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Dedication ((optional))

Abstract: The electrochemical and photophysical properties of a
family of conjugated ligands and their iridium(lll) cyclometallated
complexes are described. They consist of a series of
monocationic Ir(lll) bis-2-phenylpyridine complexes with p-
phenylethynyl 1,10-phenanthroline ligands of different length.
The structure of these ligands includes terminal groups,
acethylthiol or pyridine, which can provide a good electrical
contact between metal electrodes. Cyclic voltammetry,
absorption and emission spectroscopy, laser flash photolysis,
and density functional theory calculations reveal that the high
conjugation of the diimine ligand affords small energy gaps
between the frontier orbitals. Nevertheless, the nature of the
terminal substituents and the extent of the conjugation in the
diimine ligand have little influence on the photophysical features
at room temperature. The spectroscopic and theoretical
calculations agree that the charge transfer nature of the emitting
excited state is maintained along the series at room temperature,

whereas in rigid matrices ligand-centered states also contribute
to the low temperature emission. The good conducting feith N

of the diimine ligands, the small dependence of the H

LUMO gap on the diimine ligands, and the charge transfer
nature of the emitting excited state, make these c
promising test beds for the study of photo
phenomena in molecular junctions.

Introduction

The field of molecular electronics has been recently enriche
the idea of using electromagnetic radiation to modulate
molecular junctions response.' On that basis, the conduct
of some single-molecules contacte,
electrodes could be optically switcl
isomerization.*® On the other han

has also been proposed a
conductance in systems tha

effect of illuminatio
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ure 1 Chemical structure of the iridium complexes [Ir(ppy).(1-4)"
1-Ir4).

ifferent lengths®® 2" or characterized by strong charge-transfer

optical transitions®* have been theoretically studied.

Iridium(lll) cyclometallated compounds constitute a focus of
intense research due to its unique and tunable photophysical
properties. The high spin-orbit coupling of iridium, the largest
among all the transiton metals,”® greatly enhances the
occurrence of intersystem crossing processes that result in long-
lived triplet excited states with intense photoluminescence and
high quantum yields.®* All these features have made Ir(lll)
complexes highly attractive for a wide sort of applications, such
as emitters in organic light-emitting diodes (OLEDs),*® light-
emitting electrochemical cells (LECs),?*® and oxygen sensors.”’
However, to the best of our knowledge, these phosphorescent
complexes have never been implemented into single-molecule
junctions.

In the prototypical complex [Ir(ppy)2(N*N)]" (Hppy = 2-
phenylpyridine and NAN = diimine ligand), the photoluminiscent
emission takes place from a triplet metal-to-ligand charge
transfer (*MLCT) excited state.®""*> Notwithstanding, the nature
of the substituents on the diimine ligand has shown to have a
marked influence on the Iuminescent properties of the
complexes.® ** For example, triplet ligand-centered (°LC)
excited states are found to increase their contribution to the
photoluminescence with the conjugation length.>* 33 3640

In this work, we present the synthesis and characterization of
a series of monocationic photoluminiscent Ir(lll) complexes (Ir1—

*
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Ir4, Figure 1) incorporating conjugated ligands of different
molecular length and functionalized with suitable anchoring
groups for their integration into metallic molecular junctions.?*°
The new compounds result from the combination of iridium(lIl)
bis-cyclometallated 2-phenylpyridine complexes with four
different diimine m-conjugated ligands (1-4). 1-4 are 1,10-
phenanthroline (phen) derivatives symmetrically functionalized
through their 3- and 8- positions with acethylthiol (SAc) and
pyridine terminal groups, which are connected to the phen core
by phenylethynyl spacers of different length. The molecular
conductance of some of these ligands has been already
investigated in mechanically controlled break-junctions.*®
Complexes Ir1-Ir4 therefore combine the low resistance
features of molecular wires 1-4 with the rich photophysics of
Ir(111) complexes.

[Ir(ppy)2(NAN)]* functionalized with phenylethynyl groups have
been reported before.®* 3 However in the interplay between
conjugation and different anchoring groups in Ir1—Ir4 makes
difficult to anticipate the nature of the emitting excited state and
thus, their behavior on illuminated molecular junctions. This
work, for the first time brings together electro- and
spectrochemical techniques along with theoretical calculations in
the study of iridium(lll) bis-cyclometallated 2-phenylpyridine
complexes with phenylethynyl substituted diimine ligands. By a
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Scheme 1. a) n-BuLi, TMSCI, THF (68 %); b) Pd(PPh;)Cl,, Cul, THF, /-
ProNH (74% for 7, 50% for 8); c) K.CO3, MeOH (97% for 9, 91% for 10);
d) 11 (2 eq.), Pd(dba),, PPhs, Cul, THF, DIEA (40% for 1, 63% for 2); e)
4-iodopyridine (2 eq.), Pd(PPhs)s, Cul, THF, DIEA (84% for 3); f) 4-
iodopyridine (2 eq.), Pd(dba),, PPhs, Cul, THF, DIEA (96% for 4). DIEA =
N,N-diisopropylethylamine.
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Ir1—Ir4 family is especially well suited for their study on
illuminated molecular junctions.

Results and Discussion

Chemical synthesis

The synthesis of liga
sequence of
between 3,8-dibromo-1,10-phena
phenylacetylenes, dis

accomplished by the
oss-coupling reactions,
es and  substituted

3,8-dibromo-1,10-
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Scheme 2. a) 11, Pd(PPh3),Cl,, Cul, THF, DIEA (43%); b) 4-
bromopyridine hydrochloride, Pd(PPh;)Cl,, Cul, i-Pr,NH (74%); c) TBAF,
AcOH, AcOAC (93%); d) K,CO;, MeOH, 100%; e) Pd(PPhs)s, Cul, TEA,
THF 60 °C (41%). TEA = triethylamine.

longer ligands 2 and 4, 5 was coupled with ((4-
ethynylphenyl)ethynyl)trimethylsilane (6), which had been
preyiously prepared following a reported procedure* by the
n of 1,4-diethynylbenzene with n-BuLi in THF and the
quent addition of chlorotrimethylsilane. Desilylation of 7
8 under basic conditions (K.COs; in methanol) afforded
thynyl derivatives 9 and 10, respectively, in high yield.*®
hese diethynyl-ended phenanthrolines were then coupled
under Sonogashira conditions with two equivalents of 1-(S-
acetylthio)-4-iodobenzene (11) to afford 1 and 2, or with
commercially available 4-iodopyridine to afford 3 and 4.
Derivative 11 was prepared in high yield by the reduction of 4-
iodobenzenesulphonyl chloride.*®

