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Abstract
A design strategy is presented for the development of Ag(l)-based materials for
thermally activated delayed fluorescence (TADF). Although Ag(l) complexes usually do
not show TADF, the designed material, Ag(dbp)(P2-nCB) (with dbp = 2,9-di-n-butyl-
1,10-phenanthroline and P2-nCB = nido-carborane-bis-(diphenylphosphine)), shows a
TADF efficiency breakthrough exhibiting an emission decay time of 1(TADF) = 1.4 us at
a quantum yield of ®pL = 100 %. This is a consequence of three optimized parameters:
(i) The strongly electron-donating negatively charged P2-nCB ligand destabilizes the 4d-
orbitals and leads to low lying charge (CT) states of MLL'CT character, with L and L’
being the two different ligands, thus, giving a small energy separation between the
lowest singlet S1 and triplet T1 state of AE(S1-T1) = 650 cm= (80 meV). (i) The
allowedness of the S1—So transition is more than one order of magnitude higher than
found for other TADF metal complexes, as shown experimentally and by TD-DFT
calculations. Both parameters favor short TADF decay time. (iii) The high quantum
efficiency is dominantly related to the rigid molecular structure of Ag(dbp)(P2-nCB),
resulting from the design strategy of introducing n-butyl substitutions at the 2,9-
positions of phenanthroline which sterically interact with the phenyl groups of the P2-
nCB ligand. In particular, the shortest TADF decay time of T1(TADF) = 1.4 ps at ®pL =

100 % reported so far suggests the use of this outstanding material for OLEDSs.



Importantly, the emission of Ag(dbp)(P2-nCB) is not subject to concentration quenching.
Therefore, it may be applied even as a 100% emission layer.

1. Introduction

Fundamental research focusing on photophysical and chemical properties of organo-
transition metal complexes is strongly stimulated by potential applications, in particular,
in the field of electro-luminescent devices, such as emitters for OLEDs*'® or LEECs. "¢
19 For the emitters, it is crucial that all generated singlet and triplet excitons? are
harvested and transferred into light. This can be achieved by two different mechanisms:
(i) Complexes that exhibit high spin-orbit-coupling (SOC) with respect to the lowest
excited triplet state Ti, representing triplet emitters, allow to harvest all excitons in the
lowest triplet state.??® (i) Compounds that show thermally activated delayed
fluorescence (TADF) harvest also all excitons, but the emission occurs essentially via
the thermally activated singlet state S1.24-28

Development of TADF compounds is currently under heavy research, since such
materials can be realized with low-cost and environmentally friendly Cu(l)
complexes®242529-44 a5 well as with purely organic molecules.?®4546 For organo-
transition metal compounds, the occurrence of TADF is crucially related to metal-to-
ligand charge transfer (MLCT) states having frontier orbitals, HOMO and LUMO, that
are spatially well separated. This leads to a small exchange interaction*’*® between the
involved electrons and hence, to a small splitting AE(S1-T1) between the lowest excited
singlet state S1 and triplet state T1. A small AE(S1-T1) value is a necessary condition for
obtaining a short (radiative) TADF decay time, being important for minimizing roll-off
effects and stability problems in OLEDs. Additionally, the allowedness of the transition
from the Si state to the ground state (So), S1—So, that is thermally activated from the
lower lying triplet state plays a crucial role. However, basic quantum chemical

considerations suggest that the corresponding rate k(Si—So) and AE(Si-Ti) are

3



correlated. Small splitting AE(S1-T1) requires that the exchange interaction between the
unpaired electrons is small. For this, small overlap of HOMO and LUMO is
advantageous. At the same time, small HOMO-LUMO overlap leads to a small
oscillator strength of the Si—»So transition, and thus, to small k(S1—>So) and long
fluorescence decay time. Indeed, experimental studies on Cu(l) complexes showing
TADF reveal that such a correlation exists for a large number of compounds.3* Thus,
engineering of TADF materials with shorter TADF decay times is a challenge. For
instance, TADF decay times of less than a few ps have not been reported so
far29.32:363949 |n particular, there are no reports on (radiative) decay times shorter than 3
”5'34,49,50

