.006869063 
  37 40561.6  246.5 0.001134377 
  38 40783.6  245.2 0.000587386 
  39 40824.8  244.9 0.039330540 
  40 41101.1  243.3 0.010657672 
  41 41125.9  243.2 0.005524259 
  42 41358.8  241.8 0.003479594 
  43 41475.9  241.1 0.004537909 
  44 41618.8  240.3 0.004725296 
  45 41715.6  239.7 0.011438162 
  46 41830.6  239.1 0.001244659 
  47 41953.7  238.4 0.008390597 
  48 42071.8  237.7 0.014323651 
  49 42208.0  236.9 0.008933428 
  50 42334.5  236.2 0.015749505 
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Table S13. Singlet excitations calculated for R,R-5 in the ground state geometry. 
State Energy [cm-1] l [nm] fosc 

1 25411.8 393.5 0.003414746 
2 25485.5 392.4 0.060647450 
3 26824.8 372.8 0.002865354 
4 27817.4 359.5 0.156407540 
5 28202.6 354.6 0.006804713 
6 29139.5 343.2 0.002648361 
7 29702.0 336.7 0.025587580 
8 29722.5 336.4 0.046160808 
9 29946.0 333.9 0.015798089 
10 30288.9 330.2 0.059611215 
11 30326.7 329.7 0.014579007 
12 30584.6 327.0 0.002085971 
13 31209.1 320.4 0.062424993 
14 31572.6 316.7 0.007480244 
15 32209.0 310.5 0.044248339 
16 32403.3 308.6 0.001014742 
17 32446.0 308.2 0.016392218 
18 32532.2 307.4 0.006161575 
19 32804.1 304.8 0.055406401 
20 33111.7 302.0 0.000033043 

 

Table S14. Singlet excitations calculated for S,R-5 in the ground state geometry. 
State Energy [cm-1] l [nm] fosc 

1 25122.7 398.0 0.053490626 
2 25247.9 396.1 0.000001193 
3 26038.0 384.1 0.017303993 
4 27485.4 363.8 0.000032814 
5 27551.6 363.0 0.148405376 
6 29060.8 344.1 0.000000264 
7 29282.7 341.5 0.008280243 
8 29439.4 339.7 0.000002222 
9 29534.3 338.6 0.139140836 
10 30209.9 331.0 0.000000070 
11 30628.6 326.5 0.000015882 
12 30646.9 326.3 0.026668053 
13 31090.9 321.6 0.000000262 
14 31232.6 320.2 0.071690942 
15 31818.7 314.3 0.000000354 
16 31918.1 313.3 0.012751419 
17 32290.3 309.7 0.000000043 
18 32643.7 306.3 0.033087561 
19 32826.3 304.6 0.038435058 
20 32856.0 304.4 0.000001705 

Table S15. XYZ coordinates of optimized molecule 2. 
6        5.452779000      6.812476000     13.146251000 
1        4.921002000      5.936837000     12.785557000 
6        4.892532000      7.993699000     13.699502000 
6        5.955577000      8.907434000     13.936945000 
6        7.279589000      8.237520000     13.574718000 
6        3.540516000      8.314453000     13.949854000 
6        3.291646000      9.684580000     14.080499000 
1        2.262159000     10.037354000     14.148042000 
6        4.330921000     10.576060000     14.336809000 
1        4.085170000     11.613735000     14.568892000 
6        5.678507000     10.171994000     14.461439000 
6        3.007468000      8.276708000     16.647196000 
6        2.685226000      9.598339000     16.986286000 
1        1.648142000      9.933386000     16.909482000 
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6        3.693760000     10.545110000     17.220381000 
1        3.424313000     11.599713000     17.315967000 
6        5.044526000     10.178591000     17.145014000 
6        5.331377000      8.805791000     17.113467000 
1        6.371095000      8.484996000     17.153732000 
6        4.338106000      7.869287000     16.848376000 
1        4.614280000      6.830096000     16.660612000 
6        6.140912000     11.159507000     16.798980000 
1        7.030711000     10.990581000     17.422444000 
1        5.796694000     12.185796000     16.984151000 
6        6.608978000     11.040361000     15.270799000 
1        6.644296000     12.054417000     14.847967000 
1        7.627094000     10.640185000     15.240239000 
6        2.067561000      7.405148000     15.847160000 
1        1.048617000      7.809466000     15.910460000 
1        2.054006000      6.376690000     16.231972000 
6        2.482809000      7.306510000     14.304171000 
1        2.845280000      6.291227000     14.105128000 
1        1.578840000      7.468036000     13.700011000 
6        8.080563000      7.938811000     14.857530000 
6        7.598402000      7.000815000     15.777848000 
1        6.673265000      6.457638000     15.585795000 
6        8.293730000      6.744046000     16.959144000 
1        7.908903000      5.996251000     17.653300000 
6        9.461822000      7.450253000     17.256426000 
1       10.003265000      7.253382000     18.182654000 
6        9.926744000      8.415024000     16.360777000 
1       10.830842000      8.983213000     16.583443000 
6        9.243036000      8.655253000     15.165444000 
1        9.623597000      9.406582000     14.475435000 
6        8.105627000      8.981662000     12.528067000 
6        9.331433000      8.441205000     12.105807000 
1        9.684965000      7.499204000     12.521564000 
6       10.117971000      9.109360000     11.168950000 
1       11.065721000      8.671405000     10.853666000 
6        9.699297000     10.337665000     10.647437000 
1       10.318240000     10.864415000      9.919856000 
6        8.482644000     10.881054000     11.061168000 
1        8.140704000     11.834743000     10.657242000 
6        7.687300000     10.202723000     11.988962000 
1        6.735578000     10.634375000     12.292816000 
6        7.464596000      6.102233000     12.001565000 
6        8.323724000      5.061807000     12.400671000 
6        9.034866000      4.389931000     11.396183000 
1        9.716884000      3.587643000     11.679870000 
6        8.874241000      4.714391000     10.052856000 
1        9.439527000      4.177414000      9.289535000 
6        7.973275000      5.709846000      9.681084000 
1        7.828876000      5.940201000      8.625568000 
6        7.251541000      6.428213000     10.640688000 
6        8.480551000      4.606706000     13.836785000 
1        7.753906000      5.158554000     14.441539000 
6        9.885722000      4.909939000     14.376223000 
1       10.651596000      4.377578000     13.792688000 
1        9.966013000      4.584924000     15.423056000 
1       10.108577000      5.985014000     14.338592000 
6        8.141578000      3.114771000     13.984232000 
1        7.130112000      2.901236000     13.614235000 
1        8.180718000      2.829789000     15.044807000 
1        8.855850000      2.481830000     13.437545000 
6        6.254400000      7.481234000     10.185585000 
1        6.028337000      8.143196000     11.031681000 
6        6.807168000      8.372278000      9.064689000 
1        7.785025000      8.789014000      9.336154000 
1        6.115969000      9.207254000      8.883055000 
1        6.914354000      7.817678000      8.121584000 
6        4.936832000      6.814435000      9.748248000 
1        5.109098000      6.158563000      8.882004000 
1        4.201597000      7.580078000      9.461494000 
1        4.500626000      6.202442000     10.549718000 
7        6.757594000      6.907529000     12.977991000 
6        5.106721000      3.468412000     17.283519000 
9        4.925376000      4.512010000     18.130893000 
9        4.550098000      2.372146000     17.851913000 
9        6.441136000      3.250347000     17.18021000 
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Table S16. XYZ coordinates of optimized molecule 4. 
  45      11.439932000      8.161514000      9.148040000 
17      13.106917000      7.230051000     10.599306000 
8        9.758379000      9.926129000      7.429309000 
7        9.419470000      8.363100000     11.382958000 
8       13.806091000      8.775156000      7.328695000 
6        9.713484000      5.005204000     10.069657000 
6        8.789903000      7.623138000     12.577496000 
6        8.801064000      3.985236000     10.370309000 
1        8.777107000      3.092811000      9.743350000 
6        9.997214000      7.536404000     10.507262000 
6        8.769412000      6.211220000     12.005446000 
6       11.168238000      7.537440000     13.519190000 
1       11.544667000      7.397823000     12.506751000 
6        9.547260000      6.190944000     10.815482000 
6       10.876660000      4.692601000      9.174508000 
1       11.340394000      5.620948000      8.803373000 
1       10.524753000      4.120097000      8.305250000 
6        8.075222000      3.997421000     11.556762000 
1        7.489921000      3.116124000     11.825953000 
6        9.145002000      9.740806000     11.045686000 
6        7.447916000      8.215153000     12.994395000 
6       12.083402000      7.553324000     14.570205000 
1       13.147759000      7.454441000     14.351680000 
6        8.196815000      5.035340000     12.502303000 
6       11.730285000      4.403097000     12.361846000 
1       12.342079000      5.289368000     12.187178000 
6       12.551402000     11.059541000     11.324780000 
1       12.556686000     10.661209000     10.299687000 
1       13.489451000     10.759180000     11.813440000 
1       12.529472000     12.158015000     11.274656000 
6       10.048867000     10.764144000     11.378687000 
6        9.721986000     12.070851000     10.990305000 
1       10.403591000     12.885120000     11.239987000 
6        6.259516000      7.479068000     12.950076000 
1        6.264001000      6.466407000     12.551369000 
6       10.326380000      9.176808000      8.107564000 
6       11.315266000     11.035617000     13.542213000 
1       12.262802000     10.814014000     14.054225000 
1       10.503996000     10.572079000     14.121103000 
1       11.165365000     12.125819000     13.552449000 
6        7.687221000     11.302738000      9.942163000 
1        6.783655000     11.522131000      9.373265000 
6       11.352792000     10.500017000     12.103762000 
1       11.485195000      9.413735000     12.154859000 
6        9.797859000      7.679074000     13.756283000 
6       10.895970000      2.278612000     11.639185000 
1       10.839243000      1.475809000     10.900040000 
6        5.058603000      8.031779000     13.402839000 
1        4.145581000      7.436152000     13.363440000 
6        7.202970000      8.344752000      8.504477000 
1        6.426488000      7.602359000      8.268799000 
1        8.178890000      7.853171000      8.401162000 
1        7.143426000      9.155556000      7.765076000 
6       10.955642000      4.318681000     13.513394000 
1       10.980632000      5.135965000     14.234861000 
6        6.985632000      8.871556000      9.931960000 
1        7.161461000      8.022697000     10.602360000 
6        9.354346000      7.787414000     15.080536000 
1        8.291734000      7.880860000     15.298681000 
6        7.404827000      9.529369000     13.487631000 
1        8.319052000     10.117535000     13.550180000 
6        7.887923000      4.733674000     13.950608000 
1        6.833141000      4.447629000     14.075478000 
1        8.049826000      5.629599000     14.559099000 
6       12.897796000      8.568491000      8.006033000 
6        5.524194000      9.299937000     10.122336000 
1        5.220175000     10.039235000      9.366984000 
1        5.358405000      9.732001000     11.117234000 
1        4.866430000      8.426102000     10.013506000 
6        7.956479000      9.981853000     10.316696000 
6        5.025715000      9.338568000     13.891254000 
1        4.087937000      9.772559000     14.241122000 
6       11.605883000      3.449598000     11.336551000 
6       11.638009000      7.677664000     15.888792000 
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Table S17. XYZ coordinates of optimized molecule R,R-5. 
Au      3.072564      2.954549      3.436676 
  C       2.801172      2.445245      5.380156 
  C       3.462435      3.468970      1.514343 
  C       2.195608      3.177052      6.478646 
  C       3.326837      2.712961      0.281899 
  C       2.250486      2.381242      7.662348 
  C       3.721762      3.531699     -0.819437 
  C       3.074865      1.131584      7.364668 
  C       4.314889      4.824698     -0.267002 
  C       1.552005      4.443108      6.469159 
  C       0.661639      4.655368      7.539007 
  H       0.021702      5.545554      7.534766 
  C       0.717420      3.869279      8.695964 
  H       0.099016      4.153721      9.556295 
  C       1.661760      2.824805      8.859422 
  C       2.071443      2.420223     10.263541 
  H       2.844688      1.638579     10.208886 
  H       1.219679      1.977156     10.812176 
  C       2.628105      3.653967     11.109188 
  H       1.852490      3.993892     11.817919 
  H       3.475554      3.286523     11.716514 
  C       3.041768      4.804165     10.211747 
  C       2.269414      5.974951     10.072752 
  H       1.526584      6.228810     10.841010 
  C       2.312405      6.727038      8.882451 
  H       1.609335      7.559825      8.747584 
  C       3.115889      6.311169      7.802127 
  C       4.083024      5.317048      8.068270 
  H       4.797774      5.046219      7.282470 
  C       4.057524      4.586724      9.258800 
  H       4.748149      3.748005      9.393632 
  C       2.824981      6.686042      6.366299 
  H       3.765767      6.791895      5.803727 
  H       2.312031      7.661768      6.313912 
  C       1.934097      5.603226      5.584244 
  H       1.028398      6.109237      5.208368 
  H       2.491460      5.248348      4.699016 
  C       3.423377      0.101523      4.995979 
  C       2.290090     -0.677571      4.635138 
  C       2.518831     -1.888972      3.956957 
  H       1.665187     -2.518424      3.682359 
  C       3.817868     -2.313241      3.649556 
  H       3.977410     -3.275889      3.149316 
  C       4.909838     -1.487165      3.943653 
  H       5.920088     -1.798729      3.650653 
  C       4.735501     -0.251832      4.598210 
  C       0.865656     -0.208094      4.908804 
  H       0.898173      0.513526      5.743264 
  C       0.305277      0.537966      3.679131 