Alternatively, we tested the route presented in Scheme 2 for the
preparation of the longer ligands 2 and 4. First, compounds 12*"
and 13" were efficiently prepared by the reaction under
standard Sonogashira conditions of 6 with 4-bromopyridine or
11, respectively.*® * Cleavage of the trimethylsilyl group in
pyridine-ended derivative 13 was carried out in basic conditions
(K2CO3 in methanol), whereas compound 12 was deprotected
with tetrabutylammonium fluoride (TBAF) in the presence of an
excess of acetate in order to avoid the cleavage of the
thioacetate group,® to yield compounds 14 and 15, respectively.
Molecular rod 4 was synthesized in moderate 24% overall yield
from the coupling of dibromophenanthroline 5 with two
equivalents of ethynyl derivative 15. Unfortunately, and although
5 double coupled with 6 (Scheme 1) and 15 (Scheme 2) in
moderate yield, the coupling of 5 with two equivalents of 14 did
not afford the target molecule 2.

The preparation of complexes Ir1—Ir4 was carried out starting
from the dichloro-bridged Ir(lll) dimer [Ir(ppy)20I]2.51 The
treatment of this salt with one equivalent of ligands 1-4 in a
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refluxing  dichloromethane:methanol mixture under inert
conditions and the following treatment with an excess of KPFs
afforded monocationic [Ir(ppy).(1—4)][PFs] complexes in
reasonable yields (Scheme 3).*

PR
[r(ppy),Cll, + 1-4 a) RTC’\Q\‘}TR

Scheme 3. Synthesis of iridium complexes Ir1-Ird: a) CH,Cl,/MeOH 2:1,
reflux; b) KPFg excess (54% for Ir1, 35% for Ir2, 40% for Ir3, 41% for Ir4).

The complexes were characterized by 'H nuclear magnetic
resonance (NMR), elemental analysis, and high-resolution mass
spectrometry (HRMS). In the '"H NMR spectra of all complexes
(see the Supporting Information), ppy ligands present one set of
eight signals each one of them integrating to two protons. This
equivalency is consistent with the selective formation of the
isomer in which the Ir-C,,, bonds are trans to the Ir—Nphen bonds

according to the so-called ‘trans effect’.**

Electrochemical characterization

Cyclic voltammograms of Ir1-Ir4 are displayed in Figureg2
and relevant electrochemical data are collected in Tabl
Electrochemical measurements reveal high redox stabilit
oxidation and reduction half-wave potentials more than 1.8 V
apart. All the complexes display oxidation process cen
1.40 V. This anodic wave has been previously observ
bis-cyclometallated  Ir(lll)  complexes®* s
[Ir(ppy)2(phen)]* (1.36 V vs SCE)* and has bee
with the bis-cyclometallated Ir(Ill/1V) oxidation. In
this assignment, the oxidation potential
variations along the Ir1-Ir4 series. The oxidati
more irreversible in acetylthiol-ended compounds
than in pyridine-ended derivatives Ir3 and Ir4. The irreve
of this wave denotes the participation of the ppy moiety in t
redox process as supported by previous reports and, our
theoretical calculations (see below).** **

At negative potentials, a single catho&e is visible befj€en

Intensity

1.6 1.2 0.8 04 1.2 1.4 16 1.8
Potential [V]
A s\

Figure 2. Cyclic voltammograms of complexes Ir1—Ir4 in 0.1 M TBAPF;
1:1 acetonitrile:dichloromethane mixture solutions. Ferrocene was
added as internal reference, (Esce (FG'/Fc’) = 0.45 V).*°
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—1.03 and -0.96 V and the ratio between cathodic and anodic
peaks is again far from one for Igl and Ir2. We attribute this
behavior to the high tendency of t ds to get adsorbed on
the electrodes upon reduction,*
pronounced in the case of acetylthiol
pyridine-ended complexes.
process, particularly in the
to lay far above from tha
[Ir(ppy)2(phen)][PFs] (E1z
suggests that, as mentj
discussed below, the
the N*N ligand.

for the parent complex

vs SCE).** This fact
32, 33, 36, 38 and

Ir4 is centered on

Table 1. Oxidation an E for Ir1-Ir4 complexes.

Electrochemical

gap™ [V]
2.35
+1.39 2.42
+1.42 2.36
+1.40 2.35

fac-Ir(ppy)s 226"  +0.75"

Electrochem gaps obtained as the difference between the cathodic peak
e reducti rocess (E.") and the anodic peak of the oxidation process
. [b,c] E12"*° and E;,,” fac-Ir(ppy)s data from ref 56 have been added from

along with their iridium complexes Ir1—Ir4 are shown in Figure 4
and the corresponding absorption maxima and molar extinction
coefficients are listed in Table 2. Short ligands 1 and 3 exhibited
twoygtrong absorption bands, the first peaking at 289 and 283
. 55000 M~ cm™") and the second at 351 and 340 nm (e =
0 M~ cm™), respectively. These maxima are significantly
ted to lower energies on increasing the conjugation length
‘gands 2 and 4), the bathochromic effect being higher for the
yridine-ended molecular backbones. As in related reported
ligands, we assign the lower- and higher-energy bands to long-
and short-axis polarized n—x* transitions, respectively.>* ** %’
The absorption bands of the complexes Ir1-Ir4 are broader than
those of the bare ligands 1-4 (Figure 4 bottom). The spectra show
an intense band (¢ > 5 x 10° M~'cm™) below 350 nm, a less
intense band (¢ > 4 x 10* M'em™) in the 350-450 nm range.
Based on previous reports,®>3* %3840 e assign the first band
to m—T11* transitions centered on the ppy and phen ligands. The
second broad band is the result of the overlap of m—m* LC
transitions with spin-allowed 'MLCT transitions. In Ir3, the latter
transitions are distinguishable as a separated band around 400
nm. The red-shift (up to 30 nm) experienced by the bands
peaking in the 360—-390 nm range compared to those observed
for 1-4 is in part attributed to the stabilization of the -electron
system of the phen chromophore as a result of the coordination
to the cationic Ir(lll) center (see below).”” %
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Table 2. Photophysical properties of ligands 1-4 and complexes Ir1-Ir4 in dichloromethane and ethanol solutions.