In this investigation, we focus on a new Ag(l) complex that opens a breakthrough in
designing a TADF material with a significantly shorter radiative TADF decay time. In
contrast to Cu(l) based compounds, reports on Ag(l) based TADF materials are
scarce.3”°051 This is a consequence of the higher oxidation potential of the Ag* ion
compared to the Cu* ion.>? Accordingly, the 4d-orbitals of Ag(l) complexes mostly lie
energetically below ligand-centered (LC) orbitals. This leads to low-lying states of 3LC
character.5356  Therefore, Ag(l) complexes often do not show TADF, but long-lived
phosphorescence and sometimes even slow intersystem crossing (ISC) resulting in
dual emission.> Obviously, designing Ag(l) complexes that exhibit efficient and short-
lived TADF represents an optimization challenge. For this aim, it is required to
destabilize the energetically deep-lying 4d-orbitals by an organic ligand with good
electron-donating properties. Accordingly, we choose a silver complex containing a
chelating nido-carborane-bis-(diphenylphosphine) (P2-nCB) ligand®’ (structure shown in
Scheme 1). The phosphine coordination induces substantial electron-donating
character, which is further strongly enhanced by the negative charge of the nido-
carborane moiety. In combination with the chromophoric 2,9-di-n-butyl-1,10-
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phenanthroline (dbp) ligand, we obtain the neutral Ag(dbp)(P2-nCB) complex.
Moreover, this compound is relatively rigid due to the rigid nido-carborane cage and, in
particular, the sterically demanding 2,9-di-n-butyl substitutions at the phenanthroline
ligand. This allows us to expect high emission quantum yield.3* Here we present the
synthesis of the complex, characterize it by TD-DFT calculations and by detailed
photophysical measurements investigating properties over a wide temperature range
(20 K = T =< 300 K). In particular, it will be shown that the resulting Ag(dbp)(P2-nCB)
complex exhibits 100 % emission quantum yield and an extraordinarily short radiative
TADF decay time, being significantly shorter than reported for any other TADF material
so far.

2. Synthesis and molecular structure

Ag(dbp)(P2-nCB) was obtained by reacting equimolar amounts of silver
hexafluorophosphate (AgPFs), ortho-carborane-bis-(diphenylphosphine) (P2-oCB),%8
and 2,9-di-n-butyl-1,10-phennanthroline (dbp) in refluxing ethanol, in analogy to
literature procedures®5960 (Scheme 1). Under these reaction conditions, ortho-
carborane of the cationic Ag(dbp)(P2-oCB)* complex (not isolated) undergoes partial
deboronation leading to the respective nido-carborane (nCB) anion,*® thus affording the
neutral Ag(dbp)(P2-nCB) complex. Synthetic procedure and structural characterization

of Ag(dbp)(P2-nCB) are given in the ESI.

EtOH
Etzo AgPFG
@ “"" n-Buli @ P(Ph 2)Cl @ Ph dbp
® —
P,-oCB
Ph = C6H5
dbp = 2,9-di-n-butyl-1,10-phenanthroline Ag(dbp)(P,-nCB)

Scheme 1. Synthetic route to complex Ag(dbp)(P2-nCB)



X-ray single crystal diffraction study reveals the Ag(dbp)(P2-nCB) molecule (Figure 1) in
which the silver ion is chelated by the two ligands, dbp and P2-nCB, in a distorted
tetrahedral coordination. The mean bond lengths to the metal center P-Ag and N-Ag of
245 A and 2.32 A, respectively, are unremarkable compared to other silver
complexes®?5457.61.62 gnd are larger than in the analogous Cu(l) complexes due to the
larger ion size of Ag* as compared to Cu*. The bite angles P-Ag-P and N-Ag-N of 86°
and 73°, respectively, are smaller than in analogous Cu(l) complexes.®® Voids between
the phenyl groups of P2-nCB are partly occupied by the n-butyl chains of dbp. Owing to
such steric effects, the arrangement of the ligand side groups is expected to rigidify the

structure and thus, to restrain excited-state geometry distortions.64-7

Figure 1. Chemical structure and perspective view (OLEX-2"! plot with
50% probability thermal ellipsoids) of Ag(dbp)(P2-nCB). Hydrogen atoms
are omitted for clarity. For further data see the ESI.