1       12.351205000      7.686253000     16.714247000 
6       10.268310000      7.781624000     16.138831000 
1        9.900635000      7.866873000     17.162463000 
6        8.554719000     12.340521000     10.280870000 
1        8.322226000     13.363876000      9.981406000 
6       11.995113000      3.822897000      9.925031000 
1       12.180933000      2.921106000      9.326135000 
1       12.914511000      4.423095000      9.936702000 
6        8.788281000      3.546933000     14.523311000 
1        9.065285000      3.818860000     15.552696000 
1        8.182314000      2.632097000     14.577553000 
6       10.009167000      3.295573000     13.668429000 
6       10.098437000      2.206055000     12.790051000 
1        9.426351000      1.354033000     12.919132000 
6        6.204712000     10.089610000     13.923275000 
1        6.194834000     11.113705000     14.298848000 

8        5.100811000      4.999861000     15.154216000 
8        4.601960000      2.593435000     14.843350000 
8        2.933403000      4.076773000     15.924251000 
16       4.342271000      3.819401000     15.604511000 
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  H       0.216182     -0.144992      2.814565 
  H       0.956296      1.380475      3.375607 
  H      -0.698210      0.943825      3.898770 
  C      -0.074040     -1.349154      5.331794 
  H      -1.038768     -0.936326      5.675158 
  H       0.356963     -1.940318      6.155288 
  H      -0.294714     -2.032626      4.491772 
  C       6.391152      1.189335      3.388661 
  H       5.547865      1.665479      2.854865 
  H       6.781000      0.367560      2.760191 
  H       7.193436      1.941229      3.501036 
  C       5.923223      0.681476      4.767415 
  H       5.567744      1.560743      5.322857 
  C       7.066762      0.052679      5.577995 
  H       7.492827     -0.830121      5.067567 
  H       6.718791     -0.263322      6.576836 
  H       7.883397      0.781534      5.724148 
  C       4.499705      1.327297      7.950407 
  C       5.336832      2.332330      7.429139 
  H       4.980591      2.964524      6.609923 
  C       6.612390      2.561563      7.960622 
  H       7.244820      3.346580      7.529484 
  C       7.065633      1.803654      9.054126 
  H       8.060600      1.982904      9.477770 
  C       6.226758      0.822844      9.604957 
  H       6.560913      0.231539     10.465640 
  C       4.953974      0.583253      9.055792 
  H       4.316852     -0.191955      9.493332 
  C       2.450070     -0.197365      7.789147 
  C       1.186901     -0.263976      8.406584 
  H       0.608750      0.652031      8.562387 
  C       0.655941     -1.495837      8.824545 
  H      -0.326377     -1.523891      9.310603 
  C       1.372387     -2.683469      8.611351 
  H       0.957929     -3.645162      8.936195 
  C       2.623815     -2.631310      7.972605 
  H       3.190969     -3.551800      7.791739 
  C       3.159746     -1.399966      7.571084 
  H       4.144726     -1.374174      7.092950 
  C       2.818573      1.402162      0.082001 
  C       2.358221      1.146371     -1.224100 
  H       1.825194      0.210878     -1.430146 
  C       2.739540      1.957987     -2.299467 
  H       2.469115      1.646621     -3.315894 
  C       3.606141      3.069040     -2.141548 
  C       4.437753      3.529047     -3.324904 
  H       5.092221      4.356395     -3.009713 
  H       3.795146      3.930422     -4.130307 
  C       5.332404      2.354670     -3.929811 
  H       4.870863      1.980955     -4.860794 
  H       6.308614      2.790588     -4.211034 
  C       5.493937      1.213563     -2.944772 
  C       4.804900     -0.008196     -3.079461 
  H       4.387822     -0.290998     -4.055423 
  C       4.491963     -0.784598     -1.946477 
  H       3.843256     -1.663372     -2.060742 
  C       4.848305     -0.345402     -0.655903 
  C       5.776388      0.716034     -0.574333 
  H       6.162688      1.012746      0.407908 
  C       6.105156      1.473775     -1.701168 
  H       6.739044      2.359519     -1.591003 
  C       4.107577     -0.776831      0.590832 
  H       4.806166     -0.884581      1.436054 
  H       3.640259     -1.765018      0.438551 
  C       2.970575      0.257660      1.053473 
  H       2.020158     -0.295272      1.145725 
  H       3.214770      0.638731      2.061347 
  C       3.755967      5.845014      2.063658 
  C       4.823191      6.274561      2.888383 
  C       4.685572      7.515810      3.540771 
  H       5.510605      7.886967      4.161251 
  C       3.513167      8.272422      3.422056 
  H       3.432129      9.240963      3.929722 
  C       2.429868      7.771136      2.688960 
  H       1.499050      8.346261      2.636782 
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  C       2.524707      6.552287      1.992239 
  C       6.051878      5.419784      3.154696 
  H       5.955458      4.512215      2.541412 
  C       7.359778      6.118098      2.750253 
  H       8.221707      5.444574      2.900905 
  H       7.537540      7.029935      3.348970 
  H       7.342770      6.406164      1.684842 
  C       6.065534      4.958130      4.625778 
  H       6.181465      5.809956      5.320594 
  H       6.900663      4.257341      4.806619 
  H       5.121650      4.436383      4.869242 
  C       1.319815      6.000707      1.237456 
  H       1.690478      5.306091      0.463651 
  C       0.508017      7.090619      0.518277 
  H      -0.038141      7.732730      1.233064 
  H      -0.246299      6.625993     -0.140573 
  H       1.153703      7.733586     -0.101260 
  C       0.417704      5.186485      2.189996 
  H       0.978420      4.375638      2.692502 
  H      -0.418896      4.729727      1.632215 
  H      -0.007758      5.837323      2.975123 
  C       5.863125      4.714546     -0.322227 
  C       6.627651      5.491362     -1.213170 
  H       6.137123      6.233108     -1.851605 
  C       8.022726      5.327248     -1.288505 
  H       8.599478      5.943165     -1.988544 
  C       8.673279      4.389359     -0.472212 
  H       9.761338      4.268104     -0.526842 
  C       7.913982      3.598502      0.407563 
  H       8.401825      2.843851      1.035785 
  C       6.523243      3.753334      0.466355 
  H       5.941477      3.095434      1.118955 
  C       3.803539      6.121957     -0.891910 
  C       2.830149      6.127303     -1.908495 
  H       2.392766      5.183002     -2.247052 
  C       2.409356      7.333713     -2.492983 
  H       1.656325      7.314692     -3.289590 
  C       2.941300      8.555658     -2.053342 
  H       2.612058      9.497406     -2.508172 
  C       3.895737      8.563849     -1.020999 
  H       4.313163      9.511472     -0.661287 
  C       4.326785      7.358411     -0.450534 
  H       5.083886      7.378055      0.340301 
  N       3.183182      1.246981      5.839694 
  N       3.895398      4.696749      1.202546 

 