A 2 [al [nm] A [a] 2 [a,b] ET[B,CI ¢ ¢ Ild] T[e] k[ﬂ k. T
max em em em air Ar " nr
[nm] CH.CI, 278 K [nm] [nm] [eV] [ns] 6 1 »
CH,CI, (&) EtOH EtOH CH,CI, 278 K [10°s7] [10s7]
o4 278 K CH,Cl, CH,Cl, CH:Cl CH.Cl,
[10°M'ecm™] 77K 278 K 278 K
278 K 278 K
1 289 (55),351 (62) 384 561 2.48 0.76 0.79
2 305 (45),367 (74) 403 568 2.37 0.83
3 283 (57),340 (60) 384 511 2.56 0.12
4 300 (39),367 (64) 394 564 2.35 0.90
I 272 (69),380 (46) 638 644 562 (552) 2.22 0.30 1.7
Ir2 314 (66), 395 (51) 638 644 563 (563) 2.21 0.32 15
Ir3 290 (56), 362 (38) 648 658 588 (512) 2.13 0.0, 0.36 46
Ir4 301 (53), 389 (51) 640 646 566 (566) 2.19 0.16 2.0
fac-Ir(ppy)s'® 244 (45), 283 (45) 492° 510° 0.21 0.32

Concentration is 3 x 10° M. Absorption maxima (Amax), molar attenuation coefficient (€), e iplet energy (ET), fluorescence quantum yield
(9), luminesce lifetime (z), radiative (k;) and non-radiative (k.,) emission constants. [a] Aexc ( = 375 nm. [b] Emission maxima registered
with a delay of 50 ps for 1-4 and a delay of 5 (50) s for Ir1—Ir4. [c] Determined in deaerated dichloro m the 10% rise phosphorescence spectra.
[d] Measurements in deaerated dichloromethane solution at the emission maximum (Aexc = 375 nm); lifetimes for 1-4 are shorter than 1 ns and could not be
resolved by our system. [e] Measurements in deaerated ethanol solid matrix at 560 nm (e = 355 nm), lifetimes correspond to a biexponential fit. [f] k- and k. in
dichloromethane solution were calculated according to the equations: k. = ¢a/t ghd k. = (1—04. [g] fac-Ir(ppy); data from ref 56 have been added from
comparison. In this case emission and lifetime measurements were carried out in 2Rthyltetrahy: ran.
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Figure 3. Normalized photoluminescence spectra of ligands 1-4 (lex. =
300 nm) and complexes Ir1-Ir4 (/exc = 375 nm) in dichloromethane at 298
K.

Absorbance

. stabilization of the lower energy transitions, in agreement with
250300 350 400 450 500 that observed in the absorption the fluorescence lifetimes (z)
of 1-4 were below 1 ns and could not be resolved by our

Figure 4. Normalized absorption spectra in dichloromethane of ligands .
experimental setup.

1-4 (top) and complexes Ir1-Ir4 (bottom). (C = 10-5 M).

The photoluminescence spectra of complexes Ir1-Ir4 at room
temperature are shown in Figure 3 (right) and its

The photoluminescence of Iig%ds 1-4 in photophysical properties are summarized in Table 2. The
dichloromethane at 298 K (/, 00 nm) are shown in Figure emission quantum yields of the complexes are much lower
3 (left). Emissi he 380—400 nm range and than those observed for the bare ligands and are significantly
show relatively f), which are essentially affected by the presence of oxygen. In 10 min air-equilibrated
not affected by ygen evidencing the solutions, quantum yields decrease by ~30-40% compared to

fluorescence chara ion (Table 2). The those of argon-saturated media. In addition, the emission
emission maxima of \@ands 1 and 3 appear at shorter lifetimes of Ir1-Ir4 at room temperature range in the
wavele of 2 and 4. In addition, the submicrosecond time scale and are more than two orders of
fluore " of the former are lower than magnitude longer than those found for 1-4 (t < 1 ns). All

thos gated ligands. Thus, the these features are consistent with the triplet nature of the
enhancement of the m-conju n results in higher ¢ and in a emissive excited state for all Ir-complexes, according to the
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ability of Ir(lll) to favor the intersystem crossing from singlet to
triplet excited states.

In contrast with that observed for 1-4 (Figure 3, left), the shape
of the emission of Ir1-Ir4 in dichloromethane solution at 298K
is broad and unstructured (Figure 4, right), which is the typical
shape expected for emissions from MLCT excited states,*
and shifts by 6-10 nm towards longer wavelengths in more
polar ethanol (Table 2). The emission maxima in
dichloromethane are observed around 638-640 nm for Ir1,
Ir2, and Ir4, and slightly above for Ir3 (648 nm). Therefore,
and in contrast with that observed in the case of ligands 1—4
and with that reported previously,® ** % % the increase in
conjugation length on the diimine ligand does not necessarily
lead to an energy decrease of the emission (compare Ir2 and
Ir4 with Ir1 and Ir3, respectively, in Table 2).

The photoluminescence decay traces of Ir1-Ir4, measured at
the emission maxima in dichloromethane, can be accurately
fitted to single exponential functions. The lifetimes resulting
from these fittings range from 0.20 to 0.56 ms and are longer
for the acetylthiol compounds than for the pyridine-ended
derivatives (Table 2). The increase of the conjugation length
of the diimine ligand also leads to an increase of the lifetime
of Ir2 and Ir4 compared with Ir1 and Ir3, respectively.
Quantum yields are higher for acetylthiols- than for pyridine-
ended derivatives, and all of them are in the range reported
for other [Ir(ppy)2(NAN)]" complexes with MLCT emissive
excited states.*® *”*° The photoluminescence decay traces of
Ir1-Ir4, measured at the emission maxima in
dichloromethane, can be accurately fitted to singl
exponential functions. The lifetimes resulting from the
fittings range from 0.20 to 0.56 ms and are longer for
acetylthiol compounds than for the pyridine-ended derivatives
(Table 2). The increase of the conjugation length
diimine ligand also leads to an increase of the lifetim
and Ir4 compared with Ir1 and Ir3, respectively. Int
compared to what it is observed at room temperat
temperature phosphorescence decay curves

560 nm for Ir1—Ir4 shows a biexponential decay,
for the two component differing by around 10 ps (T

The emission spectra of Ir3 recorded in ethanol glass
different delay times (5 and 50 ps) is shown in Figure 5. In
this case, the two components of the emission are well
separated in energy and could be clearly resolved. The sho
lived (6.7 ps) emission peaking und 600 nm

ethanol matrix and, as a con
state is not stabilized by th
before emission takes
energies than at ro
The long-lived emission
the same energy (512 nm)
under equivalent experime
behavior is chagacteristic of °L

emits at higher
ic effect).