3. Theoretical calculations based on density functional theory (DFT) and time
dependent DFT (TD-DFT) methods

By use of DFT and TD-DFT calculations, we can obtain an insight into the electronic
structure of Ag(dbp)(P2-nCB). The calculations were carried out at the M067%/def2SVP"3
level of theory for geometry optimizations and at the M062X7?/def2SVP level for time-

dependent calculations (See the ESI for details). The optimized geometry of the ground



sate (So) is found to be in a good agreement with the experimental X-Ray geometry
(Table S1 in the ESI). Calculations performed for both geometries, So and Ti, reveal
that the lowest electronic transitions, corresponding to states Si and Ti, involve
electron density shifts from the metal, the phosphorus atoms, and the nido-carboranyl
anion of the P2-nCB ligand to the phenanthroline core of the dbp ligand. This charge
transfer results in a flattening distortion of the pseudo-tetrahedral ground state
geometry as frequently described for Cu(l) complexes.?*79.7475 Since the orbital origins
of the states T1 and Si are similar from the perspective of the ground state and mainly
emission properties are discussed, we focus on the T1 state geometry. In this geometry,
the So—S1 excitation is dominated by the HOMO—LUMO transition (92 %) perturbed
by HOMO-1—-LUMO character (4 %). (Figure 2 and Table S2 in the ESI) The HOMO is
essentially composed of the metal (13 %) and phosphorus orbitals (47 %) (engaged in
bonding to Ag), while the LUMO represents a n* orbital of the dbp ligand (Figure 2 and
Table S3 in the ESI). The Ti1 state is derived from almost the same one-electron
excitations as the state Si. Thus, the theoretical predictions allow us to assign the two
lowest excited states as “3(MLL'CT) states, wherein L and L’ represent P>-nCB and
dbp, respectively. The calculated energy separation AE(Si-Ti), obtained as the
difference of vertical excitation energies amounts to 0.15 eV (= 1200 cm) and thus is

somewhat larger than the experimentally determined activation energy (Section 4).



HOMO—1 HOMO—2

Figure 2. Iso-surface contour plots (iso-value = 0.05) of frontier orbitals of Ag(dbp)(P2-
nCB), calculated at the M062X/Def2-SVP level of theory in the T1 excited state
geometry. Hydrogen atoms are omitted for clarity. For further data see the ESI.

The calculations performed for the triplet state optimized geometry reveal further that
the S2 and Ss states result mainly from the HOMO—LUMO+1 and HOMO-1—-LUMO
transitions, respectively. Since S2 carries the same type of metal 4d character as T1
(and as S1) and since Ss is largely of ligand-to-ligand charge transfer character with no
significant contributions from the metal, spin-orbit admixtures of these states (S2 and
S3) to the T1 state are expected to be small.”®”® The nearest singlet state with metal 4d
contribution different from that in the T1 state is Sa (largely resulting from HOMO-2 —
LUMO). It lies 1.57 eV above the Ta level. For such a large energy difference, SOC is
expected to be very small. (Compare refs. 3449.76-78) Thys, a very long phosphorescence
decay time is expected to occur. This was experimentally observed, as shown in
Section 4.

Importantly, the calculations predict a relatively high oscillator strength for the So—S1
transition of f = 0.0536 (Table S1 in the ESI). For comparison, the f values for charge-

transfer transitions of Cu(l) complexes are usually more than one order of magnitude
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smaller.#24° Indeed, the high allowedness of the So<>S1 transition correlates well with

the very high fluorescence rate as determined experimentally (Section 4).

4. Photophysical characterization of Ag(dbp)(P2-nCB)

4.1 Spectroscopic introduction

In Figure 3, we present a spectroscopic introduction to properties of Ag(dbp)(P2-nCB).
The absorption spectrum shows strong absorption bands in the UV region with maxima
at 232 nm (57100 M~*-cm™) and 273 nm (37700 M~"-cm™') and a weaker band
centered at 385 nm (2100 M~"-cm™"). The short wavelength transitions are dominated
by =-m* transitions within the dbp and P2-nCB ligands, while the long wavelength
absorption is assigned, in analogy to mixed-ligand phenanthroline-Cu(l)
complexes,36:63.79-84 tg transitions with distinct charge transfer (CT) character. TD-DFT

calculations predict a MLL'CT type of transition (Section 3).
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Figure 3. Absorption spectrum of Ag(dbp)(P2-nCB) measured in dichloromethane
(DCM) at 300 K (black line) and emission spectra of Ag(dbp)(P2-nCB) shown in
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colored lines (Aexc = 410 nm) measured at different conditions. The DCM solutions
were of = 107> M concentration. The PMMA film was doped with = 1 wt.% of the
complex.