Table S18. XYZ coordinates of optimized molecule S,R-5. 
Au     10.414297     12.475241      9.079030 
  C      11.422631     14.106539      9.740229 
  C       8.021668      8.957078      8.231307 
  C      13.742009     14.102074     12.159640 
  H      13.491289     13.483895     11.291191 
  N      11.155039     14.665494     10.927390 
  C      15.595682     13.843132      7.955111 
  C      10.908942      6.806192      4.724483 
  H      11.437200      6.859914      3.765465 
  C      11.260430     18.247333     10.971865 
  H      11.768234     18.290385     10.003647 
  C       8.393420     10.041760      9.080119 
  C       6.152584     12.044207     10.955208 
  H       5.758233     12.268764     11.961197 
  H       6.225402     13.007493     10.421300 
  C      13.507963     16.162806     13.406807 
  H      13.054706     17.149444     13.545458 
  C       8.007172     15.077719      8.885195 
  H       6.959836     14.850053      9.156953 
  H       8.532806     14.115857      8.720778 
  H       8.001173     15.630973      7.929275 
  C      16.388512     16.156130      9.410336 
  C      10.576086     19.379620     11.445387 
  H      10.564577     20.295315     10.842602 
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  C       9.947780     14.402836     11.676594 
  C       8.688590     15.911539      9.991629 
  H       9.716443     16.133012      9.655497 
  C      11.303215     17.061508     11.729505 
  N       9.672738     10.286136      7.229816 
  C      13.928555     17.003570      8.094088 
  H      14.510187     17.832788      7.672853 
  C      12.055889      9.850513      6.876114 
  C      13.735291     16.960351      9.496369 
  C      12.091831     15.834743     11.264695 
  C      10.879994     10.548731      6.480579 
  C      16.323649     14.872283      7.324516 
  H      16.468369     14.847795      6.236213 
  C      12.818639      9.869255      9.271761 
  H      13.866158     10.097332      9.001068 
  H      12.823996      9.314595     10.226867 
  H      12.292915     10.830881      9.437235 
  C      13.192394      9.967363      6.055336 
  H      14.105438      9.425621      6.326545 
  C      12.978944     14.773330      7.771487 
  C       7.967292     17.258000     10.175555 
  H       8.070696     17.869772      9.262223 
  H       8.385350     17.829261     11.018722 
  H       6.885400     17.121205     10.354866 
  C      16.188763     17.505716     10.076129 
  H      16.586543     18.303972      9.424574 
  H      16.737364     17.575413     11.033534 
  C       7.640848     11.474847     11.121805 
  H       8.358462     12.244158     10.786778 
  H       7.827255     11.317308     12.196151 
  C      10.074965     13.813984      5.377212 
  H      10.382391     13.930602      6.432443 
  H       9.206185     14.473647      5.201629 
  H      10.903111     14.172269      4.738570 
  C      13.188068     13.475042      7.036313 
  H      13.004779     13.633084      5.961498 
  H      12.468811     12.706276      7.369072 
  C      13.171210     10.746660      4.891312 
  H      14.058526     10.797489      4.248794 
  C       7.849340     10.176777     10.385994 
  C      14.649801     17.783921     10.385154 
  H      14.443810     17.541174     11.438989 
  H      14.457189     18.866870     10.269749 
  C       9.960110     13.528349     12.790234 
  C      13.560164     15.945926      7.254309 
  H      13.877914     15.966103      6.205409 
  C       6.125549     11.308902      5.086689 
  H       5.659627     12.290317      5.234568 
  C       9.702119     12.350487      5.066200 
  H       8.891849     12.082797      5.757753 
  C      12.028351     11.488030      4.570644 
  H      12.034875     12.141979      3.689973 
  C      12.138083      9.037032      8.163611 
  H      11.110044      8.814881      8.498723 
  C      11.126436     12.602578     13.092075 
  H      11.936877     12.870917     12.400988 
  C       7.656460     14.204685     13.265658 
  H       6.769042     14.153724     13.908022 
  C      13.115621     15.352080     12.324819 
  C       8.799646     13.464086     13.586941 
  H       8.793296     12.810578     14.467940 
  C      10.213640      7.929941      5.192095 
  H      10.199737      8.840111      4.583914 
  C       8.771479     15.099924     11.280260 
  C      10.868006     11.424000      5.367542 
  C       9.162380     12.179913      3.637353 
  H       8.278396     12.822340      3.480553 
  H       8.856673     11.136222      3.447151 
  H       9.915846     12.460176      2.878772 
  C      10.612105     17.023821     12.962348 
  H      10.625975     16.114341     13.571566 
  C       4.878075      9.954833      8.075525 
  H       5.032923      9.921309      6.992255 
  C       5.281372     11.083136      8.794541 
  H       5.735937     11.930171      8.265271 
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  C       5.748676     10.501661      3.999654 
  H       4.994330     10.852342      3.285779 
  C      12.434767     14.908945      9.077261 
  C      14.484970     15.717660     14.315607 
  H      14.776060     16.364604     15.151527 
  C       7.635006     14.983185     12.101105 
  H       6.721577     15.523937     11.829212 
  C       7.711116      9.602038      5.832811 
  C       7.092383      7.990895      8.659873 
  C      14.702475     13.647255     13.072882 
  H      15.169647     12.666325     12.925729 
  C      15.547042     13.868358      9.365946 
  H      15.092675     13.022004      9.896471 
  C      16.708944     16.020597      8.044148 
  H      17.139386     16.873012      7.501338 
  C       4.118879      8.929007     10.112972 
  H       3.688330      8.075820     10.654475 
  C      10.754563     11.138940     12.780570 
  H       9.926445     10.780059     13.418917 
  H      11.623661     10.479704     12.956186 
  H      10.447448     11.022509     11.725215 
  C       9.904917     19.336089     12.676771 
  H       9.370515     20.218834     13.047274 
  C       6.177908      7.167689      7.770779 
  H       6.369721      6.084699      7.887015 
  H       6.384685      7.409681      6.716938 
  C      10.920328      5.617184      5.474860 
  H      11.454348      4.734703      5.103178 
  C       7.267774      9.004051     10.902517 
  H       6.950064      8.983346     11.951419 
  C       8.735281      9.117681      6.891815 
  C      11.665458     12.773212     14.521171 
  H      11.970656     13.817010     14.711615 
  H      12.549642     12.131134     14.678272 
  H      10.911823     12.492538     15.279429 
  C      15.078284     14.455753     14.159353 
  H      15.832843     14.106429     14.873671 
  C      15.950394     14.997713     10.083279 
  H      15.795733     15.032733     11.166533 
  C      12.859739      7.690974      7.978117 
  H      13.941739      7.828242      7.799819 
  H      12.442411      7.120955      7.133747 
  H      12.755778      7.077745      8.890410 
  C       9.523120      7.891111      6.425231 
  C      10.249659      5.572482      6.706476 
  H      10.261191      4.656130      7.308261 
  C       9.566016      6.704506      7.181637 
  H       9.058596      6.660540      8.150015 
  C       6.340586      9.239231      3.842324 
  H       6.048643      8.593255      3.005953 
  C       6.899159      7.946949     10.062171 
  H       6.317574      7.117482     10.482981 
  C       4.504347     10.076172     10.834350 
  H       4.359475     10.099123     11.922667 
  C       4.638783      7.446954      8.078718 
  H       4.091202      7.379720      7.120565 
  H       4.239553      6.647827      8.728297 
  C       9.916305     18.147897     13.428437 
  H       9.387745     18.095108     14.387341 
  C       9.405645     10.844314      8.417465 
  C      12.806018     15.994303      9.925387 
  C       4.439490      8.795504      8.746645 
  C       5.232400     11.106250     10.205400 
  C      14.675100     12.903979      7.207272 
  H      14.599870     11.943126      7.745180 
  H      15.070318     12.674601      6.202716 
  C       7.086016     10.852540      5.999163 
  H       7.338239     11.470297      6.867480 
  C       7.317594      8.792520      4.750353 
  H       7.770113      7.805698      4.610571 
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Table S19. XYZ coordinates of optimized molecule S,R-5 in the T1 state 
  Au     10.437862     12.402287      9.115669 
  C      11.417852     14.065756      9.786692 
  C       8.059913      8.903605      8.198128 
  C      13.721488     14.119956     12.238320 
  H      13.401349     13.436285     11.470119 
  N      11.162576     14.653378     10.977655 
  C      15.702233     13.798119      8.314296 
  C      10.686396      6.924069      4.437775 
  H      11.156014      7.030321      3.470869 
  C      11.233080     18.191266     10.927594 
  H      11.660671     18.206601      9.939071 
  C       8.434202      9.954144      9.054479 
  C       6.207459     11.902173     10.928694 
  H       5.816813     12.150861     11.912640 
  H       6.288623     12.837636     10.380500 
  C      13.622957     16.266364     13.278310 
  H      13.213740     17.260285     13.355437 
  C       8.030892     15.090802      8.839245 
  H       6.989485     14.902321      9.099888 
  H       8.515310     14.130936      8.672912 
  H       8.047246     15.644315      7.901061 
  C      16.282565     16.307924      9.397631 
  C      10.585334     19.330727     11.389789 
  H      10.538622     20.208230     10.761397 
  C       9.935316     14.437505     11.690192 
  C       8.726903     15.891686      9.941315 
  H       9.744991     16.080741      9.615638 
  C      11.323655     17.048087     11.713961 
  N       9.690726     10.235833      7.223165 
  C      13.757134     16.933702      7.935770 
  H      14.170041     17.822733      7.484604 
  C      12.032442      9.749843      6.810711 
  C      13.621773     16.900670      9.408575 
  C      12.089522     15.805203     11.271556 
  C      10.891698     10.501978      6.476359 
  C      16.310570     14.775511      7.530154 
  H      16.426446     14.618361      6.466137 
  C      12.791924      9.549038      9.184729 
  H      13.831202      9.758329      8.932929 
  H      12.781515      8.918804     10.073061 
  H      12.308697     10.491820      9.433366 
  C      13.163868      9.886560      6.014840 
  H      14.045520      9.308076      6.243781 
  C      13.073621     14.621924      7.821656 
  C       8.040892     17.244676     10.113721 
  H       8.192391     17.855199      9.224866 
  H       8.432988     17.786842     10.966993 
  H       6.966180     17.133215     10.248479 
  C      15.985356     17.712174      9.862907 
  H      16.263758     18.419658      9.084796 
  H      16.554932     17.981950     10.751513 
  C       7.675365     11.329851     11.120350 
  H       8.384653     12.103956     10.844821 
  H       7.825730     11.132936     12.177544 
  C      10.278563     13.860969      5.425443 
  H      10.674966     13.977009      6.432189 
  H       9.447918     14.556066      5.309531 
  H      11.055109     14.154748      4.720377 
  C      13.458918     13.293706      7.241756 
  H      13.515964     13.428140      6.164536 
  H      12.687974     12.548005      7.416098 
  C      13.172043     10.736912      4.922323 
  H      14.050805     10.807221      4.297010 
  C       7.910127     10.059601     10.354389 
  C      14.465107     17.858949     10.199947 
  H      14.309356     17.687631     11.257904 
  H      14.148830     18.884295      9.995558 
  C       9.893842     13.609378     12.819277 
  C      13.518449     15.813002      7.204366 
  H      13.794216     15.786198      6.159114 
  C       6.149682     11.463462      5.254975 
  H       5.746720     12.447671      5.446171 
  C       9.802155     12.429024      5.180646 
  H       9.022402     12.236728      5.902737 
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  C      12.065643     11.520269      4.656127 
  H      12.094596     12.221501      3.835068 
  C      12.090697      8.841892      8.023656 
  H      11.074955      8.624932      8.338915 
  C      11.048247     12.732632     13.245374 
  H      11.845484     12.888828     12.535246 
  C       7.585035     14.244520     13.155158 
  H       6.677799     14.191848     13.739996 
  C      13.146180     15.384431     12.312783 
  C       8.710565     13.549561     13.551970 
  H       8.672353     12.934634     14.439253 
  C      10.067252      8.017021      5.019019 
  H      10.053131      8.953336      4.484854 
  C       8.777428     15.096389     11.231872 
  C      10.917268     11.443690      5.441349 
  C       9.199586     12.267561      3.788854 
  H       8.365864     12.954002      3.653571 
  H       8.824737     11.258113      3.635146 
  H       9.932624     12.479294      3.011347 
  C      10.706783     17.062181     12.967043 
  H      10.752990     16.190684     13.600262 
  C       4.893059      9.858137      8.085459 
  H       5.028991      9.836836      7.016023 
  C       5.288361     10.971269      8.801808 
  H       5.717693     11.814198      8.280658 
  C       5.674032     10.708392      4.191427 
  H       4.906803     11.102458      3.541247 
  C      12.414185     14.821970      9.136508 
  C      14.625348     15.881673     14.161155 
  H      14.975551     16.583039     14.904498 
  C       7.615321     14.984770     11.986052 
  H       6.721673     15.494177     11.659019 
  C       7.678471      9.690748      5.870559 
  C       7.158262      7.928900      8.620415 
  C      14.708056     13.725472     13.125761 
  H      15.129108     12.732934     13.053008 
  C      15.688478     13.996817      9.692844 
  H      15.333424     13.205300     10.333404 
  C      16.591600     16.023047      8.068491 
  H      16.919794     16.819623      7.414616 
  C       4.203938      8.810073     10.101416 
  H       3.811545      7.955031     10.635985 
  C      10.680471     11.251783     13.163675 
  H       9.882915     10.992057     13.858716 
  H      11.545708     10.638854     13.413550 
  H      10.356112     10.982013     12.160606 
  C       9.993210     19.336389     12.641493 
  H       9.488553     20.220471     13.003289 
  C       6.236426      7.109340      7.747948 
  H       6.436518      6.043974      7.861180 
  H       6.421874      7.345827      6.706908 
  C      10.691588      5.695845      5.088062 
  H      11.162748      4.838338      4.629801 
  C       7.359115      8.885877     10.851339 
  H       7.049988      8.844088     11.885102 
  C       8.729700      9.126905      6.851183 
  C      11.575308     13.104951     14.627561 
  H      11.889390     14.145960     14.664459 
  H      12.437441     12.492181     14.884540 
  H      10.818373     12.952381     15.396007 
  C      15.165774     14.607147     14.095569 
  H      15.937575     14.304824     14.788098 
  C      15.977331     15.235523     10.232325 
  H      15.833656     15.403713     11.288856 
  C      12.766803      7.506109      7.732202 
  H      13.840182      7.621652      7.589599 
  H      12.355343      7.035060      6.845779 
  H      12.624543      6.828485      8.572384 
  C       9.450656      7.916112      6.268623 
  C      10.091594      5.584157      6.331004 
  H      10.095152      4.638866      6.853936 
  C       9.486384      6.688284      6.919836 
  H       9.040586      6.579391      7.893902 
  C       6.188695      9.439099      3.980697 
  H       5.823301      8.832373      3.164967 
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  C       6.996388      7.853333     10.004757 
  H       6.431656      7.027119     10.412454 
  C       4.585551      9.939834     10.820726 
  H       4.474197      9.941051     11.896970 
  C       4.712492      7.367785      8.069369 
  H       4.161739      7.298256      7.131988 
  H       4.338812      6.571462      8.710270 
  C      10.045255     18.189061     13.424195 
  H       9.577608     18.172946     14.397734 
  C       9.444680     10.763176      8.404654 
  C      12.771961     15.933626      9.918113 
  C       4.495980      8.698740      8.745412 
  C       5.278266     10.972118     10.196028 
  C      14.834181     12.718204      7.732113 
  H      14.649398     11.960022      8.489240 
  H      15.305911     12.215319      6.889730 
  C       7.128191     10.950260      6.088284 
  H       7.451902     11.537476      6.930888 
  C       7.183525      8.936242      4.811257 
  H       7.567600      7.947433      4.622622 

 

Table S20. XYZ coordinates of optimized molecule R,R-5 in the T1 state 
    Au      3.002832      2.938176      3.382674 
  C       2.725469      2.382235      5.331042 
  C       3.426591      3.503222      1.463737 
  C       2.147260      3.088952      6.402914 
  C       3.264300      2.767147      0.227004 
  C       2.241512      2.344491      7.592729 
  C       3.703228      3.562997     -0.846812 
  C       3.130033      1.139944      7.324187 
  C       4.341677      4.820139     -0.278109 
  C       1.569772      4.453168      6.455782 
  C       0.600255      4.637487      7.480497 
  H      -0.049056      5.501581      7.448806 
  C       0.585492      3.827495      8.567241 
  H      -0.101233      3.999861      9.381420 
  C       1.622159      2.792961      8.745855 
  C       1.948772      2.361038     10.148447 
  H       2.728332      1.609766     10.120634 
  H       1.071629      1.879639     10.585418 
  C       2.391706      3.547645     11.072374 
  H       1.576035      3.818789     11.738742 
  H       3.208468      3.197344     11.702010 
  C       2.792684      4.749715     10.256159 
  C       2.004029      5.894970     10.194573 
  H       1.241421      6.062262     10.943376 
  C       2.056905      6.720785      9.080700 
  H       1.332510      7.517463      8.977717 
  C       2.887318      6.403893      8.009929 
  C       3.878873      5.444642      8.222523 
  H       4.605939      5.245447      7.447998 
  C       3.834735      4.630585      9.336476 
  H       4.531790      3.812598      9.427328 
  C       2.560092      6.835110      6.606163 
  H       3.390397      7.350799      6.129652 
  H       1.728636      7.537337      6.629790 
  C       2.195984      5.605328      5.719003 
  H       1.550852      5.933286      4.902232 
  H       3.096241      5.240312      5.230598 
  C       3.457447      0.072332      4.997492 
  C       2.365843     -0.745621      4.655022 
  C       2.621042     -1.928058      3.970021 
  H       1.800667     -2.580242      3.713215 
  C       3.911285     -2.293575      3.628657 
  H       4.092640     -3.228424      3.117865 
  C       4.962549     -1.439969      3.905944 
  H       5.961050     -1.705112      3.589583 
  C       4.755199     -0.231929      4.566923 
  C       0.932891     -0.359401      4.962926 
  H       0.945881      0.368151      5.767658 
  C       0.284087      0.312345      3.752313 
  H       0.228792     -0.380227      2.913047 
  H       0.842138      1.187764      3.429690 
  H      -0.730233      0.627289      3.994320 
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  C       0.085075     -1.538520      5.429356 
  H      -0.867015     -1.178948      5.816620 
  H       0.578793     -2.100716      6.215482 
  H      -0.138770     -2.221189      4.610951 
  C       6.432991      1.155809      3.347660 
  H       5.620504      1.575176      2.757357 
  H       6.862068      0.323007      2.792196 
  H       7.203984      1.918526      3.452444 
  C       5.919256      0.720993      4.719994 
  H       5.546045      1.610789      5.206836 
  C       7.036114      0.148100      5.585491 
  H       7.461250     -0.752232      5.143428 
  H       6.675061     -0.101640      6.580849 
  H       7.840089      0.873375      5.699904 
  C       4.523798      1.441139      7.917562 
  C       5.292542      2.466835      7.373033 
  H       4.920934      3.018679      6.527546 
  C       6.522839      2.806501      7.906935 
  H       7.098597      3.602217      7.456336 
  C       7.005618      2.137192      9.024426 
  H       7.964200      2.399268      9.447843 
  C       6.239427      1.133219      9.594460 
  H       6.596085      0.607335     10.468190 
  C       5.008172      0.788439      9.046396 
  H       4.435506     -0.000224      9.506508 
  C       2.582685     -0.198541      7.803966 
  C       1.334083     -0.325452      8.402999 
  H       0.689123      0.531864      8.501251 
  C       0.885514     -1.554021      8.871868 
  H      -0.085516     -1.623015      9.340177 
  C       1.671403     -2.685277      8.725765 
  H       1.323520     -3.641951      9.087695 
  C       2.906948     -2.579643      8.098926 
  H       3.525985     -3.454633      7.964570 
  C       3.357308     -1.350008      7.649145 
  H       4.326689     -1.287299      7.181001 
  C       2.692828      1.501722      0.013312 
  C       2.233841      1.285820     -1.280138 
  H       1.669554      0.391306     -1.497843 
  C       2.668692      2.072203     -2.331664 
  H       2.408393      1.776637     -3.338055 
  C       3.580352      3.116945     -2.159642 
  C       4.438078      3.520533     -3.335517 
  H       5.127357      4.299163     -3.030091 
  H       3.826711      3.947719     -4.130014 
  C       5.260832      2.310823     -3.936006 
  H       4.784250      1.972204     -4.853838 
  H       6.244256      2.687392     -4.214750 
  C       5.365774      1.158397     -2.969679 
  C       4.619805     -0.006880     -3.110023 
  H       4.186043     -0.253541     -4.070181 
  C       4.265308     -0.759811     -1.992930 
  H       3.569830     -1.580429     -2.110062 
  C       4.639719     -0.350709     -0.717541 
  C       5.624025      0.634475     -0.632730 
  H       6.020098      0.900809      0.336150 
  C       5.990960      1.368496     -1.743495 
  H       6.660756      2.205424     -1.631847 
  C       3.869733     -0.729363      0.518790 
  H       4.548120     -0.843665      1.357318 
  H       3.382706     -1.691954      0.379433 
  C       2.765066      0.330093      0.951063 
  H       1.801912     -0.174086      0.977177 
  H       2.974246      0.654485      1.965838 
  C       3.827000      5.816226      2.060609 
  C       4.888598      6.169600      2.901368 
  C       4.784729      7.358215      3.621176 
  H       5.603631      7.662816      4.256378 
  C       3.652222      8.146465      3.546030 
  H       3.597104      9.072151      4.100808 
  C       2.574449      7.729049      2.785320 
  H       1.675893      8.326211      2.765881 
  C       2.634594      6.561183      2.034001 
  C       6.108583      5.303113      3.117295 
  H       5.985704      4.411464      2.520209 
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  C       7.393868      5.991358      2.671099 
  H       8.244465      5.322629      2.789154 
  H       7.589708      6.886522      3.260029 
  H       7.344105      6.279091      1.623631 
  C       6.190537      4.845975      4.572604 
  H       6.334101      5.683686      5.254072 
  H       7.025950      4.160350      4.708547 
  H       5.278403      4.326633      4.856995 
  C       1.406011      6.117990      1.264726 
  H       1.713664      5.396411      0.514854 
  C       0.719698      7.267870      0.533749 
  H       0.208630      7.934816      1.226490 
  H      -0.032813      6.878279     -0.149562 
  H       1.426794      7.854134     -0.043889 
  C       0.418977      5.414496      2.197796 
  H       0.874709      4.565807      2.704367 
  H      -0.439428      5.051269      1.634572 
  H       0.050286      6.102459      2.958658 
  C       5.877040      4.666653     -0.352125 
  C       6.657163      5.428189     -1.216747 
  H       6.203747      6.186721     -1.833079 
  C       8.030296      5.225786     -1.302809 
  H       8.613122      5.832404     -1.980624 
  C       8.648331      4.259822     -0.525050 
  H       9.715983      4.108136     -0.587719 
  C       7.876133      3.481315      0.327057 
  H       8.335294      2.708188      0.926423 
  C       6.508528      3.678309      0.396828 
  H       5.925331      3.036515      1.033726 
  C       3.873764      6.130160     -0.900593 
  C       2.927523      6.170406     -1.918703 
  H       2.459722      5.262005     -2.258498 
  C       2.570198      7.373654     -2.515227 
  H       1.839793      7.375680     -3.311166 
  C       3.139769      8.561423     -2.088084 
  H       2.864117      9.497206     -2.552219 
  C       4.065373      8.539106     -1.051841 
  H       4.511579      9.458002     -0.700683 
  C       4.429843      7.337002     -0.469402 
  H       5.166063      7.339979      0.318349 
  N       3.202846      1.215494      5.821986 
  N       3.914422      4.690180      1.169225 