conditions (Table 2). This
missive states, which are
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Figure 5. Normalized luminescence spectra at lexc = 375 nm of ligand 3
and complex Ir3 in dichloromethane (300 K) and in ethanol glass (77 K)
measured at different delays.

uctured bands whose position is not
and usually show longer lifetimes.?*

characterized b

Similarly, the emission spectra of Ir1, Ir2, and Ir4 shows
structured bands whose maxima are close to those found for
the low t erature emission of the corresponding ligands
(see Fig S1). However, in this case, both components
eaks at similar wavelengths (Table 2) and the different
tribution to the emission could not be time-resolved. In
ement to that previously observed for other
etallated Ir complexes incorporating highly conjugated
gapds, although at room temperature the energy of
tes is higher that of the MLCT states, *MLCT
in energy at low temperature due to the lack of
solvent mobility, and °LC states can increase their
contribution to the emission.®® Thereby, at low temperature
1-Ir4 show dual emission from two different triplet states
,ch, according to their lifetime, energy, and shape are
igned to *MLCT and °LC states. Moreover, the good
rrespondence between the long-lived emission and the
emission of the corresponding ligand at low temperature
further supports this assignment.

Transient absorption

To further investigate the nature and photophysical
behavior of the excited states governing the bare ligands and
the Ir-complexes at room temperature, laser flash photolysis
(LFP) measurements were performed at lexc = 355 nm in
deaerated dichloromethane. LFP of 1-4 at room temperature
affords long-lived absorption species that are highly
quenched by oxygen and low-energy triplet acceptors such as
b-carotene (Er = 1.00 eV). On the basis of these
observations, the absorption transients are assigned to the
triplet *p—p* excited states of the ligands. The transient
absorption spectra of 1-4 are shown in Figure 6; they are
characterized by a broad absorption band throughout the
visible region, which extends to the near infrared, with triplet
lifetimes ranging from 9.3 to 16.5 ms (see Table 3).
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Figure 6. Transient absorption spectra of ligands 1-4 in deaerated
dichloromethane solution at 298 K after excitation at 355 nm. Spectra
acquired at 0.4 ms (circle), 4 ms (square), 10 ms (triangle), and 30 ms
(inversed triangle) after the laser pulse. The arrows show the evolution of
the absorption band in time.
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Figure 7. Transient absorption spectra in deaerated dichloromethane
solution of Ir2 (a) and Ir4 (c) recorded at 0.01 ms (circle), 0.1 ms
(square), 0.3 ms (triangle), and 1 ms (inverted triangle) after the lase
pulse. The arrows show the evolution of the absorption band in time|
Decay traces of Ir2 (b) and Ir4 (d) monitored at 510 nm in N, (dot), ai
(solid), and O, (dash). The insets show the Stern-Volmer plots of
quenching by oxygen. All measurements were performed at 298 K, lex. =
355 nm.

The negative signal at ca. 400 nm is assigned to the
ground state bleaching, according to the absorption spectga
(see Table 2). The absorption species yith /max ~ 510 nm a
largely quenched by oxygen, with rat nstants around 6
10° M™' s (see Figure 7b and d)

nature. Additionally, the decay traces of Ir1—
be accurately fitted with a one-ogder exponential

for the more
the strong
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conjugated Ir-compl
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measured in deaerated dichloromethane solution at room
temperature. (see Table 2)

Table 3 Photophysical properties of ligan
derived from the LFP measurements: abso
lifetimes (7). All measurements were,
dichloromethane at room tempgrature.

nd complexes Ir1-Ir4
ima (hmax), triplet
N deaerated

1 2

Ir1 Ir2 Ir3 Ird4

hmax[nm] 620 700

500 500 540

tr [ms] 9.3 : : b 054 024 027

Energy (eV)

e electrochemical and
onic complexes Ir1-Ir4,

the computational details). Isolated
nds 1-4 were also computed at the
omparison purposes. Calculations
state (So) correctly predicts a near-
coordination for the Ir metal and provide
cglarameters in good agreement with experimental
iar Ir-based complexes. For instance, the values

or the Ir-Nppy (2.085 A), Ir-Cypy (2.023 A), and
Nphen (2.227 A) bonds in Ir1 are in good agreement with the
erimental X-ray bond lengths (2.04-2.06, 1.99-2.04, and
2.16 A, respectively) found for the [Ir(ppy)2(3,8-diphenyl-
b complex®®  and with the values reported for
)" (pig = 1-phenyl-isoquinoline).*® The optimized
values ulated for the bond distances and the bond angles
defining the coordination sphere of the iridium center for all
the complexes are collected in Table S1 (see the Supporting
Information).
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Figure 7 Energy diagram showing the energies calculated for the
HOMOs and LUMOs of (a) ligands 1-4 and (b) complexes Ir1-Ir4.

Figure 7 displays the energies calculated for the HOMOs
and LUMOs of the phenantroline-based ligands 1-4 and
complexes Ir1-Ir4, and Figure 8 shows the isovalue contours
computed for the frontier molecular orbitals of Ir1 and Ir3 as
representative examples. The topology of the molecular
orbitals of Ir2 and Ir4 (Figure S2) is identical to that of Ir1.
Similar to other related ppy-based cyclometallated Ir
complexes,*®**® the HOMO is composed of a mixture of Ir(ll)
dm orbitals (f;g) and phenyl 1 orbitals with little contributions
from the pyridine rings of the cyclometallated ligands. Since
the family of complexes Ir1—Ir4 only differs in the diimine
ligand, the energy of the HOMO remains almost constant
along the series being slightly more stable for Ir3 and Ir4
(Figure 7b). Theoretical calculations therefore support the
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Figure 8. Schematic representation showing the isovalue contours
(+0.03 a.u.) and the energy values (in eV) calculated for the highest-
occupied and lowest-unoccupied molecular orbitals of Ir1 (left) and Ir3
(right).

participation of the ppy ligands in the first oxidation process
and fully justify the small variation of the oxidation potentials
observed on going from Ir1 (+1.39 V) and Ir2 (+1.39 V) to Ir3
(+1.42 V) and Ir4 (+1.40 V) (Table 1). In contrast to the
HOMO, the LUMO is completely localized over the diimine
ligands and is mainly centered on the phenanthroline core.
Compared with the parent [Ir(ppy)z(phen)]” complex with
energy for the LUMO orbital of —2.35 eV,** the attachmen
phenylethylene groups in 3- and 8- positions of the phen
ligand in Ir1-Ir4 leads to an stabilization of the LUMO
and thus, to a reduction of the HOMO-LUMO ga
decreases from 3.18 eV in [Ir(ppy)2(phen)]” to abou
in Ir1—Ir4. In agreement with the electrochemical d
1), the energy of the HOMO-LUMO gap is simil
complexes.