The emission spectra displayed in Figure 3 are broad and unstructured even if
cooled to T =40 K (or 1.6 K, not reproduced). The emission of Ag(dbp)(P2-nCB) doped
in PMMA (Amax = 535 nm) and dissolved in DCM (Amax = 585 nm) is red-shifted
compared to the emission measured in powder by 9 nm and 59 nm, respectively. This
is related to a flattening distortion of Ag(dbp)(P2-nCB) induced by the CT excitation, as
predicted by the theoretical calculations presented in Section 3. In particular, the data
show that the distortion-related red shift becomes more pronounced with decreasing
rigidity of the environment. (The blue shift of 14 nm as observed on cooling is a
consequence of the TADF effect and is discussed below.) Moreover, usually such
structural changes are connected with an increase of non-radiative decay rates or
reductions of the emission quantum vyields due to increasing Franck-Condon (FC)
factors of higher excited vibrational wavefunctions of the electronic ground state and of
energetically lower vibrational wavefunctions of the electronically excited state.*88°
Indeed, this is also observed for Ag(dbp)(P2-nCB), for which the quantum yield
decreases (under degassed conditions) from ®pL(powder) = 100% to ®pL(PMMA) = 85
% and to ®p(DCM) = 3 %. Similar trends have already been reported for Cu(l)
compounds?434, though the decrease of ®pL is usually more distinct than found for
Ag(dbp)(P2-nCB). Obviously, the title compound is rather rigid due to its specific
molecular structure. The data of the emission peak positions and the quantum yields

are summarized in Table 1.

4.2 Thermally activated delayed fluorescence and drastic increase of the
emission decay rate

For a deeper photophysical characterization of the TADF properties, investigation of the
broad emission spectra is not promising. However, the alternative spectroscopic
method, based on temperature- and time-resolving measurements can be applied.
Presumably this is the only procedure that allows us to obtain detailed insight into
electronic structures in such cases. Corresponding studies are carried out for
Ag(dbp)(P2-nCB) powders.86
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Figure 4. Left: luminescence decay times (t) of Ag(dbp)(P2-nCB) powder measured
at different temperatures; Right: The luminescence decay times (t) plotted versus
temperature. The values of k(S1—So) = 5.6:107 s7* (18 ns) and AE(S1-T1) = 650 cm™

result from a fit of eq. 1 to the experimental t(T) values, with t(T1) fixed to 1570 us as
determined directly for T < 60 K (plateau).

Figure 4 (left) displays emission decay curves measured at different temperatures. By
use of the emission quantum yields and the decay times (Table 1), one can determine
that the radiative decay rate k' = ®pL/t increases from k(40 K) = 5.5-102 s~* (assuming
the same quantum vyield as found for T = 77) to k'(300 K) = 7.1-10° s71. This
corresponds to an increase by factor of almost 1300. Obviously, such changes have to
be related to the involvement of different electronic transitions at low and high
temperature, respectively. They correspond to emissions from the T1 and S: state to the
ground state, respectively. Moreover, the decays are mono-exponential. Thus, we can
conclude that the ISC time is fast (compare also refs.66.69.87) and that the two states are
thermally equilibrated faster than the measured decay times. In this situation, the
emission decay time 1(T) of the system of two states can be expressed by:®253478:88
31exp - 2EGLTD)

T = kT l
T( ) 3k(T1)+k(Sl)exp—% ( )

wherein k(T1) = 1/t(T1) and k(S1) = 1/t7(S1) are the decay rates with the decay times
1(T1) and t(S1) of the triplet and singlet excited state, respectively, AE(S1—T1) is the
energy separation between the S1 and T1 state and 4z is the Boltzmann constant.

In Figure 4 (right), the decay time is plotted versus temperature. At low temperature, 20
K < T =60 K, a constant value of 1570 pus is observed (plateau). It represents the

phosphorescence decay time t(T1) for the T1—So transition. Phosphorescence decay
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times of the order of milliseconds were found also for other Ag(l) and Cu(l)
compounds.?®344951.74  This |ong decay displays the spin-forbiddenness of this
transition. Obviously, SOC to adequate singlet states is weak. According to the
discussion presented in Section 3, the next singlet state (S4) that exhibits a different 4d
orbital character than the T1 state and that can induce SOC (following general quantum
mechanical rules’®8) is energetically far, with AE(Ss-T1) = 1.57 eV. Hence, the singlet
character mixed into the T1 state is very small.