 

 

S-54 
 

Figure S51. Electron density differences for compound 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S52. Electron density differences for compound 4. 
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Figure S53. Electron density differences for compound S,R-5. 
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Figure S54. Electron density differences for compound R,R-5. 

 

 

 

 

Figure S55. Graphical sketch of the photocatalysts Pd-B-1 and Pd-N1 in Scheme 1 of the 
main text. 
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1. General Procedures 
 

All manipulations were carried out under an inert atmosphere of argon using standard Schlenk 

link[1] or glovebox techniques (GS MEGA E-Line, <0.5 ppm of H2O and O2). All reagents were 

used as supplied. Solvents such as tetrahydrofuran (THF), dichloromethane (DCM), 

cyclohexane, diethyl ether and n-pentane were used at HPLC grade purity from commercial 

sources (VWR and Fisher Chemicals) and dried using PureSolv MD 7 drying system.  

NMR spectra were recorded on a Bruker Avance III HD NanoBay 400 or 600 MHz; H and 

chemical shifts (δ) are given in ppm relative to TMS, coupling constants (J) in Hz. The solvent 

signals were used as references, and the chemical shifts were converted to the TMS scale. 

CHN elemental analyses were performed on a Micro cube (Elementar). 

(HiPC)(OTf), 1-Methyl-9H-carbazole and 1-Methoxy-9H-carbazole were synthesised 

according to literature procedures.[2,3] 

The potassium salts of 9H-carbazole, 3,6-ditert-butyl-9H-carbazole, 1-Methyl-9H-carbazole, 

and 1-Methoxy-9H-carbazole were prepared by deprotonating the respective carbazoles with 

KHMDS in a 1:1 ratio in diethyl ether. After 24 hours, the respective potassium salt precipitated 

from the solution and was washed twice with 4 ml of diethyl ether. The spectroscopic data 

matches the reported literature. 
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2. Characterization Data 
 

Synthesis of 1 

 

 

 

 

 

At -85°C, a solution of 69 mg (0.43 mmol, 1.00 equiv.) KHMDS in 2 ml THF was slowly added 

to a suspension of 300 mg (423 mol, 1.00 equiv.) (HiPC)(OTf) and 70 mg copper(I) chloride 

dimethyl sulfide complex (0.44 mmol, 1.05 equiv.) in 20 ml THF. The yellow-orange suspension 

was warmed to room temperature and stirred overnight. All volatile components of the yellow-

green suspension were removed under reduced pressure. After extraction with DCM and 

filtration over basic aluminum oxide, the filtrate was reduced to one-third volume, and the 

crude product was precipitated by the addition of n-pentane and washed twice with 2 ml n-

pentane. The product was obtained by vapour diffusion of n-pentane into a THF/cyclohexane 

solution as orange crystals of compound 1 crystallized as 2:3 with THF (112 mg, 170 mol, 

40%). 

The product slowly decomposes, and yellow-green crystals of (HiPC)(OTf) can be isolated 

from the decomposed mixture. To minimize the decomposition process, compound 1 was kept 

at -35°C inside the glovebox. 

1H-NMR (THF-d8, 600 MHz, 298 K): 7.86 – 7.76 (m, 1H, Ar–H), 7.70 – 7.61 (m, 1H, Ar–H), 

7.43 (tt, J = 7.3, 1.2 Hz, 1H, Ar–H), 7.37 – 7.30 (m, 1H, Ar–H), 7.27 – 7.21 (m, 4H, Ar–H), 7.17 

– 6.97 (br, 2H, Ar–H), 6.94 (d, J = 8.1 Hz, 1H, Ar–H), 6.90 (dd, J = 7.7, 2.0 Hz, 1H, Ar–H), 6.78 

(dd, J = 7.7, 1.9 Hz, 1H, Ar–H), 6.73 (dd, J = 5.4, 3.8 Hz, 1H, Ar–H), 6.66 (d, J = 7.6 Hz, 1H, 

Ar–H), 6.59 – 6.55 (m, 1H, Ar–H), 6.37 (dd, J = 8.2, 2.0 Hz, 1H, Ar–H), 5.00 (dd, J = 8.2, 2.0 

Hz, 1H, Ar–H), 4.80 (ddd, J = 13.7, 10.4, 4.9 Hz, 1H, Ar–H), 3.54 (q, J = 6.7 Hz, 1H), 3.51 – 

3.44 (m, 1H), 3.38 (q, J = 7.0 Hz, 1H), 3.22 (ddd, J = 13.3, 10.8, 4.9 Hz, 1H), 2.97 – 2.89 (m, 

1H), 2.70 (ddd, J = 13.3, 10.2, 6.0 Hz, 1H), 2.53 (ddd, J = 14.1, 10.0, 6.0 Hz, 1H), 2.40 (ddd, 

J = 12.7, 9.9, 2.0 Hz, 1H), 1.35 (d, J = 6.7 Hz, 3H), 1.10 (dt, J = 13.0, 6.8 Hz, 2H), 0.48 (d, J 

= 6.7 Hz, 3H), 0.80 (d, J = 6.7 Hz, 3H), -0.20 (d, J = 6.7 Hz, 3H); 13C {1H} NMR (THF-d8, 151 

MHz, 298 K): 229.60 (CCu), 149.78 (Ar–CH), 146.03 (Ar–CH), 144.98 (Ar–CH), 143.28 (Ar–

CH), 143.25 (Ar–CH), 140.54 (Ar–CH), 139.79 (Ar–CH), 139.49 (Ar–CH), 139.10 (Ar–CH), 

136.55 (Ar–CH), 136.24 (Ar–CH), 134.89 (Ar–CH), 133.70 (Ar–CH), 133.05 (Ar–CH), 133.00 

(Ar–CH), 132.77 (Ar–CH), 131.73 (Ar–CH), 131.13 (Ar–CH), 130.48 (Ar–CH), 129.65 (Ar–

CH), 129.37 (Ar–CH), 128.43 (Ar–CH), 126.04 (Ar–CH), 124.52 (Ar–CH), 96.02, 35.78 (CH2), 

35.02 (CH2), 34.57 (CH2), 30.76 (CH2), 30.49 (CH), 30.05 (CH), 27.25 (CH3), 26.37 (CH3), 

23.35 (CH3), 21.53 (CH3); EA calc. for [(C42H41ClCuN)2.((CH2)4O)3] C, 75.17; H, 6.97; N, 1.83; 

found C: 75.1; H: 6.9; N: 1.9. 
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Synthesis of 2 

 

 

 

 

 

At -85°C, a solution of 69 mg (0.43 mmol, 1.00 equiv.) KHMDS in 2 ml THF was slowly added 

to a suspension of 300 mg (423 mol, 1.00 equiv.) (HiPC)(OTf) and 87 mg copper(I) bromide 

dimethyl sulfide complex (0.43 mmol, 1.05 equiv.) in 20 ml THF. The yellow-orange suspension 

was warmed to room temperature and stirred overnight. All volatile components of the yellow-

green suspension were removed under reduced pressure. After extraction with DCM and 

filtration over basic aluminum oxide, the filtrate was reduced to one-third volume, and the 

crude product was precipitated by the addition of n-pentane and washed twice with 2 ml n-

pentane. The product was obtained by vapour diffusion of n-pentane into a THF/cyclohexane 

solution as orange crystals of compound 2 (21 mg, 30 mol, 7%). 

Low yield was observed for 2 in comparison to 1, maybe due to incorporation of air or moisture 

during the reaction process. 

The product slowly decomposes, and yellow-green crystals of (HiPC)(OTf) can be isolated 

from the decomposed mixture. To minimize the decomposition process, compound 2 was kept 

at -35°C inside the glovebox. 

1H-NMR (THF-d8, 400 MHz, 298 K): 7.88 – 7.78 (br, 1H, Ar–H), 7.70 – 7.61 (br, 1H, Ar–H), 

7.43 (tt, J = 7.3, 1.1 Hz, 1H, Ar–H), 7.36 – 7.29 (br, 1H, Ar–H), 7.28 – 7.19 (m, 4H, Ar–H), 7.15 

– 7.03 (br, 2H, Ar–H), 6.97 – 6.91 (br, 1H, Ar–H), 6.90 (dd, J = 7.7, 2.0 Hz, 1H, Ar–H), 6.78 

(dd, J = 7.7, 2.0 Hz, 1H, Ar–H), 6.73 (dd, J = 5.5, 3.8 Hz, 1H, Ar–H), 6.66 (dd, J = 7.6, 0.9 Hz, 

1H, Ar–H), 6.57 (dd, J = 7.6, 0.9 Hz, 1H, Ar–H), 6.38 (dd, J = 8.2, 2.0 Hz, 1H, Ar–H), 5.01 (dd, 

J = 8.2, 2.0 Hz, 1H, Ar–H), 4.81 (ddd, J = 13.5, 10.3, 4.8 Hz, 1H Ar–H), 3.55 – 3.50 (m, 1H), 

3.49 – 3.44 (m, 1H), 3.38 (q, J = 7.0 Hz, 1H), 3.22 (ddd, J = 13.2, 10.7, 4.9 Hz, 1H), 2.93 (dd, 

J = 13.9, 10.4 Hz, 1H), 2.70 (ddd, J = 13.1, 10.2, 5.9 Hz, 1H), 2.53 (ddd, J = 13.7, 9.8, 5.8 Hz, 

1H), 2.48 – 2.35 (m, 1H), 1.35 (d, J = 6.7 Hz, 3H), 1.17 – 1.03 (m, 2H), 0.81 (d, J = 6.7 Hz, 

3H), 0.47 (d, J = 6.7 Hz, 3H), -0.21 (d, J = 6.7 Hz, 3H); EA calc. for [C42H41BrCuN] C, 71.73; 

H, 5.88; N, 1.99; found C: 71.4; H: 6.0; N: 1.8. 
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Synthesis of 3 

 

 

 

 

 

 

 

In a 20 ml scintillation vial, 16 mg (78 mol, 1.03 equiv.) KCz (potassium salt of 9H-carbazole) 

was added to a solution of 50 mg (76 mol, 1.0 equiv.) [CuCl(iPC)] 1 in 4 ml THF and stirred 

overnight. The deep red suspension was mixed with 2 ml diethyl ether and filtered over basic 

aluminum oxide and concentrated to one-fourth of the volume under reduced pressure. The 

product was obtained by vapour diffusion of a mixture of cyclohexane and n-pentane into the 

solution as yellow crystals of compound 3 crystallized as 2:3 with THF (45 mg, 57 mol, 75%). 