A wider inspection of the energy position along
atomic orbital composition at the optimized ground
geometry of the frontier molecular orbitals (Figure 8 an
Figure S2) can provide qualitative information about the
nature of the low-lying ftriplet excited states. The lowes
energy triplet electronic transition
HOMO—LUMO excitation has a

the HOMO-1 is located on the
3LC excited state centered
described by a the HOMO-1

HOMO-2 spread over the
energy to the HOMO In c

are closer in
st to Ir1, Ir2, and Ir4, the
r-ppy environment; and the
some contribution from
stabilized (Figure 8).
to be expected to
than in the case of Ir1, Ir2, and Ir4.
hcr molecular orbitals supports the
well-s el the ’LC and *MLCT states
obse! at low temperature (Figure 5).

the diimine skele
Thus, 3LC excited
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Figure 9. a) Schematic energy diagram showing the adiabatic energy
difference (AE) between the S, and T, states and the emission energy
(Eem) from T4 calculated for complexes Ir1-Ir4. b) and c) Unpaired-
electron spin density contours (0.003 a.u.) calculated for the fully relaxed
T, state of Ir1 and Ir3, respectively.

To characterize in mor® detail the nature of the emitting
excited state, the molecular structure of the lowest triplet
excited stz (T1) was optimized using the spin-unrestricted
UB3LYP roach. After full-geometry relaxation, the T, state
computed to lay in the range 1.89-2.05 eV above Sy
iabatic energy differences, AE in Figure 9), in reasonably
ement with the triplet energies experimentally registered
the onset of the phosphorescence (Table 2). As
in Figure 9b and c, the unpaired-electron spin
ibution calculated for Ir1 and Ir3 (Ir: 0.48e, ppy:
1.02e) perfectly matches the topology of the
HOMO—LUMO excitation (Figure 8). Similar spin density
distributions are found for Ir2 and Ir4. Therefore, calculations
early indicate that at room temperature the emitting T, state
pnly results from the HOMO—LUMO monoexcitation and
lies an electron transfer from the Ir-ppy environment to the
onjugated diimine ligand for complexes Ir1-Ir4. T, therefore
has a ®MLCT character with some LLCT contribution in good
concordance with the spectroscopic and electrochemical data
at room temperature.

To estimate the phosphorescence emission energy, the
vertical energy difference between T1 and S, was computed
by performing a single-point calculation of Sy at the optimized
minimum-energy geometry of Ti (Eem in Table 2a). The
calculations predict vertical emission energies in the 1.83—
1.85 eV range (682-671 nm) for complexes Ir1, Ir2 and Ir4,
and a slightly red-shifted emission at 1.76 eV (706 nm) for Ir3.
The theoretical emission energies follow the same trend that
the maxima of the emission bands observed at room
temperature, with Ir1, Ir2, and Ir4 emitting at almost the same
energy and Ir3 emitting at slightly lower energies (Table 2).

Conclusions

The synthesis of a family of highly-conjugated,
phenanthroline-based diimine ligands, functionalized with
suitable terminal groups for their anchoring to metal
electrodes, and of its corresponding cyclometallated
monocationic Ir(lll) complexes has been described. In these
complexes, the energy of the LUMO orbital, centered on the
diimine ligand, is greatly stabilized by the increased
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conjugation of ligands 1-4 with respect to bare phen ligand.
Accordingly, the electrochemical and photophysical features
of Ir1-Ir4 shows lower HOMO-LUMO gaps than the
reference complex [Ir(ppy)z(phen)][PFs]. However, the
HOMO-LUMO gap does not follow the expected trend with
the extension of the conjugation of the diimine ligand
observed in other monocationic Ir(lll) complexes, and remains
almost unchanged when going from Ir1 and Ir3 to the more
conjugated Ir2 and Ir4. As a result, the emission wavelength
remains almost invariable along the series except for Ir3,
whose emission is slightly red-shifted with respect to the other
complexes. Spectroscopic measurements and DFT
calculations agree that the emission of the iridium complexes
at room temperature can be unambiguously assigned in all
cases to °MLCT excited states. Nevertheless, the
contributions of ’LC states to the emission have proven to
increase in rigid matrices at low temperature. This could be
clearly observed in the low-temperature emission of Ir3, for
which the long-lived component of emission perfectly
matches with the emission of ligand 3 at room temperature.
According to DFT calculation this behavior arises from the
different distribution of Ir3 HOMO orbitals compared to Ir1,
Ir2, and Ir4.

Induced dipolar moments are a pursued feature in molecular
electronics. The charge transfer nature of the emitting excited
state in complexes Ir1-Ir4, together with the small
dependence of the HOMO-LUMO gap with the molecular
length and the substituents (anchoring groups) of the diimine
1-4 ligands and the good conducting features reported fo
ligands 1 and 3 makes the complexes reported her
promising test beds for the study of photoconducting
phenomena in molecular junctions. This work repres
first stage into the construction of nanoscale optoel
devices with metallic complexes.

Experimental Section

Experimental

'"H NMR spectra were acquired on a Bruker AVANCE D
300 spectrometer. The spectra were, referred to residu
proton-solvent references. Electro mass Sspec
MS(ES) were obtained with a icromass
spectrometer in the positive ion mode? i
were recorded in dichloromethane solution
concentrations on a Shimadzu
spectrophotometer using 1 ¢ length quartz
Electrochemical measureme ormed in a nitrogen
glove box using an Au
three-electrode elect
carbon working electrode)
and a silver wire pseudo-re

latinum wire
ce electrode.

easurements. A pulsed
r Systems was used at
The single pulses were
was lower than 15

light source was a pulsed Lo255
flash photolysis system consisted
a 77200 Oriel monochromator,
PMT) system made up of a

77348 side-on PMT tube, PMT housing, and a 70705
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PMT power supply. The oscilloscope was a TDS-640A
Tektronix. The output signal Zom the oscilloscope was
transferred to a persona uter. All transient
measurements were recorded in ethane or ethanol
employing 10 x 10 mm? quartz cells capacity and
were purged with nitrogen or oxy: st 10 min
before acquisition. All t s were carried out at
room temperature.