For T > 60 K, the decay time becomes shorter with increasing temperature due to a
thermal population of the higher lying Si state. A plot of the t values versus
temperature has a characteristic form of an s-shaped curve with the point of maximum
slope at T =90 K (r = 870 us) (Figure 4). For T > 200 K, the 1(T) values decrease only
slightly and reach at ambient temperature t1(300 K) = 1.4 us. The t(T) data can be
perfectly fitted to eq. (1) (Figure 4) giving the activation energy of AE(S1-T1) = 650 cm™
and the radiative rate of the prompt fluorescence of k'(S1—So) = 5.6-107 s™* formally
corresponding to the prompt fluorescence decay time of t(S1) = 18 ns. It is remarked
that the related prompt fluorescence is not directly observed, since the ISC processes
from S1to T1 are about three orders of magnitude faster (Compare refs.66:69.87),

The experimental value of k(S1—So) = 5.6-107 s7* found for the prompt fluorescence
rate is remarkably large. Cu(l) complexes investigated so far (and that have
comparable AE(Si-T1) splittings) exhibit only rates being more than one order of
magnitude smaller.3* Thus, the large (prompt) fluorescence rate is identified as the key
factor leading to the exceptionally fast TADF decay time of Ag(dbp)(P2-nCB). This
behavior fits perfectly to the large oscillator strength that is calculated for the S1—So
transition (Section 3). The theoretical value of oscillator strength is also more than one

order of magnitude larger than for any other TADF complex reported so far (Section

3)_42,49
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Table 1 summarizes the emission data that characterize Ag(dbp)(P2-nCB). Due to the
extraordinarily large radiative TADF decay rate of k(300 K) = 7.1-10° s71, the emission
qguantum yield reaches ®p (TADF) = 100 %. Interestingly at T = 77 K, the quantum yield
amounts only to ®rL(77 K) = 87 %, since at that temperature the decay time is as long
as t(77 K) = 1300 pus giving a radiative rate of k'(77 K) = 6.7-10% s%. According to k" =
(1-®pL)/7, the non-radiative rate is determined to k™ = 1-10? s%. Thus, at T = 77 K the
non-radiative process can moderately compete with the radiative process, but not at
ambient temperature.
Table 1. Emission data of Ag(dbp)(P2-nCB) in

different environments.
powder PMMA  CH2Cl2

Amax (300 K) 526 nm 535 585
®pL (300K) 100 % 85 % 3%
(300 K) 1.4 ys

k'(300 K) 7.1-105s™
®pL (77 K) 87 %
(77 K) 1300 ps
K'(77 K) 6.7-102s™
k"(77 K) 1-102s™
1(T1, 40 K) 1570 us
K'(S1—So)* 5.6-107s™
(18 ns)
AE(S1—T1)* 650 cm™
* determined from the fit of experimental
luminescence decay times according to eq. 1,

measured for a powder sample of Ag(dbp)(P2-nCB)
at different temperatures.

4.3 TADF highlights
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In Figure 5, we highlight the Ag(dbp)(P2-nCB) material’'s TADF properties. At low
temperature (T < 60 K), one observes only long-living phosphorescence as Ti—So
transition decaying with t = 1570 ps. With temperature increase (ksT), up-ISC (or
reverse ISC, RISC) leads to a population of the Si state that lies higher in energy than
T1. Accordingly, a blue shifted TADF emission of 14 nm (= 500 cm™) is found (Figure
3). This value corresponds well to the activation energy of AE(Si1-T1) = 650 cm™
resulting from the decay times’ analysis (Figure 4).

Since, the S1—So transition rate is much higher than of any other organo-metallic TADF
material, the TADF decay time drops to the extremely small value of t(TADF, 300 K) =
1.4 us. As a consequence of the related high radiative TADF decay rate, the emission
guantum yield reaches 100% at ambient temperature.

- fast up-ISC 650*0m71
ISC gksT v
T, \ 4

5610 s 1570 us ~ ®p = 100 %
(18 ns) 1.4 us

[ v v

Figure 5. Photophysical properties of Ag(dbp)(P2-nCB) as a powder sample shown
on a simplified energy diagram. Sometimes up-ISC is also called reverse ISC
(RISC).

S,

5. Summarizing conclusions
Thermally activated delayed fluorescence is known at least since the pioneering work of
Parker et al.®® But only recently, a deeper scientific interest was stimulated by
applicability of TADF materials as emitters in OLEDs, as proposed first in the patent
literature.?” In particular, it became a challenge to develop efficient TADF materials

based on purely organic molecules?64546 as well as on organo-transition metals
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complexes. Within the manifold of transition metal compounds, so far mainly Cu(l)3334
complexes with distinct MLCT character in the lowest excited states were subject of
detailed investigations. Only a few TADF reports exist for Pd(0),°° Pt(0),°°°! and
Ag(1)37°051 pased compounds. In all cases, low-lying charge-transfer (CT) transitions
result in relatively small exchange splittings and hence, relatively small singlet-triplet
energy separations AE(S1-T1) as required for efficient TADF materials.