1H-NMR (THF-d8, 600 MHz, 298 K): 7.96 (d, J = 8.2 Hz, 1H, Ar–H), 7.83 (dt, J = 7.5, 1.4 Hz, 

2H, Ar–H), 7.67 (t, J = 7.8 Hz, 1H, Ar–H), 7.49 (t, J = 7.8 Hz, 1H, Ar–H), 7.46 – 7.42 (m, 1H, 

Ar–H), 7.41 – 7.34 (m, 2H, Ar–H), 7.29 (t, J = 7.1 Hz, 1H, Ar–H), 7.17 (br, 2H, Ar–H), 7.00 (d, 

J = 8.2 Hz, 1H, Ar–H), 6.97 (d, J = 1.4 Hz, 1H, Ar–H), 6.96 (q, J = 1.6 Hz, 2H, Ar–H), 6.96 – 

6.93 (m, 2H, Ar–H), 6.81 (q, J = 2.2 Hz, 1H, Ar–H), 6.79 (d, J = 1.0 Hz, 1H, Ar–H), 6.78 (d, J = 

0.8 Hz, 1H, Ar–H), 6.77 (d, J = 1.1 Hz, 1H, Ar–H), 6.74 (q, J = 1.0 Hz, 1H, Ar–H), 6.73 – 6.70 

(m, 2H, Ar–H), 6.64 – 6.58 (m, 1H, Ar–H), 6.50 (dd, J = 8.1, 2.2 Hz, 1H, Ar–H), 5.15 – 5.12 (m, 

1H, Ar–H), 5.11 – 5.08 (m, 1H), 3.89 (dd, J = 13.7, 10.6 Hz, 1H), 3.74 – 3.67 (m, 1H), 3.66 – 

3.63 (m, 1H), 3.37 (dtd, J = 9.2, 7.2, 5.3 Hz, 1H), 2.97 (dd, J = 14.0, 10.6 Hz, 1H), 2.73 (tdd, 

J = 10.0, 7.1, 4.2 Hz, 1H), 2.60 (ddd, J = 14.8, 10.0, 5.9 Hz, 1H), 2.42 (t, J = 11.6 Hz, 1H), 

1.28 – 1.21 (m, 1H), 1.13 (d, J = 6.9 Hz, 3H), 0.87 (d, J = 8.2 Hz, 3H), 0.50 (d, J = 6.7 Hz, 3H), 

-0.16 (d, J = 6.7 Hz, 3H); 13C {1H} NMR (THF-d8, 151 MHz, 298 K): 231.03 (CCu), 151.14 (Ar–

CH), 150.52 (Ar–CH), 146.54 (Ar–CH), 144.87 (Ar–CH), 143.52 (Ar–CH), 140.41 (Ar–CH), 

140.04 (Ar–CH), 139.62 (Ar–CH), 136.53 (Ar–CH), 136.46 (Ar–CH), 135.10 (Ar–CH), 133.80 

(Ar–CH), 133.23 (Ar–CH), 133.09 (Ar–CH), 132.80 (Ar–CH), 131.25 (Ar–CH), 130.68 (Ar–

CH), 129.77 (Ar–CH), 129.49 (Ar–CH), 126.64 (Ar–CH), 125.55 (Ar–CH), 125.27 (Ar–CH), 

123.66 (Ar–CH), 119.56 (Ar–CH), 115.78 (Ar–CH), 115.22 (Ar–CH), 96.17, 35.84 (CH2), 35.23 

(CH2), 35.06 (CH2), 30.99 (CH2), 30.57 (CH), 30.24 (CH), 27.01 (CH3), 26.37(CH3), 23.41 

(CH3), 21.89 (CH3); EA calc. for [(C54H49CuN2)2.((CH2)4O)3] C, 80.28; H, 6.85; N, 3.12; found 

C: 79.9; H: 6.9; N: 3.3. 
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Synthesis of 4 

 

 

 

 

 

 

 

In a 20 ml scintillation vial, 28 mg (77 mol, 1.00 equiv.) [KCztBu ∙ (Et2O)2/3] (potassium salt of 

3,6-ditert-butyl-9H-carbazole) was added to a solution of 50 mg (76 mol, 1.00 equiv.) 

[CuCl(iPC)] 1 in 4 ml THF and stirred overnight. The deep red suspension was mixed with 2 

ml diethyl ether and filtered over basic aluminum oxide and concentrated to one-fourth of the 

volume under reduced pressure. The product was obtained by vapour diffusion of a mixture 

of cyclohexane and n-pentane into the solution as deep yellow crystals of compound 4 

crystallised as 4:5 with THF (51 mg, 57 mol, 75%).  

1H-NMR (d8-THF, 600 MHz, 298 K): 7.94 (d, J = 8.2 Hz, 1H, Ar–H), 7.90 (d, J = 2.0 Hz, 2H, 

Ar–H), 7.66 (t, J = 7.8 Hz, 1H, Ar–H), 7.49 (t, J = 7.8 Hz, 1H, Ar–H), 7.43 (tt, J = 7.4, 1.1 Hz, 

1H, Ar–H), 7.39 (d, J = 1.5 Hz, 1H, Ar–H), 7.37 (d, J = 1.5 Hz, 1H, Ar–H), 7.35 – 7.30 (br, 1H, 

Ar–H), 7.30 – 7.25 (m, 1H, Ar–H), 7.23 – 7.10 (br, 2H, Ar–H), 7.09 (d, J = 2.1 Hz, 1H, Ar–H), 

7.07 (d, J = 2.1 Hz, 1H, Ar–H), 7.05 – 6.98 (m, 1H, Ar–H), 6.98 – 6.96 (m, 1H, Ar–H), 6.96 (d, 

J = 1.5 Hz, 1H, Ar–H), 6.90 (dd, J = 7.6, 1.9 Hz, 1H, Ar–H), 6.76 (dd, J = 7.7, 1.9 Hz, 1H, Ar–

H), 6.68 (d, J = 8.4 Hz, 2H, Ar–H), 6.63 – 6.58 (m, 1H, Ar–H), 6.55 – 6.51 (m, 1H, Ar–H), 6.47 

(dd, J = 8.2, 2.0 Hz, 1H, Ar–H), 5.13 – 5.10 (m, 1H, Ar–H), 5.09 (d, J = 5.8 Hz, 1H), 3.82 (ddd, 

J = 13.6, 10.6, 2.9 Hz, 1H), 3.67 (ddd, J = 13.9, 10.7, 3.2 Hz, 1H), 3.28 (ddd, J = 13.2, 10.7, 

5.1 Hz, 1H), 2.94 (ddd, J = 13.7, 10.3, 2.2 Hz, 1H), 2.69 (ddd, J = 13.1, 10.2, 5.9 Hz, 1H), 2.58 

(ddd, J = 13.9, 9.9, 5.9 Hz, 1H), 2.41 (ddd, J = 12.7, 10.0, 1.8 Hz, 1H), 1.40 (s, 18H), 1.27 – 

1.18 (m, 2H), 1.12 (d, J = 7.0 Hz, 3H), 0.84 (d, J = 6.7 Hz, 3H), 0.49 (d, J = 6.7 Hz, 3H), -0.17 

(d, J = 6.6 Hz, 3H); 13C {1H} NMR (d8-THF, 151 MHz, 298 K): 231.18 (CCu), 150.47 (Ar–CH), 

149.81 (Ar–CH), 146.50 (Ar–CH), 144.85 (Ar–CH), 143.50 (Ar–CH), 143.35 (Ar–CH), 140.42 

(Ar–CH), 140.02 (Ar–CH), 139.96 (Ar–CH), 139.55 (Ar–CH), 137.73 (Ar–CH), 136.58 (Ar–

CH), 136.37 (Ar–CH), 135.15 (Ar–CH), 133.86 (Ar–CH), 133.20 (Ar–CH), 133.06 (Ar–CH), 

132.82 (Ar–CH), 131.19 (Ar–CH), 130.58 (Ar–CH), 129.72 (Ar–CH), 129.43 (Ar–CH), 126.60 

(Ar–CH), 125.45 (Ar–CH), 125.20 (Ar–CH), 121.26 (Ar–CH), 115.47 (Ar–CH), 114.70 (Ar–CH), 

96.06, 35.82 (CH2), 35.19 (CH2), 35.06 (CH2), 35.02 (CH2), 32.79, 30.96 (CH), 30.23 (CH), 

27.06 (CH3), 26.37 (CH3), 23.40 (CH3), 23.20 (CH3(CztBu)), 21.88 (CH3); EA calc. for 

[(C62H65CuN2)4.((CH2)4O)5] C, 81.13; H, 7.62; N, 2.82; found C: 81.0; H: 7.3; N: 3.1. 
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Synthesis of 5 

 

 

 

 

 

 

 

In a 20 ml scintillation vial, 17 mg (78 mol, 1.00 equiv.) KMeCz (potassium salt of 1-Methyl-

9H-carbazole) was added to a solution of 50 mg (76 mol, 1.00 equiv.) [CuCl(iPC)] 1 in 4 ml 

THF and stirred overnight. The deep red suspension was mixed with 2 ml diethyl ether and 

filtered over basic aluminum oxide and concentrated to one-fourth of the volume under 

reduced pressure. The product was obtained by vapour diffusion of a mixture of cyclohexane 

and n-pentane into the solution as deep yellow crystals of compound 5 crystallised as 2:3 with 

THF (48 mg, 60 mol, 79%).  

The crystals obtained from the above procedure have poor reflections and thus poor data 

quality in SC-XRD measurements. The crystals were then dissolved in DCM, and vapour 

diffusion of the mixture of n-pentane and cyclohexane gave yellow crystals of 5 with much 

better data quality for SC-XRD measurements.  

1H-NMR (THF-d8,, 600 MHz, 298 K): 7.95 (d, J = 8.1 Hz, 1H, Ar–H), 7.87 (dd, J = 7.7, 0.7 Hz, 
1H, Ar–H), 7.78 (dd, J = 7.8, 0.6 Hz, 1H, Ar–H), 7.74 (t, J = 7.6 Hz, 1H, Ar–H), 7.66 – 7.51 (br, 
1H, Ar–H), 7.48 (tt, J = 7.3, 1.2 Hz, 1H, Ar–H), 7.39 (t, J = 7.8 Hz, 2H, Ar–H), 7.29 (td, J = 7.5, 
3.8 Hz, 3H, Ar–H), 7.25 – 7.19 (m, 2H, Ar–H), 7.02 (ddd, J = 8.1, 5.5, 1.3 Hz, 3H, Ar–H), 6.93 
(dt, J = 7.0, 1.1 Hz, 1H, Ar–H), 6.90 (dd, J = 7.6, 2.0 Hz, 1H, Ar–H), 6.86 (dd, J = 7.7, 1.6 Hz, 
1H, Ar–H), 6.84 – 6.81 (m, 1H, Ar–H), 6.81 – 6.76 (m, 2H, Ar–H), 6.69 (dd, J = 7.5, 0.9 Hz, 
1H, Ar–H), 6.61 (dd, J = 7.6, 0.9 Hz, 1H, Ar–H), 6.40 (dd, J = 8.1, 2.0 Hz, 1H, Ar–H), 5.06 (dd, 
J = 8.1, 2.0 Hz, 1H, Ar–H), 4.97 (ddd, J = 13.2, 10.4, 4.8 Hz, 1H), 3.53 (ddd, J = 13.4, 10.7, 
3.5 Hz, 1H), 3.18 (ddd, J = 13.2, 10.7, 4.8 Hz, 1H), 3.03 – 2.95 (m, 1H), 2.74 (ddd, J = 13.0, 
10.2, 5.8 Hz, 1H), 2.68 – 2.62 (m, 1H), 2.61 (s, 3H), 2.42 (ddd, J = 12.8, 9.9, 2.3 Hz, 1H), 1.29 
– 1.22 (m, 2H), 1.12 (d, J = 7.0 Hz, 1H), 1.09 (d, J = 6.7 Hz, 3H), 0.94 (d, J = 6.7 Hz, 3H), 0.47 
(d, J = 6.7 Hz, 3H), -0.13 (d, J = 6.7 Hz, 3H); 13C {1H} NMR (THF-d8,  151 MHz, 298 K): 231.57 
(CCu), 151.34 (Ar–CH), 149.96 (Ar–CH), 149.79 (Ar–CH), 146.10 (Ar–CH), 145.00 (Ar–CH), 
143.72 (Ar–CH), 140.46 (Ar–CH), 140.13 (Ar–CH), 139.89 (Ar–CH), 139.68 (Ar–CH), 136.70 
(Ar–CH), 136.56 (Ar–CH), 135.25 (Ar–CH), 133.92 (Ar–CH), 133.19 (Ar–CH), 132.90 (Ar–
CH), 132.87 (Ar–CH), 131.93 (Ar–CH), 131.13 (Ar–CH), 130.77 (Ar–CH), 129.74 (Ar–CH), 
129.55 (Ar–CH), 129.52 (Ar–CH), 128.35 (Ar–CH), 126.49 (Ar–CH), 126.03 (Ar–CH), 125.46 
(Ar–CH), 125.02 (Ar–CH), 124.80 (Ar–CH), 123.42 (Ar–CH), 121.67 (Ar–CH), 119.69 (Ar–
CH), 117.76 (Ar–CH), 116.01 (Ar–CH), 115.93 (Ar–CH), 115.83 (Ar–CH), 96.26, 35.92 (CH2), 
35.06 (CH2), 34.78 (CH2), 31.01 (CH2), 30.70 (CH), 30.38 (CH), 27.13 (CH3), 26.37(CH3), 
23.67 (CH3), 21.89 (CH3), 21.06 (CH3(MeCz)); EA calc. for [(C55H51CuN2)2.((CH2)4O)3] C, 80.36; 
H, 6.97; N, 3.07; found C: 80.4; H: 6.9; N: 3.3. 
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Synthesis of 6 

 

 

 

 

 

 

 

In a 20 ml scintillation vial, 20 mg (76 mol, 1.00 equiv.) [KOMeCz ∙ (Et2O)1/3] (potassium salt of 

1-Methoxy-9H-carbazole) was added to a solution of 50 mg (76 mol, 1.00 equiv.) [CuCl(iPC)] 

1 in 4 ml THF and stirred overnight. The deep red suspension was mixed with 2 ml diethyl 

ether and filtered over basic aluminum oxide and concentrated to one-fourth of the volume 

under reduced pressure. The product was obtained by vapour diffusion of a mixture of 

cyclohexane and n-pentane into the solution as deep yellow crystals of compound 6 

crystallises as 1:1 with THF (46 mg, 56 mol, 74%).  