Phosphorescence Phosphorescence
spectra were o ton Technology
International i TM-2/2003)
spectrofluorome pulsed Xe lamp. The
apparatus was solved mode, with a
variable delay t e dissolved in ethanol,
placed in a gua meter), and cooled to 77
was 0.3 at the excitation

EasyLife X system from OBB with a
e solutions were purged with N, at
periments were performed at room

).
All the chzals and solvents used were purchased from

temperature (lexc = 375 n

commercif@sources and used without further purification,
nless specially mentioned. The starting iridium chloro-bridge
er [Ir(ppy)2Cl], was prepared according to the literature.”’

omputational Details. Density functional calculations
ere carried out with the D.01 revision of the Gaussian
ackage®' using Becke’s three-parameter B3LYP
orrelation functional®® together with the 6-31G**
basis se¥for C, H, N, O, and S,*®* and the “double-{” quality
LANL2DZ basis set for the Ir element.* The geometries of
the singlet ground state (Sy) and of the lowest-energy triplet
te (T+1) were optimized within the C, symmetry group. The
metry of the first triplet state was calculated at the spin-
restricted UB3LYP level with a spin multiplicity of three. All
e calculations were performed in the presence of the
solvent (dichloromethane). Solvent effects were considered
within the self-consistent reaction field (SCRF) theory by
using the SMD keyword that performs a polarized continuum
model (PCM)**®” calculation by using the solvation model of
Thrular et al.®® The SMD solvation model is based on the
polarized continuous quantum chemical charge density of the
solute (the “D” in the name stands for “density”).

3,8-bis((trimethylsilyl)ethynyl)-1,10-phenanthroline, 5

Ethynyltrimethylsilane (0.34 mL, 4 mmol) was added over
a degassed mixture of 3,8-dibromo-1,10-phenanthroline (7)
(0.34 g, 1.0 mmol), Cul (0.02 g, 0.12 mmol), PdCl,(PPhs),
(0.04 g, 0.06 mmol) and diisopropylamine (2 mL) in
anhydrous THF (5 mL). The mixture was heated under argon
at room temperature for 3 days. Organic solvents were
evaporated under reduced pressure and the residue was
dissolved in dichloromethane (20 mL) and treated with
aqueous KCN (10 mL, 6 g/mL) for 4 hours. The two layers
were separated and the aqueous phase was washed with
CHCI, (4 x 15 mL). Combined organic layers were washed
with water (4 x 20 mL), dried over Na,SO., filtered, and
concentrated. The resulting dark solid was chromatographed
over silica gel using CH,CIl,/MeOH as eluent to yield 5 as a
brownish solid (0.27 g, 73%).

"H NMR (300 MHz, CDCls): 5 9.21 (d, J = 2.0 Hz, 2H), 8.34
(d, J = 2.0 Hz, 2H), 7.76 (s, 2H), 0.32 (s, 18H).
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MS (El): miz (%) = 373.5 (100); calcd. for CaH2sN,Si
[MH']: 373.2.

(4-ethynylphenyl)ethynyl)trimethylsilane, 6

A solution of 1,4-diethynylbenzene (2.00 g, 16 mmol) in
anhydrous THF (200 mL) was placed in a two neck round-
bottom flask under Ar and cooled to —78 °C. n-BuLi was
added dropwise (10 mL, 1.6 M in hexane, 16 mmol). After
stirring for 1 h at —78 °C, chlorotrimethylsilane (3 mL, 24
mmol) was added dropwise and the solution was then
allowed to warm to room temperature overnight. The reaction
was quenched with water and THF was eliminated under
reduced pressure. Diethyl ether (70 mL) was added, and the
organic phase was washed with water and dried over Na,;SO,.
Evaporation of the solvent led to a yellow solid composed by
68% of 8, 12% of the diprotected derivative, and 20% of the
starting material. The excess of starting material was
evaporated under vacuum and the resulting mixture of mono
and diprotected compounds was used in the following stage
without further purification.

Compound 6:

'H NMR (CDCls, 300 MHz): & 7.41 (s, 4H), 3.15 (s, 1H),
0.25 (s, 9H).

1,4-bis((trimethylsilyl)ethynyl)benzene:
"H NMR (CDCl3, 300 MHz): & 7.38 (s, 4H), 0.24 (s, 18H).

3,8-bis((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-1,10-
phenanthroline, 8

The previous mixture of mono and disylilated derivatiy
(1.62 g, ca. 6.80 mmol of 6), 3,8-dibromo-1,10-phenanthroline
(5) (0.92 g, 2.72 mmol), Cul (0.05 g, 0.27
PdCI,(PPhs), (0.11 g, 0.16 mmol), DIEA (8 m
anhydrous THF (20 mL) were heated under argon at
4 days. The resulting mixture was filtered and
washed with CH,CI, (40 mL). The combined orga
were washed with water (4 x 15 mL) and dried
The solution was filtered and solvent was
resulting solid was chromatographed over silica ge
CH.CIl,/MeOH as eluent to yield a yellow solid (0.77 g, 509

"H NMR (300 MHz, CDCls): 5 9.26 (d, J = 2.1 Hz, 2H), 8.36
(d, J = 2.1 Hz, 2H), 7.55 and 7.49 (AB system, 8H), 0.26 (
18H).

Molecular rod 1

A mixture of 9 (0.11 g,
iodobenzene (11) (0.35 g,
mmol), Pd(dba), (0.044g, O
mmol), DIEA (N,N;
anhydrous THF (1
atmosphere at 60 °C
evaporated and the crude
and treated with 10 mL of a
mg/mL) for an
separated and t
with CH,Cl, (4 x 1
washed with water

03 g 013
mL), and
an argon

ueous solution of KCN (6
, the two phases were
as washed four times
organic phases were
), dried over Na,SO;, filtered,
duced pressure. The resulting solid
ether to eliminate the remaining
triphe, then purified by column

y ing CH,Cl,/MeOH as eluent to
afford 1 as a pale yellow solid (0.105 g, 40%).
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"H NMR (300 MHz, CDCly): 5 9.27 (d, J = 2.1 Hz, 2H), 8.38
(d, J = 2.1 Hz, 2H), 7.80 (s, 2H), Z.65 (d, J = 8.6 Hz, 4H), 7.45
(d, J = 8.6 Hz, 4H), 2.45 (s, 6H)!

)
MS (El): m/z (%) = 529.5 (100);
[MH']: 529.1.

r Cs2H2oN20,S,

Molecular rod 3

A mixture of 9 (0.160 g, 0.
1.61 mmol), Cul (11
mmol), DIEA (3 m
at 60 °C for 2
crude was diss
of an aqueous
another 2 hour:
aqueous phgse

, 4-iodopyridine (0.33 g,

hloromethane and 5 mL
mg/mL) and stirred for
ere separated and the
H.Cl; (4 x 10 mL). The
shed with water (4 x 15
, and concentrated affording a
as chromatographed over silica gel using
nt affording the pure product as a white

mL), dried o

I3): 69.29 (d, J = 2.1 Hz, 2H), 8.67
(d, J=6.0 Hz, 4H), 8.43 (d, J = 2.1 Hz, 2H), 7.84 (s, 2H), 7.47
4.