It is a challenge to design Ag(l) complexes with low-lying CT-type excited states that
involve significant metal 4d-character, since most compounds exhibit low-lying 13rn*
states (that do not show TADF).>3 This problem could be resolved by designing a Ag(l)
complex with a strongly electron-donating negatively charged diphosphine-nido-
carborane (P2-nCB) ligand.

For TADF materials, in particular, if applied in OLEDSs, it is a further challenge to
minimize the TADF decay time (at high emission quantum yield). Eg. (1) shows that
three parameters govern this decay time: (i) AE(S1-T1) should be small, as is frequently
discussed.26:33:34,37,43,46,49.50,92.93 (jj) The phosphorescence decay rate k(T1—So) should
be high, which can be obtained for compounds that show high SOC with respect to the
lowest triplet state.3%32-34 (iii) The allowedness of the S1+>So transition, described by the
rate of the prompt fluorescence k(S1—So) or the corresponding oscillator strength
should be high, however, without increasing AE(S1-T1). For the first time this problem is
addressed and solved. For the title compound, experimental as well as TD-DFT
calculations reveal that the radiative rate k'(S1—So) (or the oscillator strength) are more
than one order of magnitude higher than found for any other organo-metallic TADF
material with similar AE(S1-T1) splitting.

In conclusion, the high S1—So allowedness found for the title compound leads to the
attractive emission properties of Ag(dbp)(P2-nCB), exhibiting a quantum vyield of ®pL =

100 % at a decay time of t(TADF) = 1.4 us. This represents the shortest radiative
15



decay time of any TADF material reported so far. Moreover, this is the first TADF
material with a radiative decay time being comparable to Ir(Ill) complexes’®°* applied in
OLEDs.
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(TOC)

It is shown, how to design a new Ag(l) complex that exhibits 100 % emission quantum
yield at the shortest TADF decay time reported so far. This is a consequence of (i) a
small singlet-triplet splitting, (ii) a rigid molecular structure, and most importantly (iii) a

very high S1—So transition rate.
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Experimental.

NMR spectra were recorded on a Bruker AVANCE spectrometer operating at 300 MHz for *H
and 121.5 MHz for 3!P with residual protic solvent used as internal standard.

Syntheses

Bis-(diphenylphosphine)-ortho-carborane. Synthesis was carried out in two steps starting
from commercially available ortho-carborane, n-butyl-lithium (n-BuLi), and diphenylphosphine
chloride. A 1.6 M solution of n-BuL.i in hexane (2.9 ml, 4.68 mmol) was added to a solution of
ortho-carborane (0.3 g, 2.08 mmol) in diethyl ether at 0 °C and stirred at room temperature for
30 min and then refluxed for 30 min. The solution was cooled to 0 °C and diphenylphosphine
chloride (0.95 ml, 5.2 mmol) was added dropwise. The mixture was stirred at room temperature
for 30 min and quenched with a saturated aqueous solution of ammonium chloride. The mixture
was extracted with diethyl ether, organic phases were combined, washed with brine, and dried
over MgSQg. The solvent removed in vacuo and the residue purified by column chromatography
(silica gel, CH2Cly) that afforded the product as colorless solid. Yield 55 %. *H NMR (CDCls):
7.9-7.79 (m, 8H), 7.50-7.36 (m, 12H), 3.0-1.5 (br, 10H). 3'P NMR (CDCls): 7.82 ppm.

Ag(dbp)(P2-nCB). To a solution of AgPFs (0.6 g, 2.4 mmol) in ethanol bis-
(diphenylphosphine)-ortho-carborane (1.2 g, 2.4 mmol) was added and the mixture was stirred
at room temperature for 1 hour. Then 2,9-di-n-butyl-1,10-phenanthroline (0.7 g, 2.4 mmol) was
added and the mixture was refluxed for 1 hour. The solvent was removed in vacuo and the
residue was purified by column chromatography (silica gel, CH.Cl,) affording the product as
yellow solid. Yield 68.8 %. 'H NMR (DMSO-ds): 8.78 (d, 2H, J = 8.17, Phen.), 8.21 (s, 2H,
Phen.), 8.02 (d, 2H, J = 8.60, Phen.), 6.80-7.50 (m, 20H, P(Ph).), 4.02(m, 2H, n-Bu), 1.51(m,
8H, n-Bu), 0.75 (br, 10H, B-H) 0.21(m, 8H, n-Bu). 3P NMR (DMSO-ds): 20.9 ppm. Calculated
for CasHsaBoN2P2A g, %: C, 61.25; H, 6.03; N, 3.11. Found, %: C, 60.98; H, 5.97; N, 2.95.