1H-NMR (THF-d8,, 600 MHz, 298 K): 8.01 (d, J = 8.1 Hz, 1H, Ar–H), 7.80 (ddd, J = 7.7, 1.4, 
0.7 Hz, 1H, Ar–H), 7.73 (t, J = 7.7 Hz, 1H, Ar–H), 7.55 (dd, J = 7.6, 1.0 Hz, 1H, Ar–H), 7.47 
(tt, J = 7.3, 1.1 Hz, 1H, Ar–H), 7.38 (t, J = 7.5 Hz, 1H, Ar–H), 7.27 (ddd, J = 7.3, 6.2, 1.8 Hz, 
2H, Ar–H), 7.25 – 7.21 (m, 2H, Ar–H), 7.20 – 7.07 (m, 1H, Ar–H), 7.06 – 6.89 (m, 2H, Ar–H), 
6.87 (ddd, J = 7.7, 3.3, 1.6 Hz, 2H, Ar–H), 6.83 (dt, J = 8.2, 0.9 Hz, 1H, Ar–H), 6.81 (d, J = 1.2 
Hz, 1H, Ar–H), 6.80 – 6.79 (m, 2H, Ar–H), 6.78 (d, J = 1.8 Hz, 1H, Ar–H), 6.74 (ddt, J = 7.7, 
5.9, 1.0 Hz, 2H, Ar–H), 6.67 (dt, J = 7.5, 1.2 Hz, 1H, Ar–H), 6.60 – 6.56 (m, 1H, Ar–H), 6.39 
(dd, J = 8.1, 1.9 Hz, 1H, Ar–H), 5.02 (ddd, J = 13.6, 10.4, 5.0 Hz, 1H, Ar–H), 4.96 – 4.91 (m, 
1H), 4.05 (s, 3H), 3.70 (p, J = 6.8 Hz, 1H), 3.56 – 3.51 (m, 1H), 3.44 (ddd, J = 13.4, 10.4, 3.1 
Hz, 1H), 3.13 (ddd, J = 12.8, 10.9, 4.9 Hz, 1H), 3.01 – 2.94 (m, 1H), 2.72 (ddd, J = 12.9, 10.2, 
6.0 Hz, 1H), 2.62 (ddd, J = 13.9, 9.9, 6.1 Hz, 1H), 2.48 – 2.41 (m, 1H), 1.33 – 1.29 (m, 1H), 
1.27 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.7 Hz, 3H), 0.52 (d, J = 6.7 Hz, 3H), -0.14 (d, J = 6.7 Hz, 
3H); 13C {1H} NMR (THF-d8,  151 MHz, 298 K): 232.14 (CCu), 150.63 (Ar–CH), 149.95 (Ar–
CH), 148.35 (Ar–CH), 146.17 (Ar–CH), 145.61 (Ar–CH), 143.94 (Ar–CH), 143.39 (Ar–CH), 
141.26 (Ar–CH), 140.60 (Ar–CH), 139.80 (Ar–CH), 139.72 (Ar–CH), 139.60 (Ar–CH), 136.53 
(Ar–CH), 136.04 (Ar–CH), 135.38 (Ar–CH), 133.92 (Ar–CH), 133.08 (Ar–CH), 132.91 (Ar–
CH), 132.80 (Ar–CH), 131.84 (Ar–CH), 131.11 (Ar–CH), 130.48 (Ar–CH), 129.65 (Ar–CH), 
129.40 (Ar–CH), 128.25 (Ar–CH), 126.82 (Ar–CH), 126.20 (Ar–CH), 125.63 (Ar–CH), 124.79 
(Ar–CH), 123.25 (Ar–CH), 119.56 (Ar–CH), 116.35 (Ar–CH), 115.69 (Ar–CH), 115.59 (Ar–
CH), 113.32 (Ar–CH), 103.88 (Ar–CH), 96.16, 55.70 (CH3O(OMeCz)), 36.02 (CH2), 35.03 (CH2), 
34.93 (CH2), 30.95 (CH2), 30.70 (CH), 30.29 (CH), 27.08 (CH3), 25.78 (CH3), 23.54 (CH3), 
21.88 (CH3); EA calc. for [(C55H51CuN2)2.((CH2)4O)3] C, 79.47; H, 6.67; N, 3.14; found C: 79.4; 
H: 6.3; N: 3.4. 
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3. NMR spectra
 

Figure S1.1H-NMR (600 MHz, THF-d8, 298 K) of 1. 

Figure S2. 13C-NMR (151 MHz, THF-d8, 298 K) of 1. 
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Figure S3.1H-NMR (400 MHz, THF-d8, 298 K) of 2. 
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Figure S4. 1H-NMR (600 MHz, THF-d8, 298 K) of 3. 

 

Figure S5. 13C-NMR (151 MHz, THF-d8, 298 K) of 3. 
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Figure S6. 1H-NMR (600 MHz, THF-d8, 298 K) of 4. 

 

Figure S7. 13C-NMR (151 MHz, THF-d8, 298 K) of 4. 
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 Figure S8. 1H-NMR (600 MHz, THF-d8, 298 K) of 5. 

 

Figure S9. 13C-NMR (151 MHz, THF-d8, 298 K) of 5. 

 

S-13 
 

Figure S10. 1H-NMR (600 MHz, THF-d8, 298 K) of 6. 

 

Figure S11. 13C-NMR (151 MHz, THF-d8, 298 K) of 6. 
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4. X-ray characterization data 

 

General part 

 

X-ray diffraction determination 

The crystals of 1–6 were immersed in a film of NVH or perfluoropolyether oil, mounted on a 

polyimide microloop (MiTeGen) and transferred to a stream of cold nitrogen (Bruker Kryoflex2), 

and measured at a temperature of 100 or 109 K. The X-ray diffraction data were collected on 

a Bruker D8 diffractometer with a CMOS Photon 100 and multilayer optics monochromated 

MoKα (0.71073Å) radiation (INCOATEC microfocus sealed tube). The frames were integrated 

with the Bruker SAINT software package using a narrow-frame algorithm. The APEX3 

v2018.7-0 program package was used for cell refinements and data reductions. The structure 

was solved using the intrinsic phasing method,[4] refined and visualized with the OLEX2-1.5 

program.[5] A semiempirical absorption correction (SADABS) was applied to all data. All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were included in structure 

factors calculations. All Hydrogen atoms were assigned to idealized geometric positions. The 

unit cells of the 3 and 4 contain disordered solvent molecules which have been treated as a 

diffuse contribution to the overall scattering without specific atom positions by 

SQUEEZE/PLATON.[6] The crystallographic details are summarized in Tables 1 and 2. CCDC 

2271628, 2386570-2386573, and 2386579 numbers contain the supplementary 

crystallographic data for this paper. 

The crystal quality of 2 [Cu(Br)(iPC)] was sufficient to confirm the connectivity. 
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X-ray Structures 

 

 

 

 

 

 

 

 

 

 

 

Figure S12. X-ray solid-state structure of 1 [CuCl(iPC)] (S-isomer). Thermal ellipsoids were 

drawn at the 50% probability level; H atoms, solvent molecule and R-isomer have been 

omitted for clarity. Selected bond lengths (Å) and angles [deg]: C1-N1 1.323(4), C1-Cu1 

1.882(2), Cu1-Cl1 2.1236(9), C1-Cu1-Cl1 174.77(6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S13. X-ray solid-state structure of 2 [CuBr(iPC)] (R-isomer). Thermal ellipsoids were 

drawn at the 50% probability level; H atoms and S-isomer have been omitted for clarity. 

Selected bond lengths (Å) and angles [deg]: C1-N1 1.316(4), C1-Cu1 1.897(3), Cu1-Br1 

2.2478(6), C1-Cu1-Br1 174.43(9). 
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Figure S14. X-ray solid-state structure of 3 [Cu(Cz)(iPC)] (R-isomers). Thermal ellipsoids 

were drawn at the 50% probability level; H atoms, and S-isomers have been omitted for clarity. 

Selected bond lengths (Å) and angles [deg]: C1-N3 1.330(3), C1-Cu1 1.871(2), Cu1-N1 

1.855(2), C1-Cu1-N1 174.87(9), C2-N4 1.325(3), C2-Cu2 1.873(2), Cu2-N2 1.858(2), C2-

Cu2-N2 175.13(1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S15. X-ray solid-state structure of 4 [Cu(CztBu)(iPC)] (R-isomer). Thermal ellipsoids 

were drawn at the 50% probability level; H atoms and S-isomer have been omitted for clarity. 

Selected bond lengths (Å) and angles [deg]: C1-N2 1.332(3), C1-Cu1 1.874(2), Cu1-N1 

1.852(2), C1-Cu1-N1 178.10(9). 
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Figure S16. X-ray solid-state structure of 5 [Cu(MeCz)(iPC)] (R,S-conformer). Thermal 

ellipsoids were drawn at the 50% probability level; H atoms, solvent molecules and S,R-

conformer have been omitted for clarity. Selected bond lengths (Å) and angles [deg]: C1-N2 

1.325(2), C1-Cu1 1.872(2), Cu1-N1 1.859(2), C1-Cu1-N1 170.34(9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S17. X-ray solid-state structure of 6 [Cu(OMeCz)(iPC)] (S,R-conformer). Thermal 

ellipsoids were drawn at the 50% probability level; H atoms, solvent molecules and R,S-

conformer have been omitted for clarity. Selected bond lengths (Å) and angles [deg]: C1-N2 

1.331(2), C1-Cu1 1.878(1), Cu1-N1 1.867(1), C1-Cu1-N1 171.27(7). 
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Table S1. Crystal data and structure refinement for 1, 3–6. 

Identification 
code 

1 [CuCl(iPC)] 
3 

[Cu(Cz)(iPC)] 
4 

[Cu(CztBu)(iPC)] 
5 [Cu(MeCz)(iPC)] 

6 
[Cu(OMeCz)(iPC)] 

CCDC 
number 

2271628 2386570 2386571 2386572 2386573 

Empirical 
formula 

C46H49ClCuNO C54H49CuN2 C62H65CuN2 C59H59Cl2CuN2 C62H59CuN2O 

Formula 
weight 

730.85 789.49 901.70 930.52 911.65 

Temperature 
[K] 

100.00 

Crystal 
system 

triclinic triclinic monoclinic triclinic monoclinic 

Space group P-1 P-1 P21/n P-1 C2/c 

a [Å] 
b [Å] 
c [Å] 
α [°] 
β [°] 
γ [°] 

9.770(2) 
15.193(4) 
15.794(4) 
63.057(7) 
79.152(8) 
86.052(8) 

14.5590(5) 
16.8310(6) 
19.7336(7) 

89.1390(10) 
84.7080(10) 
79.8220(10) 

19.7377(7) 
17.5008(5) 
20.3020(7) 

90 
102.2620(10) 

90 

12.6764(4) 
14.4116(5) 
15.3308(5) 
69.3780(10) 
74.5390(10) 
64.5130(10) 

20.6394(6) 
14.7201(4) 

31.6213(11) 
90 

97.1470(10) 
90 

Volume [Å3] 2052.4(9) 4739.2(3) 6852.8(4) 2344.15(14) 9532.4(5) 

Z 2 4 4 2 8 

ρcalc [g/cm3] 1.183 1.107 0.874 1.318 1.270 

μ [mm-1] 0.630 0.496 0.349 0.622 0.504 

F(000) 772.0 1664.0 1920.0 980.0 3856.0 

Crystal size 
[mm3] 

0.2 × 0.05 × 
0.05 

0.177 × 0.12 × 
0.101 

0.092 × 0.078 × 
0.034 

0.201 × 0.097 × 
0.054 

0.144 × 0.111 × 
0.08 

Radiation 
type 

MoKα (λ = 0.71073) 

2Θ range for 
data 

collection [°] 
5.38 to 50 

5.244 to 
53.554 

4.654 to 60.094 5.642 to 60.178 4.132 to 60.04 

Index ranges 
-11 ≤ h ≤ 11, -
18 ≤ k ≤ 18, -

18 ≤ l ≤ 18 

-18 ≤ h ≤ 18, -
21 ≤ k ≤ 21, -

24 ≤ l ≤ 24 

-27 ≤ h ≤ 27, -21 
≤ k ≤ 24, -28 ≤ l 

≤ 28 

-17 ≤ h ≤ 17, -20 ≤ 
k ≤ 20, -21 ≤ l ≤ 

21 

-29 ≤ h ≤ 28, -20 
≤ k ≤ 20, -44 ≤ l ≤ 

37 

Reflections 
collected 

47616 96378 122818 67750 49424 

Independent 
reflections 

7214 [Rint = 
0.1267, Rsigma 

= 0.0739] 

20172 [Rint = 
0.0893, Rsigma 

= 0.0637] 

19975 [Rint = 
0.0710, Rsigma = 

0.0483] 

13722 [Rint = 
0.0792, Rsigma = 

0.0635] 

13861 [Rint = 
0.0311, Rsigma = 

0.0316] 

Data/restraint
s/parameters 

7214/6/455 20172/0/1035 19975/202/621 13722/138/597 13861/308/665 

Goodness-of-
fit on F2 (a) 

1.025 1.036 1.041 1.024 1.055 

Final R 
indexes 

[I>=2σ (I)] (b) 

R1 = 0.0576, 
wR2 = 0.1511 

R1 = 0.0456, 
wR2 = 0.1198 

R1 = 0.0724, 
wR2 = 0.1919 

R1 = 0.0508, wR2 
= 0.1180 

R1 = 0.0449, wR2 
= 0.1191 

Final R 
indexes [all 

data] (b) 

R1 = 0.0769, 
wR2 = 0.1670 

R1 = 0.0702, 
wR2 = 0.1310 

R1 = 0.0986, 
wR2 = 0.2092 

R1 = 0.0803, wR2 
= 0.1318 

R1 = 0.0527, wR2 
= 0.1241 

Largest diff. 
peak/hole 

[e/Å-3] 
0.98/-0.62 0.54/-0.38 0.86/-0.54 1.33/-1.00 1.52/-0.44 

a) GooF = S = [[∑w(Fo
2-Fc

2)2]/(m-n)]1/2, where m = number of reflexes and n = number of parameters; (b) R1 = 

∑||Fo|-|Fc||/∑|Fo|; wR2 = [∑[w(Fo
2-Fc

2)2/∑[(wFo
2)2]]1/2; w = 1/[σ2(Fo

2)+(aP)2+bP], where P = (Fo
2+2Fc

2)/3 
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Table S2. Crystal data and structure refinement for 2. 