(dd, J = 4.491.6 Hz, 4H).
E‘/Z (%) = 383.3 (100); calcd. for CogH1aNs [MH']:

rred at room temperature for 1 h. Evaporation of
t yielded a solid which was suspended in water,
filtered, and washed with plenty of water to afford the pure
product as an off-white solid (0.16 g, 97%).

'H NMR (300 MHz, CDCls): 5 9.26 (d, J = 2.1 Hz, 2H), 8.39
J=2.1Hz, 2H), 7.81 (s, 2H), 3.40 (s, 2H).

MS (El): miz (%) = 229.2 (100) calcd. for C1gHsN2 [MH']:
229.1.

3,8-bis((4-ethynylphenyl)ethynyl)-1,10-phenanthroline, 10

A suspension of the bis-silylated phenanthroline 8 (0.77 g,
1.35 mmol) and K;COs (0.186 g, 1.35 mmol) in 30 mL of
methanol was stirred at room temperature for 1 h.
Evaporation of the solvent yielded a solid which was
suspended in water, filtered, and washed with plenty of water
affording the pure product as an off-white solid (0.50 g, 91%).

"H NMR (300 MHz, CDCl,): 5 9.30 (d, J = 2.1 Hz, 2H), 8.42
(d, J = 2.1 Hz, 2H), 7.84 (s, 2H), 7.60 and 7.55 (AB system,
8H), 3.23 (s, 2H).

Molecular rod 2

A mixture of 10 (0.21 g, 0.50 mmol), 1-(acetylthio)-4-
iodobenzene (11) (0.33 g, 1.20 mmol), Cul (0.023 g, 0.12
mmol), Pd(dba), (0.034 g, 0.06 mmol), PPh; (0.063 g, 0.24
mmol), DIEA (4 mL), and anhydrous THF (10 mL) was stirred
at 60 °C for 3 days. After evaporation of the solvents, the
crude was dissolved in 10 mL of dichloromethane and treated
with an aqueous solution of KCN (6 mg/mL, 5 mL) for 2 h.
The two phases were separated and the aqueous phase was
washed with dichloromethane (4 x 20 mL). The collected
organic phases were washed with water (4 x 20 mL), dried
over Na,SO,, filtered, and concentrated affording a yellow
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solid that was then suspended in diethyl ether, filtered, and
washed with plenty of ether to eliminate the remaining
triphenylphosphines. The resulting solid was
chromatographed over silica gel using CH,Cl,/MeOH as
eluent to afford the pure product as a yellow solid (0.23 g,
63%).

"H NMR (300 MHz, CDCls): 5 9.29 (d, J = 2.0 Hz, 2H), 8.40
(d, J = 2.0 Hz, 2H), 7.82 (s, 2H), 7.64 — 7.52 (m, 12H), 7.42
(d, J = 8.6 Hz, 4H), 2.45 (s, 6H).

HRMS (MALDI): m/z (%) calcd for CasHzsN202S,: 728.16;
found: 727.08 (100) [M'].

Molecular rod 4
Method ¢

A mixture of 10 (0.15 g, 0.35 mmol), 4-iodopyridine (0.18 g,
0.88 mmol), Cul (0.02 g, 0.09 mmol), Pd(dba). (0.03 g, 0.04
mmol), PPhs; (0.05 g, 0.18 mmol), DIEA (4 mL), and
anhydrous THF (10 mL) was stirred at 60 °C for 7 days. After
evaporation of the solvents, the crude was dissolved in 10 mL
of dichloromethane and treated with an aqueous solution of
KCN (6 mg/mL, 5 mL) for 2 h. The two phases were
separated and the aqueous phase was washed with
dichloromethane (4 x 20 mL). The collected organic phases
were washed with water (4 x 20 mL), dried over Na2S0O4,
filtered, and concentrated affording a yellow solid that was
then suspended in diethyl ether, filtered, and washed with
plenty of ether to eliminate the remaining
triphenylphosphines. The resulting solid was,
chromatographed over silica gel using CH2CI2/MeOH
eluent to afford the pure product as a yellow solid (0.20
96%).

Method e

4-((4-ethynylphenyl)ethynyl)pyridine (15) (0.20
mmol), 3,8-dibromo-1,10-phenanthroline (5) (0.1
mmol), Cul (0.01 g, 0.05 mmol), Pd(PPhs)s
mmol), and anhydrous THF (15 mL) were heate
at 65 °C for 3 days. The resulting mixture was filter
solid washed with dichloromethane (40 mL). The com
organic phases were washed with water (4 x 15 mL), drie
over Na2S04, and concentrated under reduced pressure.
The resulting solid was chromatographied over silica g
using CH2CI2/MeOH as eluent (yellow golid, 0.06 g, 33%).

"H NMR (CDCls, 300 MHz): 5 9.3
(d, J=6 Hz, 4H), 8.41 (d, J=2.1 Hz, 2H),
8H), 7.41 (d, J=6 Hz, 4H).

MS (ES): miz (%) calcd
583.35 (100) [MH"].

ethanethioate, 12

A mixture of 1-(acetylt
1.20 mmol), Cul (0.023 g, 0.
0.06 mmol), DI 3 mL), and
argon for 10 i
diprotected
(0.272g, ca. 1.0 mm
dark. The reaction

(11) (0.33 g,
mol) PdCl,(PPhs3), (0.042 g,
(2 mL) was stirred under
mixture of mono and
yl)trimethylsilane 6
lor of the mixture into
ixture was refluxed for 3 days.
as added, and the organic phase
was W, 20 mL) and dried over Na,SOs,.
under reduced pressure and

purified by silica column

the resulting brown s
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chromatography (hexane/CH2CI2), affording the pure product
as a yellow solid (0.15 g, 43%).

"H NMR (300 MHz, CDCl): & 18 = 8.6 Hz, 2H), 7.45
(s, 4H), 7.40 (d, J = 8.6 Hz, 2H), 2.44 0.26 (s, 9H).