Photophysics

Photophysical measurements were performed for a powder sample deposited in a helium
cryostat (Cryovac Konti Cryostat IT) in which the helium gas flow, gas pressure, and heating
were controlled. Thus, the temperature was varied between 1.5 and 300 K. Luminescence
spectra were measured with a Horiba Jobin Yvon Fluorolog 3 steady-state fluorescence
spectrometer. This spectrometer was modified to allow for measurements of emission decay
times. As excitation source a PicoQuant LDH-P-C-375 pulsed diode laser (hexc = 372 nm, pulse
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width 100 ps) was used. The emission signal was detected with a cooled photomultiplier
attached to a FAST ComTec multichannel scalar PCI card with a time resolution of 250 ps.
Photoluminescence quantum yields were determined with a Hamamatsu C9920-02 system
equipped with a Spectralon® integrating sphere.

Calculations.

MO06%/def2-SVP?? level of theory with “very tight” criteria was applied for geometry
optimizations and MO062X'/def2-SVP level of theory was applied for time-dependent
calculations, all using the Gaussian 09D* program.

Table S1. Comparison of selected geometry parameters of Ag(dbp)(P2-nCB) determined
experimentally by an X-ray diffraction study and calculated at the M06/def2-SVP level of
theory in the optimized ground state (So) and triplet state (T1) geometries under gas phase
conditions. Atom numbering corresponds to the one shown in Figure 1.

Parameters X-ray So T1
Bonds (A)
Ag-N1 2.3158(18) 2.36 2.18
Ag-N2 2.3207(16) 2.40 2.36
Ag-P1 2.4230(5) 2.49 2.44
Ag-P2 2.4770(5) 2.54 2.59
Angles (degree®)
N1-Ag-P1 133.87(4) 135 155
N1-Ag-P2 120.64(4) 121 106
N2-Ag-P1 132.29(4) 132 124
N2-Ag-P2 115.99(4) 119 113
N1-Ag-N2 72.99(6) 71 76
P1-Ag-P2 85.581(16) 84 81
Dihedral angles (degree®)
C1-N1-Ag-P1 44.34(18) 50 30
C1-N1-Ag-P2 72.10(16) 66 74
C2-N2-Ag-P1 41.87(19) 47 23
C2-N2-Ag-P2 67.26(17) 63 72
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Table S2. Electronic transition data resulting from TD-DFT calculations performed in the
ground state (So) and the triplet state (T1) geometry of Ag(dbp)(P2-nCB) at the M062X/Def2-
SVP level of theory.

So geometry

LUMO+1 (7 %), HOMO-9 = LUMO (17 %),

State Energy Main contributions Oscillator Character
(eV) strength
[ _ 1
s, | 34p |HOMO - LUMO (51 %) HOMO-1->LUMO (43| (MLp2-nce)Ld
%). prT
HOMO - LUMO+1 (61 %), HOMO-1 > LUMO+1 1(MLp2-ncs)Ld
S| 357 | 539 0.0063 T
—_ 0, 1
s, | 381 |HOMO-1->LUMO (49 %), HOMO > LUMO (43 | (MLp2-nce)Ld
%). prT
HOMO-15 > LUMO (4 %), HOMO-11 -
LUMO+1 (7 %), HOMO-9 - LUMO (4 %),
HOMO-15 > LUMO+1 (9 %), HOMO-8 > LUMO
1. | 394 |(6%) HOMO-8 -> LUMO+1 (14 %), HOMO=6 -> 0 3(MLp2-ncs)Ld
! ' LUMO (4 %), HOMO-6 - LUMO+1 (8 %), bpCT
HOMO-1 - LUMO (14 %), HOMO-1 > LUMO+1
(5 %), HOMO-> LUMO (9 %), HOMO-11 - LUMO
(3 %).
HOMO-1 > LUMO (32 %), HOMO - LUMO (30 (MlpaacolL
T. | 333 |%), HOMO-1 > LUMO+1 (9 %), HOMO - 0 "ZC'”TCB d
LUMO+1 (6 %). bp
HOMO - LUMO (43 %), HOMO-1 > LUMO+1 (MlpaaclL
Ts | 3.64 |(22 %), HOMO - LUMO (5 %), HOMO-8 - 0 PZC'“TCB d
LUMO (3 %). bp
T:1 geometry
State Energy Main contributions Oscillator Character
(eV) strength
0, - 1
o | 236 l—|0|v|o - LUMO (92 %), HOMO-1 > LUMO (4 | . (MLp2-nce)Lg
/)). prT
0, - 1
s, | 299 |HOMO ->LUMO+L (95 %), HOMO-1 > LUMO+1 | (MLp2-nce)Lg
(3 %). bpCT
1
Ss | 3.36 | HOMO - LUMO (4 %), HOMO-1 -> LUMO (94 %) |  0.0004 (LPZ'ECTB)L"“’
HOMO-2 - LUMO (33 %), HOMO-2 -> LUMO {MLpancelL
Se | 3.77 | (20 %), HOMO-17 -> LUMO (9 %), HOMO-9 - 0.0104 PZC'“TCB d
LUMO (5 %), HOMO-5 > LUMO (3 %). o
3
T: | 221 | HOMO - LUMO (90%), HOMO-1 -> LUMO (4%) 0 (MLPZC’”TCB)L"
bp
| 597 |HOMO - LUMO+1 (79 %), HOMO-1 > LUMO+1 0 3(MLp2-ncs)Ld
2 ' (3 %), HOMO-9 -> LUMO+1 (2 %). bpCT
HOMO - LUMO+1 (10 %), HOMO-7 > LUMO S(Lopncoll
Ts | 3.17 |(6%), HOMO-8 > LUMO (5 %), HOMO-9 -> 0 P2-nCBJ-dbp