Identification 
code 

2 [CuBr(iPC)] 

CCDC 
number 

2386579 

Empirical 
formula 

C42H41BrCuN  

Formula 
weight 

703.21  

Temperature 
[K] 

109.00  

Crystal 
system 

monoclinic  

Space group P21/n  

a [Å] 
b [Å] 
c [Å] 
α [°] 
β [°] 
γ [°] 

12.3719(6)  
14.6658(6)  
18.0296(9)  

90  
90.052(2)  

90 

Volume [Å3] 3271.4(3)  

Z 4  

ρcalc [g/cm3] 1.428  

μ [mm-1] 1.921  

F(000) 1456.0  

Crystal size 
[mm3] 

0.302 × 0.084 
× 0.072  

Radiation 
type 

MoKα (λ = 
0.71073)  

2Θ range for 
data 

collection [°] 

4.308 to 
60.116  

Index ranges 
-17 ≤ h ≤ 17, -
20 ≤ k ≤ 20, -

25 ≤ l ≤ 25  

Reflections 
collected 

54326  

Independent 
reflections 

7113 [Rint = 
0.0796, Rsigma 

= 0.0687]  

Data/restraint
s/parameters 

7113/0/410  

Goodness-of-
fit on F2 (a) 

1.084  

Final R 
indexes 

[I>=2σ (I)] (b) 

R1 = 0.0601, 
wR2 = 0.1657  

Final R 
indexes [all 

data] (b) 

R1 = 0.0835, 
wR2 = 0.1931  

Largest diff. 
peak/hole 

[e/Å-3] 
0.70/-1.69  

a) GooF = S = [[∑w(Fo
2-Fc

2)2]/(m-n)]1/2, where m = number of reflexes and n = number of parameters; (b) R1 = 

∑||Fo|-|Fc||/∑|Fo|; wR2 = [∑[w(Fo
2-Fc

2)2/∑[(wFo
2)2]]1/2; w = 1/[σ2(Fo

2)+(aP)2+bP], where P = (Fo
2+2Fc

2)/3 
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5. Structural Details 
 

Figure S18. Aggregation of the complexes rac-[CuCl(iPC)] 1 (left) and rac-[CuBr(iPC)] 2 (right) 

in a single crystal at 100 K. Hydrogen atoms are omitted for clarity. 

 

Table S3. Selected bond distances (in Å) and bond angles (in °) compounds 1 and 2 (X = Cl 

and Br). 

aApproximate values are given for complex 2 due to poor data quality of crystal structure. 

 

 

 

 

Figure S19. Dihedral angle in 3. Right : Dihedral angle  = 46.4(2) º between blue plane 

(mean: N3C1C3) and yellow plane (mean: N1C45C56). Left : Dihedral angle  = 52.2(4) º 

between blue plane (mean: N4C2C69) and yellow plane (mean: N2C57C64). 

 

 

 Cu-Ccarbene Cu-X C1-N1 Ccarbene-Cu-X X-Cu-X‘ Cu-Cu‘ Cu-X‘ 

1 1.887(2) 2.1233(9) 1.321(4) 174.77(10) 94.82(4) 3.7551(9) 3.2812(13) 

2a 1.897(3) 2.2478(6) 1.316(4) 174.43(9) 90.70 4.18(1) 5.06(8) 
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Figure S20. Dihedral angle  = 42.9(5) º between blue plane (mean: N2C1C2) and yellow 

plane (mean: N1C43C58) in 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S21. Dihedral angle  = 77.0(5) º between blue plane (mean: N2C1C2) and yellow 

plane (mean: N1C44C55) in 5. 
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Figure S22. Dihedral angle  = 32.3(8) º between blue plane (mean: N2C1C2) and yellow 

plane (mean: N1C43C54) in 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S23. Intermolecular C–H···π interactions between the Cz and iPC ligands in 3. 
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Figure S24. Intermolecular C–H···π interactions between the CztBu and iPC ligands in 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S25. Intermolecular C–H···π interactions between the MeCz and iPC ligands in 5. 
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Figure S26. Intermolecular C–H···π interactions between the OMeCz and iPC ligands in 6. 
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6. Photophysical Measurements 
 

All photophysical measurements were performed in dry and deaerated solutions. The solid-

state measurements were performed either in single-crystalline form (sample denoted as 

’crystals’) or, to remove co-crystallized molecules of solvent, single-crystals were ground and 

dried under vacuum for 24 h (sample denoted as ’solid’). Optical absorption spectroscopy was 

performed using an Agilent Cary 5000 spectrophotometer using standard 1 cm path length 

quartz cells. Excitation and emission spectra were recorded on an Edinburgh Instrument 

FLS1000 spectrometer, equipped with a 450 W Xenon arc lamp, double monochromators for 

the excitation and emission pathways, and a red-sensitive photomultiplier (PMT-980) as a 

detector. For NIR measurements liquid N2-cooled PMT-1400, range up to 1400 nm was used. 

The excitation and emission spectra were corrected using the standard corrections supplied 

by the manufacturer for the excitation source‘s spectral power and the detector‘s sensitivity. 

Quantum yields in solution were measured using an FLS1000 spectrometer equipped with an 

integrating sphere (N-M01), or Quantaurus-QY Absolute PL quantum yield spectrometer 

(C11347- 11 Series: Standard type) from Hamamatsu and the quantum yield of solid samples 

were measured using an integrating cryosphere (Microstat N2) from Oxford Instruments. The 

luminescence lifetimes were measured using a μF2 pulsed 60 W Xenon microsecond 

flashlamp, with a repetition rate of 100 Hz, and a time-correlated single photon counting 

(TCSPC) module or EPLED (365 nm with 1.7 μW), with 50 ns pulse width  and an TCSPC 

module, depending on the time range and a multichannel scaling (MCS) module or VPLED 

(383.8 nm with 1.1 mW or 449.6 nm with 37 mW), with 48.1 ns or 59.8 ns minimum pulse 

width respectively and an MCS module, depending on the time range. The emission was 

collected at a right angle to the excitation source. 
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7. UV-Visible Spectroscopy 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S27. UV-Vis absorption spectra of compounds 1-6  in THF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S28. UV-Vis absorption spectra in THF and TD-DFT calculated oscillator strength of 3. 

 

S-27 
 

8. Emission Studies 
 

 

 

 

 

 

 

 

 

 

 

Figure S29. Normalized excitation and emission spectra of compounds 1 (green) and 2 

(purple) at room temperature. Solid lines for solid state (ground) measurements and dash lines 

for measurements in PMMA matrix (1 wt% of the compound in DCM) . 

Figure S30. Emission decays of compound 1 (green) and 2 (purple) at room temperature (A: 

Solid state, B: PMMA). 

 

Table S4. Selected photophysical data of compound 1 and 2 at RT. 

 Medium λmax (nm) τ (μs)a φ kr (105 s-1)b 

1 Solid (ground)  
PMMA 

650 
510 

2.8 (38.7)/ 4.8 (61.3) 
13 (50.0)/ 50 (42.3)/ 159 (8.7) 

0.13 
0.03 

0.31 
0.0062 

2 Solid (ground) 
PMMA 

635 
510 

1.2 (40.4)/ 4.4 (42.6)/ 9.9 (16.9) 
14 (78.7)/ 73 (21.3) 

0.03 
0.02 

0.064 
0.0089 

(a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 
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Figure S31. Normalized excitation and emission spectra of compound 3 in solid state 

(orange), microcrystalline state (purple), PMMA matrix (green; 1 wt% of the compound in 

DCM), PS matrix (brown; 1 wt% of the compound in DCM) and THF (blue)  at room 

temperature. Solid lines for emission spectra and dash lines for excitation spectra. 

 

 

 

 

 

 

Figure S32. Emission decays of compound 3 at room temperature in solid state (ground; 

orange), microcrystalline state (purple), PMMA matrix (green), PS matrix (brown) and THF 

(blue). 

 

Table S5. Selected photophysical data of compound 3 at RT. 

 Medium λmax (nm) τ (μs)a φ kr (105 s-1)b 

3 Solid(ground) 

Microcrystalline 

PMMA 

PS 

THF 

665 

570 

595 

615 

725 

0.18 (66.3)/ 0.33 (33.7) 

0.46 (62.1)/ 0.77 (37.9) 

0.56 (59.4)/ 0.96 (40.6) 

0.69 (98.7)/ 1.62 (1.2) 

0.021 

0.22 

0.80 

0.58 

0.62 

0.01 

9.8 

14 

8.1 

8.7 

4.8 

(a) For lifetimes fitted with two exponentials, the pre-exponential factors B are given in 

parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 

 

S-29 
 

 

 

 

 

 

 

 

 

 

 

 

Figure S33. Normalized excitation and emission spectra of compound 4 in solid state (ground; 

orange), microcrystalline state (purple), PMMA matrix (green; 1 wt% of the compound in 

DCM), PS matrix (brown; 1 wt% of the compound in DCM) and THF (blue)  at room 

temperature. Solid lines for emission spectra and dash lines for excitation spectra. 

 

 

 

 

 

 

 

Figure S34. Emission decays of compound 4 at room temperature in solid state (ground; 

orange), microcrystalline state (purple), PMMA matrix (green) and PS matrix (brown). 

 

Table S6. Selected photophysical data of compound 4 at RT. 

 Medium λmax (nm) τ (μs)a φ kr (105 s-1)b 

4 Solid(ground) 

Microcrystalline 

PMMA 

PS 

THF 

700 

610 

630 

650 

785 

0.09 (94.6)/ 0.49 (5.4) 

0.39 (97.5)/ 0.72 (2.5) 

0.27 (43.4)/ 0.59 (56.6) 

0.28 (56.2)/ 0.53 (43.8) 

n.d. 

0.11 

0.75 

0.30 

0.34 

n.d. 

9.6 

19 

6.6 

8.7 

- 

(a) For lifetimes fitted with two exponentials, the pre-exponential factors B are given in 

parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes 
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Figure S35. Normalized emission spectra of compound 4 in solid state (ground; short-dash 

lines), and microcrystalline state (solid lines) at various temperature. Green: 297 K, red: 77 K 

and blue: 5 K. 

 

 

 

 

 

 

 

 

Figure S36. Emission decays of compound 4 at various temperature in solid state (ground; A 

(RT); B (77 K); C (5 K)), and microcrystalline state (D (RT); E (77 K); F (7 K)). 

 

Table S7. Selected photophysical data of compound 4 at various temperature. 

 Medium λmax (nm) τ (μs)a φ kr (105 s-1)b 

4 Solid(ground; RT) 

Solid(ground; 77 K) 

Solid(ground; 5 K) 

Microcrystal(RT) 

Microcrystal(77 K) 

Microcrystal(7 K) 

700 

690 

680 

610 

595 

0.09 (94.6)/ 0.49 (5.4) 

2.6 (52.6)/ 13 (35.9)/ 52 (11.5) 

33 (35.0)/ 109 (33.9)/ 329 (25.7)/ 841(5.4) 

0.39 (97.5)/ 0.72 (2.5) 

9.0 (30.1)/ 29 (62.3)/ 89 (7.6) 

38 (33.3)/ 297 (51.7)/ 594 (15.0) 

0.11 

0.18 

- 

0.75 

0.95 

- 

9.6 

0.15 

- 

19 

0.34 

(a) For lifetimes fitted with two exponentials, the pre-exponential factors B are given in 

parentheses. (b) kr was calculated using amplitude-weighted averaged lifetimes. 
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Figure S37. Variable temperature lifetimes of 4 in solid state (ground; orange) and in 

microcrystalline state (blue). 

 

 

 

 

5-exponential TADF fitting equation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝜏r,av(𝑇) =

(2 + 𝑒

−∆𝐸(𝑇1
𝐼−𝑇1

𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇 + 𝑒

−∆𝐸(𝑆1−𝑇1
𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇 )

(
2

𝜏𝑟(𝑇1
𝐼𝐼,𝐼𝐼𝐼)

+
𝑒

−∆𝐸(𝑇1
𝐼−𝑇1

𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇

𝜏𝑟(𝑇1
𝐼)

+
𝑒

−∆𝐸(𝑆1−𝑇1
𝐼𝐼,𝐼𝐼𝐼)

𝑘𝐵𝑇

𝜏𝑟(𝑆1)
)
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Table S8. Temperature dependent life-times details for compound 4 in solid state (ground). 