4-((4-((trimethylsilyl)ethynyl)phen ine, 13

4-Bromopyridine hyd
placed in a conical bottom
argon for 10 min Wijes

.36 g, 1.86 mmol) was
er Ar and stirred under
Cul (0.01 g, 0.04
. ). The color of
yellow. Addition of the
rimethylsilane 6 and the
nyl)benzene (0.33 g,

the mixture cha
mixture of ((4-e
diprotected 1,
ca.1.69 mmol o
of stirring CI2 were added to the
O4, and concentrated under
The resulting brown solid was purified by
tography (hexane/ diethyl ether, 8:2),
e solid (0.34 g, 74%).

"H NMR ( ; 2): 6 8.62 (d, J=6 Hz, 2H), 7.45 (s,
4H), 7.42 (d, J=6 Hz, 2H), 0.26 (s, 9H).

S-(4-(i4,vynylphenyl)ethynyl)phenyl) ethanethioate, 14

Comp®¥nd 12 (0.65 g, 1.87 mmol), THF (10 mL), acetic
hydride (0.35 mL, 3.74 mmol), acetic acid (0.22 mL, 3.74
ol), and tetrabutylammonium fluoride (2.1 mL of a 1.0 M
ion in THF) were stirred together under argon overnight.
methane (40 mL) was added and the organic phase
with water (4 x 20 mL) and dried over Na,SOs,.
Ivents were removed under reduced pressure to
afford the pure product as a yellow solid (0.50 g, 93%).

'H NMR (300 MHz, CDCI3): & 7.56 (d, J = 8.1 Hz, 2H),
49 (s, 4H), 7.41 (d, J = 8.1 Hz, 2H), 3.19 (s, 1H), 2.44 (s,

4-((4-ethynylphenyl)ethynyl)pyridine, 15

A solution of 13 (0.15 g, 0.54 mmol) in 25 mL of methanol
was stirred for 1 h with 0.10 g (0.76 mmol) of K,COs. Solvent
was removed and the resulting solid was uptaken in diethyl
ether (60 mL) and washed with brine (2 x 20 mL) and water
(2 x 20 mL). The organic solvent was evaporated affording
the pure product in quantitative yield (0.11 g, 0.54 mmol).

1H NMR (CDCI3, 300 MHz): & 8.62 (d, J=6 Hz, 2H), 7.50
(s, 4H), 7.42 (d, J=6 Hz, 2H), 3.21 (s, 1H).

MS (ES): m/z (%): calcd. for C15H10N: 204.08; found:
204.23 (100) [MH]".

General procedure for the preparation of the iridium
complexes

A mixture of [Ir(ppy)2Cl]z (0.05 mmol) and 1—4 (0.1 mmol)
was dissolved in a dichloromethane: methanol mixture (12
mL, 2:1 v/v) and heated under reflux for 24 h. Evaporation of
the solvents afforded a red solid which was redissolved in
dichloromethane. An excess of KPFs (1 mmol) was added,
and the residue was filtered in order to eliminate the
remaining inorganic salts. The resulting solution was
evaporated under reduced pressure and the solid was
purified by silica column chromatography (CH.Cl,/ MeOH 1%)
affording the pure products as a bright orange solids.

Ir1 (54%)
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'H NMR (300 MHz, CD,Cl,): 5 8.72 (d, J = 1.8 Hz, 2H), CONSOLIDER-INGENIO in Molecular Nanoscience), the
785772 (m 4Hi) 758 (o = 8.5 W, 41, 74T (0, = g Generaliat  Valencianayg ~(Prometeo/2012/053,

85 —-7.72 (m, 4H), 7. ,J=8.5Hz 4H), 7. ,J=8.
Hz, 4H), 7.40 (d, J = 7.5 Hz, 2H),7.15 (td, J = 7.5, 1.2 Hz, Prometeoll/2013/096 and ISIC- P, 1.V and S.T thank
2H), 7.02 (td, J= 7_5’ 1.2 HZ, 2H), 6.91 (td, J= 7_57 1.2 HZ, the MICINN for their predoctoral fello JdIC contracts.
2H), 6.40 (dd, J = 7.5, 1.2 Hz, 2H), 2.44 (s, 6H). J.A, 1.V and S.T also thank the E -PEOPLE-
MSCA-IF-

MS (ES): miz (%): calcd. for CssHasNalrO2Sz: 1029.19; 2012-1EF-329513, PCI

found: 1029.45 (100) [Ir(ppy)(1)]". HRMS (MALDI): m/z (%): 65746.5’ and 2-CIG-321739  grants

calcd. for CssH3sN4lrO2S;: 1029.19; found: 1028.98 (100) repectively..

Ir 1.

[Ir(pPy)(1)] Keywords Iridiu s + density
Elemental analysis (%) calcd. For IrCssFgH3sNsO2PS;: C, functional calcul i ups * molecular

55.24; H, 3.09; N, 4.77; S, 5.46; Found: C, 55.16; H, 3.10; N, . )

4.74: S, 5.49. junctions
Ir2 (35%)

'H NMR (300 MHz, CD.Cl,): 6 8.71 (d, J = 1.8 Hz, 2H),
8.39 (d, J = 1.8 Hz, 2H), 8.20 (s, 2H), 8.01 (d, J = 8.0 Hz, 2H),
7.85-7.72 (m, 4H), 7.60-7.53 (m, 12H), 7.47 — 7.38 (m, 6H), (2) Galperin, M. n, A. Phys. Chem. Chem. Phys. 2012,
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Figure S1. Normalized luminescence spectra at Aexe = 375 nm for ligands 14, in
dichlorometane at 300 K measured with a 50 ps delay (gray line), and complexes Ir1—
Ir4, in dichloromethane at 300 K (red line), and in ethanol glass at 77 K measured with

a 5 ps (solid blue line) and 50 ps (dotted blue line) delay.
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Table S1. Selected bond distances (in A) and bond angles (in deg.) calculated for Irl-

Ir4 in the singlet ground state (So) and in the lowest-energy triplet state (T1).

Irl Ir2 Ir3 Ir4
So T So T, So T So T
Ir—N; 2227 2222 2227 |2223 |2224 2.224 | 2.227 2.224
Ir—N» 2.085 |2.085 |2.085 |2.085 |2.085 2.086 | 2.085 2.085
Ir—C, 2.023 11.994 |2.023 1.994 |2.023 1.993 ]2.023 1.994
Ni—Ir-N; | 75.5 75.5 75.5 75.5 75.5 75.4 75.5 75.5
Ci—-Ir-N, | 80.0 80.9 80.0 80.9 80.0 80.9 80.0 80.9
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Figure S2. Schematic representation showing the electron-density contours (0.03 e
bohr) and the energy values (in [eV]) calculated for the highest occupied and lowest

unoccupied molecular orbitals of Ir2 and Ir4.
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