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An investigation of the photophysics of Ir(III) complexes with

controlled ligand structures and our quantum chemical calcula-

tions attest that the most probable explanation for the reported

‘aggregation-induced phosphorescent emission’, which was ori-

ginally claimed to be related to an intermolecular excimer, is

restricted intramolecular motion.

Phosphorescent cyclometalated Ir(III) complexes are of increasing

interest due to their promising electroluminescence applications.

In a recent communication in this journal, Zhao et al. reported the

enhanced phosphorescence phenomena in the solid state, so-called

‘aggregation-induced phosphorescent emission’, of heteroleptic

Ir(III) complexes.1 The complexes, Ir(ppy)2(DBM) and

Ir(ppy)2(SB) (See Scheme 1), exhibit high contrast on (solid

state)/off (solution state) phosphorescence behavior. Since such

responsive optical modulation could be very useful in active

sensors,2 it is particularly important to understand the underlying

mechanism of this phenomenon. Based on their crystal structure

analysis, triplet state determination for the ancillary ligands in

Gd(III) complexes, and density functional theory (DFT) calcula-

tions, Zhao et al. concluded that the mechanism of enhanced

phosphorescence in the solid state is related to excimeric interac-

tions between the cyclometalating ligands (ppy) of adjacent

complexes.

In our series of studies of phosphorescent Ir(III) complexes

with chromophoric ancillary ligands,3 we have independently

developed heteroleptic Ir(III) complexes that exhibit very similar

phosphorescence behavior. However, our observations indicate

that the enhanced phosphorescence in the solid state (EPSS)

originates from restricted intramolecular relaxation rather than

from intermolecular excimer states as proposed by Zhao et al. In

this communication, we demonstrate phosphorescence modula-

tion for four different Ir(III) complexes for various media and

temperatures. The systematic variation of the structures of the

complexes enabled us to investigate the origin of their EPSS

behavior. Based on our time-dependent (TD)-DFT and

unrestricted single-excitation configuration interaction (UCIS)

calculations as well as photophysical data, we conclude that

the restricted rotational motion of the N-aryl moiety is

responsible for the EPSS, which is very similar to that found in

the aggregation-induced emission (AIE) of siloles.4

The chemical structures of the complexes investigated in this

report are shown in Scheme 1. Note the following variations in the

ligands used in this series: cyclometalating ligands, 2-(2,4-difluoro-

phenyl)pyridine (dfppy, 1 and 2) and 2-phenylpyridine (ppy, 3 and

4); and imine-based ancillary ligands, 2-(phenyliminomethyl)-

phenol (pip, 1 and 3) and 2-((fluoranthen-3-ylimino)methyl)-

phenol (fip, 2 and 4). The ligand structures are nearly identical

to the complex synthesized by Zhao et al. (see the caption to

Scheme 1). All the complexes exhibit very high contrast EPSS

(Fsolid/Fsolution 4 102). If the cyclometalating ligand’s excimeric

states of 1 and 2 (or 3 and 4) are responsible for their EPSS, the

phosphorescence lmax of 1 and 2 (or 3 and 4) should be identical.

However, our observation is that 2 and 4 exhibit solid state

phosphorescence that is bathochromically shifted with respect to

that of 1 and 3 respectively, as summarized in Table 1. Since the

oxidation potentials of 1 and 2 (or 3 and 4) are nearly identical, we

deduce that the observed EPSS color change is directly related to

the chemical structure of the ancillary ligand. In other words,

because the ordering of the electrochemical bandgaps (and the

optical bandgaps, see the ESI for the absorption spectraw) of the
Scheme 1 Structures of the Ir(III) complexes and their phosphores-
cence in solution (CH2Cl2, Ar-saturated) and neat film states.
Ir(ppy)2(DBM): R1 = H, DBM = 1,3-diphenyl-1,3-propanedione;
Ir(ppy)2(SB): R