Temp 

(K) 

τ1 (µs) τ2 (µs) τ3 (µs) τ2 (µs) τ <amp> 

(µs) 

τ <int> 

(µs) 
ꭓ

2
 Φ% τ 

<intrinsic> 

5 32.97(35) 109.44(34) 329.02(26) 841.36(5) 178.75 395.03 1.08 19.6 912.03 

7 28.27(28) 111.85(34) 292.17(31) 611.79(7) 180.18 321.03 1.08 19.6 919.31 

17 35.18(24) 156.23(56) 348.66(20)  165.89 231.76 1.07 19.3 859.55 

27 26.11(33) 134.63(49) 318.60(18)  131.91 208.26 1.05 19 694.29 

37 15.70(29) 59.33(27) 159.62(34) 331.67(10) 107.84 191.40 1.04 18.7 576.71 

47 16.71(35) 57.01(29) 149.63(29) 309.55(7) 88.15 164.36 1.04 18.4 479.11 

57 14.26(32) 41.11(35) 110.12(26) 244.36(7) 65.04 124.89 1.01 18.1 359.36 

67 15.84(40) 35.08(31) 82.26(23) 181.26(6) 46.34 83.13 1.03 17.8 260.37 

77 2.61(53) 13.34(36) 51.69(11)  12.11 30.95 0.97 17.6 68.84 

87 1.86(54) 8.55(36) 28.45(10)  7.03 15.99 0.93 16.9 41.62 

97 1.14(52) 4.87(38) 15.07(10)  4.01 8.30 1.01 16.8 23.88 

107 0.87(52) 3.36(39) 9.73(9)  2.61 4.96 1.09 16.5 15.86 

117 0.65(45) 2.25(45) 5.93(10)  1.92 3.20 1.08 16.2 11.86 

127 0.30(40) 1.24(47) 3.47(13)  1.14 1.98 1.12 15.8 7.21 

137 0.23(37) 0.91(50) 2.44(13)  0.85 1.40 1.10 15.5 5.52 

147 0.17(37) 0.69(50) 1.72(13)  0.63 1.01 1.08 15.1 4.21 

157 0.17(40) 0.64(50) 1.52(10)  0.53 0.81 1.13 14.6 3.65 

177 0.18(43) 0.54(49) 1.08(8)  0.42 0.58 1.20 13.9 3.06 

197 0.14(41) 0.39(50) 0.78(9)  0.31 0.42 1.02 13.2 2.41 

217 0.18(72) 0.49(28)   0.27 0.34 1.25 12.6 2.15 

237 0.17(82) 0.48(18)   0.22 0.28 1.13 12.3 1.82 

257 0.15(88) 0.46(12)   0.18 0.24 1.07 11.9 1.55 

277 0.12(91) 0.45(9)   0.15 0.21 1.36 11.4 1.35 

297 0.11(93) 0.47(7)   0.13 0.19 1.16 11 1.22 

<amp>: amplitude-weighted averaged lifetimes; <int>: intensity-weighted averaged 

lifetimes. A linear increase of Ф% was found upon decreasing the temperature from 297 K to 

77 K. At temperature <77 K, Ф% were estimated by assuming this linear relationship. 
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Table S9. Temperature dependent life-times details for compound 4 in microcrystalline state. 

<amp>: amplitude-weighted averaged lifetimes; <int>: intensity-weighted averaged 

lifetimes. A linear increase of Ф% was found upon decreasing the temperature from 297 K to 

77 K. At temperature <77 K, Ф% were estimated by assuming this linear relationship. 

 

 

Temp 

(K) 

τ1 (µs) τ2 (µs) τ3 (µs) τ <amp> 

(µs) 

τ <int> 

(µs) 
ꭓ

2
 Φ% τ 

<intrinsic> 

7 38.39(33) 296.96(52) 593.68(15) 255.35 387.56 1.13 100 255.35 

27 73.70(21) 258.70(70) 498.49(9) 242.62 292.71 1.03 100 242.62 

37 56.61(19) 231.73(69) 445.99(12) 224.80 275.08 1.10 98.89 227.32 

47 59.87(21) 191.87(72) 411.78(7) 179.70 218.40 1.10 96.29 186.62 

67 23.46(22) 52.05(74) 190.28(4) 50.75 67.91 1.18 95.02 53.40 

77 9.01(30) 29.46(62) 88.71(8) 27.82 41.82 1.05 94.31 29.49 

87 8.88(63) 25.81(37)  15.12 19.53 1.16 93.60 16.15 

97 6.68(69) 16.83(31)  9.80 12.03 1.03 92.18 10.63 

107 4.20(62) 10.18(38)  6.45 7.75 1.00 90.75 7.10 

117 3.11(58) 6.83(42)  4.69 5.41 1.02 90.42 5.18 

127 2.16(46) 4.58(54)  3.48 3.90 1.04 90.09 3.86 

137 1.50(33) 3.29(67)  2.69 2.95 1.02 85.88 3.13 

147 1.18(28) 2.56(72)  2.17 2.35 1.00 81.68 2.65 

157 0.67(19) 2.02(81)  1.77 1.93 1.02 81.44 2.17 

177 1.44(100)   1.44 1.44 0.96 78.06 1.84 

197 0.27(12) 1.11(88)  1.01 1.08 0.94 76.38 1.32 

217 0.23(15) 0.90(85)  0.81 0.88 0.92 73.69 1.09 

237 0.10(15) 0.72(85)  0.63 0.71 1.06 73.29 0.85 

257 0.14(13) 0.62(87)  0.56 0.61 0.99 72.90 0.76 

277 0.14(21) 0.56(79)  0.47 0.53 1.04 71.76 0.65 

297 0.20(33) 0.52(67)  0.41 0.47 0.91 74.72 0.54 
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Figure S38. Normalized excitation and emission spectra of compound 5 in solid state 

(orange), microcrystalline state (purple), PMMA matrix (green; 1 wt% of the compound in 

DCM), and THF (blue)  at room temperature. Solid lines for emission spectra and dash lines 

for excitation spectra. 

 

 

 

 

 

 

 

 

 

Figure S39. Emission decays of compound 5 at room temperature in solid state (ground; 

orange), microcrystalline state (purple), and PMMA matrix (green). 

Table S10. Selected photophysical data of compound 5 at RT. 

 Medium λmax (nm) τ (μs)a φ kr (105 s-1)b 

5 Solid(ground) 

Microcrystalline 

PMMA 

THF 

665 

620 

610 

755 

0.15 (92.4)/ 0.48 (7.6) 

0.18 (39.5)/ 0.50 (60.5)  

0.35 (52.2)/ 0.80 (47.8) 

n.d. 

0.15 

0.51 

0.33 

n.d. 

8.4 

14 

5.8 

- 

(a) For lifetimes fitted with two exponentials, the pre-exponential factors B are given in 

parentheses. (b) kr was calculated using amplitude-weighted averaged lifetime. 
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Figure S40. Normalized excitation and emission spectra of compound 6 in solid state 

(orange), microcrystalline state (purple), PMMA matrix (green; 1 wt% of the compound in 

DCM), and THF (blue)  at room temperature. Solid lines for emission spectra and dash lines 

for excitation spectra. 

 

 

 

 

 

 

 

 

 

Figure S41. Emission decays of compound 6 at room temperature in solid state (ground; 

orange), microcrystalline state (purple), and PMMA matrix (green). 

Table S11. Selected photophysical data of compound 6 at RT. 

 Medium λmax (nm) τ (μs)a φ kr (105 s-1)b 

6 Solid(ground) 

Microcrystalline 

PMMA 

THF 

665 

605 

610 

765 

0.034 (83.2)/ 0.078 (16.8) 

0.17 (70.5)/ 0.45 (29.5)  

0.12 (64.4)/ 0.40 (30.9)/ 0.96 (4.6) 

n.d. 

0.03 

0.29 

0.11 

n.d. 

8 

11 

4.3 

- 

(a) For lifetimes fitted with two or multi exponentials, the pre-exponential factors B are given 

in parentheses. (b) kr was calculated using amplitude-weighted averaged lifetime. 
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9. TD-DFT calculations 

Calculations were performed with the ORCA 4.2.1 program suite[7] and the PBE0[8] hybrid 

functional, using density functional theory (DFT) by KOHN und SHAM[9] on the Linux-HPC-

Cluster of TU Dortmund University. For geometry optimisations and calculations of molecular 

orbitals the split-valence basis set def2-TZVP with zero-order regular approximation of 

relativistic effects (ZORA) and BECKE-JOHNSON damping (D3BJ) were used.[10] Frequency 

analysis was used to confirm convergence into a global minimum structure. For time-

dependent DFT calculations the single-valence base set ZORA-def2-SVP was used as 

implemented in ORCA 4.2.1. All calculations were performed with tight SCF convergence (ΔE 

= 1·10-8 au). 

Table S12. Singlet excitations calculated for 3 in the ground state geometry. 

State Energy [cm-1]  [nm] fosc 

1 20389.8 490.4 0.109518062 
2 23174.3 431.5 0.007314798 
3 26254.5 380.9 0.000002476 
4 28467.2 351.3 0.040752679 
5 30519.2 327.7 0.063950082 
6 31042 322.1 0.03578957 
7 31259.1 319.9 0.013818053 
8 31273.7 319.8 0.011977486 
9 31505.9 317.4 0.0093057 

10 31816.7 314.3 0.003602113 
11 32173.5 310.8 0.00116711 
12 32504.1 307.7 0.052118766 
13 32703.1 305.8 0.016319577 
14 33002.6 303 0.068659206 
15 33538.3 298.2 0.003008278 
16 34402 290.7 0.023140876 
17 34611.5 288.9 0.001316569 
18 34953.1 286.1 0.010739202 
19 35402.2 282.5 0.014223935 
20 35511.2 281.6 0.001419523 

 
 

Table S13. XYZ coordinates of optimized molecule 3. 

H 7.879319 7.214286 5.494719 

H 8.044477 7.257443 7.251335 

H 8.2808 9.754623 5.577153 

C 8.602764 7.134456 6.31501 

H 9.176721 4.197292 3.467002 

H 8.688051 9.760638 7.307934 

H 11.45465 12.98755 12.06017 

H 9.026412 6.125512 6.298074 

C 9.092602 9.605416 6.299954 

H 9.553505 2.93508 5.58026 

H 11.1036 10.77493 10.98928 

C 11.62378 12.87482 10.9902 

C 9.954863 4.509595 4.161481 
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C 9.686033 8.199918 6.160711 

C 11.42434 11.62146 10.38243 

H 9.501231 7.643732 8.78874 

C 10.16338 3.805464 5.34369 

H 9.848256 10.38288 6.127295 

H 12.18633 14.93851 10.70669 

H 10.0866 8.106713 5.145231 

C 12.03298 13.96843 10.23398 

H 10.5555 6.169196 2.935828 

C 10.73697 5.625168 3.859058 

H 10.90325 10.29377 0.401298 

C 11.62783 11.43858 9.020428 

C 10.53775 7.776655 8.485922 

H 11.47103 10.46437 8.559176 

H 11.33455 7.947549 -0.10199 

C 10.82879 8.028135 7.143785 

C 11.15488 4.231355 6.228281 

C 12.24886 13.80764 8.860649 

C 11.31637 9.655905 1.18115 

H 11.32289 3.69813 7.16236 

C 11.5599 8.316541 0.898488 

C 12.04578 12.53532 8.253161 

H 11.27637 12.24307 1.884364 

C 11.74728 6.048556 4.726015 

H 11.29891 7.504461 10.48227 

C 11.7865 10.23187 2.362202 

H 12.32847 5.54422 0.788543 

H 13.00846 16.65628 8.616759 

C 11.5456 7.707884 9.441379 

C 11.93984 5.338426 5.921274 

C 12.67422 14.68173 7.794882 

C 12.25283 7.47146 1.778509 

C 12.13549 9.311828 3.368722 

C 12.32932 7.942422 3.096001 

C 12.07987 11.70351 2.399062 

N 12.32028 12.57911 6.902475 

C 13.03033 16.03272 7.723037 

C 12.18441 8.195057 6.777003 

Cu 12.258232 11.11265 5.795749 

C 12.28551 9.554488 4.791212 

C 13.01101 6.301993 1.196613 

N 12.46011 8.371801 5.374446 

C 12.65759 7.230578 4.401559 

H 12.09496 12.06643 3.434609 

C 12.70248 13.87147 6.621153 

H 12.71911 5.64466 6.615788 
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H 13.28825 12.89952 1.008791 

H 13.23351 11.2237 -0.95905 

H 13.58049 5.809679 1.989533 

H 13.53697 6.568806 -0.92707 

H 13.46529 8.884445 -1.68203 

C 12.86071 7.950781 9.07136 

C 13.46068 12.06782 1.701858 

C 13.4136 16.57131 6.49928 

C 13.74891 10.51583 -0.30893 

C 13.20738 8.219051 7.742182 

C 13.88532 9.186431 -0.72158 

H 13.69218 17.62181 6.43066 

C 14.00183 6.753002 0.049432 

C 13.09516 14.42314 5.393358 

H 13.80363 4.687592 4.3765 

C 14.09079 10.89518 0.993905 

H 13.63951 7.965006 9.831967 

C 13.44578 15.76694 5.345701 

C 14.37847 8.212548 0.153585 

H 14.14408 12.43681 2.476515 

H 13.12491 13.80633 4.495362 

C 14.14347 6.818655 4.409781 

C 14.5475 5.48042 4.375287 

H 14.88637 6.104529 0.101852 

H 13.75198 16.20639 4.396666 

C 14.8561 9.984305 1.734463 

C 15.00801 8.66939 1.315855 

C 14.63452 8.611019 7.434208 

H 14.68717 8.82125 6.364535 

H 14.83516 8.854422 4.357417 

H 14.31522 10.71947 7.901466 

C 15.13048 7.807929 4.377148 

H 15.23856 10.2861 2.709817 

H 15.50064 7.953532 1.969555 

H 15.37708 6.577082 7.163076 

C 15.00522 9.907217 8.159183 

H 14.98154 9.787341 9.24922 

C 15.90181 5.14475 4.33709 

C 15.61798 7.481704 7.734444 

H 15.61463 7.222469 8.800875 

H 16.19165 4.095525 4.313108 

C 16.48191 7.478138 4.354979 

H 16.01891 10.22028 7.879193 

H 16.63907 7.781202 7.469419 

C 16.87487 6.140328 4.337248 

H 17.22893 8.270327 4.3419 
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H 17.93123 5.878035 4.319208 

 

 

 

Figure S42. Electron density differences for compound 3. 
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