CcT
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HOMO-10 - LUMO (3 %), HOMO-15 - LUMO
(14 %), HOMO-11 - LUMO (6 %).

Table S3. Orbital energies and characters resulting from Mulliken population analysis
calculated for Ag(dbp)(P2-nCB) at the M062X/def2-SVP level of theory for the ground-state
(So) and lowest triplet state (T1) optimized geometries.

So state geometry

Orbital Energy, Contributions, (%)
(eV) dbp. 2 Ag P Ph. " nCB ¢

LUMO+4 0.09 3 1 7 87 2
LUMO+3 -0.14 10 7 11 69 3
LUMO+2 -0.37 84 4 1 7 0
LUMO+1 -1.60 91 0 0 0 0

LUMO -1.71 93 1 0 0 0

HOMO -6.43 1 3 10 6 72
HOMO-1 -6.80 2 12 43 20 21
HOMO-2 -7.75 2 19 32 38
HOMO-3 -7.97 1 1 27 67
HOMO-4 -8.07 0 0 40 55

T1 state geometry

Orbital Energy, Contributions, (%)
(eV) dbp 2 Ag P Ph. b nCB ©

LUMO+4 0.04 3 2 9 84 2
LUMO+3 -0.16 4 4 9 81 3
LUMO+2 -0.35 87 4 1 5 0
LUMO+1 -1.61 92 0 0 0 0

LUMO -2.09 90 1 1 1 0

HOMO -6.09 3 13 47 18 16
HOMO-1 -6.60 1 2 8 5 76
HOMO-2 -7.65 2 10 23 33 28
HOMO-3 -8.02 1 0 1 42 54
HOMO-4 -8.12 1 1 1 34 59

a) di-n-butyl-phenanthroline ligand (dbp)
b) phenyl groups of P2-nCB ligand
c) nido-carboranyl moiety of P2-nCB ligand
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Table S4. Iso-surface contour plots (iso-value 0.05) and energies of the molecular orbitals
relevant for the lowest excited states of Ag(dbp)(P2-nCB) as calculated at the M062X/def2-
SVP theory level in the ground state (So) geometry.

LUMO+1 (-1.60 eV) LUMO (-1.71 eV) HOMO (-6.43 eV)

3

qu == : ‘v
HOMO-9 (-8.42 eV) HOMO-11 (-8.55 eV) HOMO-15 (-8.86 eV)
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Table S5. Iso-surface contour plots (iso-value 0.05) and energies of the molecular orbital
relevant to the lowest excited states of Ag(dbp)(P2-nCB) as calculated at the M062X/def2-SVP
theory level in the lowest triplet-state (T1) geometry.

LUMO+1 (-1

.61eV)

Y,

LS

HOMO (-6.09 eV) HOMO-2 (-7.65 eV)

HOMO-5 (-8.28 eV) HOMO-7 (-8.37 eV) HOMO-8 (-8.44 eV)
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HOMO-9 (-8.47 eV) HOMO-10 (-8.51 eV) HOMO-11 (-8.56 eV)

7 o | ‘\" ..
¢ & ¢ Yy
e e
HOMO-14 (-8.79 eV) HOMO-15 (-8.84 eV) HOMO-17 (-9.00 eV)
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