1 = H, R2 = 1-naphthyl.1

Table 1 Photophysical and electrochemical data of the Ir(III)
complexes

PL lmax/nm Fsolid
a Fsolution

b Eox/V
c Ered/V

c

1 563 0.53 0.0020 1.06 —d

2 596 0.24 0.0013 1.07 �1.53
3 581 0.20 0.0011 0.90 —d

4 604 0.18 0.0019 0.88 �1.56
a Absolute PLQY. b Quinine sulfate reference. c Relative to Ag/Ag+.
d Not observable up to �1.6 V.
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complexes is the same as that of their phosphorescence peak

energies (2 o 1, 4 o 3, Table 1), we suggest that the phosphor-

escent state involved in the EPSS in each case is constructed from

the ancillary ligand’s LUMO but not from the cyclometalating

ligand’s excimeric (LL) orbital.

It has been reported that luminescence efficiency greatly

increases in the solid state due to special molecular arrangements

such as J-5 or cross-stacking.6 In order to determine whether the

observed EPSS behavior stems from such ground state interac-

tions in the solid state, we compared the absorption and phos-

phorescence spectra obtained for the solution and neat film states.

The spectra of 1 are displayed in Fig. 1 (see SI 1 in ESIw for the

spectra of 2–4). The absorption spectrum of the neat film contains

an apparent ancillary ligand-related transition (B400 nm) as well

as a cyclometalating ligand-centered transition (o280 nm), and so

is virtually identical to that of the solution, with highly enhanced

phosphorescence recorded for the neat and doped films. We

conclude that ground state interactions such as J- or cross-

aggregation are not responsible for the observed EPSS behavior.

We also investigated the properties of polymer films with

various complex doping ratios (Fig. 2). We found that the shapes

of the absorption spectra of the doped PMMA films do not vary

despite the large variation in doping conditions (up to 80 wt%).

Similarly, there are no significant changes in the phosphorescence

spectra,z which were weighted according to the absorbance of the

excitation wavelength (345 nm). Most importantly, the observa-

tion that a 1 wt% PMMA film exhibits EPSS indicates that its

origin is not an excimeric or aggregated state.

More convincing evidence for the origin of the EPSS is

presented in Fig. 3. When we froze an initially non-phosphores-

cent fluid CHCl3 solution (10 mM) containing 1, bright yellow

phosphorescence was observed. The variation of the phosphores-

cence intensity of the frozen solution with temperatures

(80–240 K) is shown in Fig. 3(a): there is a very abrupt decrease

in phosphorescence intensity near the melting point of the CHCl3
solvent. This behavior is reversible and is also reproduced in other

solvents (t-BuOH, DMF, THF, and CH2Cl2).

Moreover, a similar temperature dependence is observed

for polymer films (poly(methyl methacrylate) (PMMA, Mn

B 120000), poly(butyl methacrylate) (PBMA, Mw E 337000)

and poly(styrene) (PS,Mw E 230000)) doped with 1 (2 wt%). As

shown in Fig. 3(b), the phosphorescence intensities of the doped

polymer films decrease as the temperature increases. An important

finding is that the slopes of plots of phosphorescence intensity vs.

temperature for the polymer films change at certain critical

temperatures, but below the critical temperatures, the slopes are

virtually identical to that of the neat film of 1 i.e., the control

sample (solid line).y Initially, the phosphorescence intensities

decrease along the solid line shown. However, the curves start

to deviate from this line and their slopes become steeper than that

of the solid line. It should be noted that the critical temperature in

each case is very close to Tg of the polymer (PBMA = 15 1C, PS

= 94 1C, PMMA = 114 1C). We also found a similar two-state

change in the phosphorescence lifetime of 1 (PMMA film, 2 wt%,

SI 6w), with a critical temperature that again is similar to Tg of the

polymer. It should be noted that, in these temperature variation

experiments, a dilute concentration was used that precludes any

ground state or excited state interchromophoric interactions. The

above results show that the EPSS phenomenon is associated with

restricted freedom of intramolecular motions, which is known to

produce enhanced fluorescence of organic compounds7 or

thermally induced phosphorescence deactivation of porphyrins8

and Rh(III) complexes.9

As many other Ir(III) complexes containing dfppy and ppy

cyclometalating ligands do not exhibit high contrast EPSS, it is

evident that the imine-based ancillary ligands (SB1, pip and fip)

Fig. 1 Absorption and phosphorescence spectra of 1 in solution (Ar-

saturated), neat film (spin-coated), and doped polymer film states (2

wt%, spin-coated). The absorption spectra of the films were vertically

adjusted to show the similarity of their spectral shapes.

Fig. 2 Absorption (a, normalized at 355 nm) and phosphorescence (b)

spectra of PMMA films doped with 1–80 wt% of 1. The fluctuations in

the two absorption spectra near 400 nm are due to the instrumental

detection limits. The raw absorption spectra are shown in the inset of (a).

Fig. 3 Plots of the phosphorescence intensity of 1 in solution (a, CHCl3
solution, 10 mM) and film states (b, neat or polymer films (2 wt%)) as a

function of temperature. The arrows indicate the melting point of the

solvent orTg of the polymers. Refer to the ESI for the spectra and photos.w
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are responsible. Particularly, we consider that a rotation around

the N–aryl ring bond of the ancillary ligands could be a rational

origin.4 In the crystal structure of 1 (Fig. 4z), the dihedral angle
(C7–N1–C8–C9) is 681. In contrast, the optimized triplet state

geometry (UCIS/lanl2dz) of 1 has a dihedral angle of 441, which

indicates that the initially twisted conformation is susceptible to

rotation toward planarization. In addition, the potential energy

surface for dihedral angle change (Fig. 5, 0–1801) obtained with

TD-DFT (b3lyp/6-31g**:lanl2dz) calculations provides convin-

cing evidence that (1) there is a state-crossing near 651, which is

very close to the dihedral angle of the crystal, and (2) bond

rotation around the N–aryl ring only has a small energy barrier

(B0.72 kcal mol�1) for the state-crossing. Since the bond rotation

strongly affects the orbital distribution of the LUMO (SI 8w), we
propose that the thermally activated bond rotation

(C7–N1–C8–C9) perturbs the nature of the phosphorescent state,

which subsequently results in non-phosphorescent decay. In other

words, the restricted intramolecular motion in the ancillary ligand

suppresses a non-radiative channel in the solid state and results in

EPSS. A similar explanation has been reported for a homoleptic

Ir(III) complex with pyridyl azolate cyclometalating ligands that

exhibits temperature-dependent dual phosphorescence.10 In that

report, the dual phosphorescence was discussed in the light of

a thermally induced switch from a phosphorescent state to a

relatively weakly phosphorescent state. In addition, very rich

photophysics is known for imine compounds such as our ancillary

ligands, some of which have been reported to exhibit saliently

enhanced fluorescence in the solid state.11

In summary, the enhanced phosphorescence in the solid state

(EPSS) of heteroleptic Ir(III) complexes (1–4) with imine-based

ancillary ligands has been investigated. Our TD-DFT and UCIS

calculations as well as photophysical data indicate that the EPSS

phenomena stem from restricted intramolecular motion.
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Fig. 4 Perspective views of 1 and 2 crystals with 50% probability

thermal ellipsoids. Hydrogen atoms are omitted for clarity. The

dihedral angles (C7–N1–C8–C9) are 67.91 (1) and 66.61 (2).

Fig. 5 The potential energy surface for 1 for N–phenyl ring bond (see

inset structure) rotation (TD-DFT, b3lyp/6-31g**:lanl2dz). The inset

curve provides a magnified view for 45–801. Refer to SI 7 for the

involved MOs of the triplet states.w
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