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Electronic structure of tris(2-phenylpyridine)iridium: electronically excited and ionized states
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(Received 20 February 2012; final version received 28 March 2012)

A computational study of tris(2-phenylpyridine)iridium, Ir(ppy)3, is presented. The perspective is that of using
organo-transition-metal complexes as phosphorescent species in light-emitting diodes (OLED’s). Quantum yields
approaching 100% are possible through a triplet harvesting mechanism. Complexes such as Ir(ppy)3 are
amenable to exacting experimental and theoretical studies: small enough to accommodate rigor, yet large enough
to support bulk phenomena in a range of host materials. The facial and meridional isomers differ by �220meV,
with fac-Ir(ppy)3 having the lower energy. Because fac-Ir(ppy)3 dominates in most environments, focus is on this
species. Time-dependent density functional theory using long-range-corrected functionals (BNL and !B97X) is
used to calculate excited states of Ir(ppy)3 and a few low energy states of IrðppyÞþ3 . The calculated T1 – S0 energy
gap (2.30 eV) is in reasonable agreement with the experimental value of 2.44 eV. Only a few percent of singlet
character in T1 is needed to explain so short a phosphorescence lifetime as 200 ns, because of the large 1LC S0
and 1MLCT S0 absorption cross-sections. Equilibrium geometries are calculated for S0, T1, and the lowest
cation state (D0), and several ionization energies are obtained: adiabatic (5.86 eV); vertical from the S0
equilibrium geometry (5.88 eV); and vertical ionization of T1 at its equilibrium geometry (5.87 eV). These agree
with a calculation by Hay (5.94 eV), and with the conservative experimental upper bound of 6.4 eV. Molecular
orbitals provide qualitative explanations. A calculated UV absorption spectrum, in which transitions are vertical
from the S0 equilibrium geometry, agrees with the room temperature experimental spectrum. This is consistent
with Franck–Condon factors dominated by D�i ¼ 0, as expected given the delocalized nature of the orbitals.
Ir(ppy)3 vibrational frequencies were calculated and used to estimate the probability density PðEvibÞ for 500K, i.e.
the temperature at which the experiments were carried out. In combination with the vibrational energy imparted
through 1LC S0 photoexcitation, it is seen that a large amount of vibrational energy appears in IrðppyÞþ3
without causing its fragmentation. Specifically, for h�� ET1

¼ 15,000 cm�1, the probability density for total
vibrational energy peaks at �31,000 cm�1 with a 7800 cm�1 width.

Keywords: ionization; TDDFT; long-range-corrected functionals; internal conversion; intersystem crossing;
phosphorescence; iridium complexes; spin-orbit coupling; OLED

1. Introduction

The use of organo-transition-metal complexes as
phosphorescent species in light-emitting diodes
(OLEDs) enables quantum yields approaching 100%
to be achieved through a mechanism referred to as
triplet harvesting [1–5]. In triplet harvesting, spin-orbit
coupling (SOC) enables electronic excitation that
originates with electron-hole recombination (i.e. both
singlet and triplet excitons) to relax non-radiatively to
the lowest triplet, T1. In turn, T1 undergoes T1! S0
phosphorescence with near 100% quantum efficiency.
This high quantum efficiency is also a consequence of
SOC [1–7]. Namely, SOC results in short enough
T1! S0 phosphorescence lifetimes to render T1 non-
radiative decay ineffective.

Such OLEDs offer great advantage over purely
organic counterparts, whose maximum quantum yield

is 25%, i.e. the singlet exciton fraction that results from

electron-hole recombination with a statistical distribu-

tion of spin states [1–7]. In other words, phosphores-

cence is not a viable means of obtaining photons in

organics because SOC is negligible, and consequently

triplet excitation is lost rather than harvested.
As the light-emitting ingredient in OLED devices,

organo-transition-metal complexes play a central role

in the rapidly evolving research area of display

technologies. With billions of euros at stake, motiva-

tion from the high-tech commercial sector has never

been higher. At the same time, these complexes are

amenable to exacting and symbiotic experimental and

theoretical studies. To wit, they are small enough to

accommodate rigor, yet large enough to support bulk

phenomena in a range of host materials. The OLED

systems that are based on organo-transition-metal
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complexes are both technologically important and
scientifically interesting, and their study benefits
from, and is well suited to, mix-and-match interdisci-
plinary approaches.

An overview of OLEDs as they relate to the
experiments and calculations carried out in our groups
is presented in the Introduction of the accompanying
(i.e. preceding) paper, hereafter referred to as Paper I
[8]. The reader is encouraged to read, at the very least,
the Introduction in Paper I, as none of this is repeated
below. In Paper I, several experimental results are
presented and discussed, and possible interpretations
are considered, in some cases enlisting comparisons
with the calculated results presented herein.

In the present paper, tris(2-phenylpyridine)iridium,
hereafter referred to as Ir(ppy)3, is examined using time
dependent density functional theory; details concern-
ing its use in the present study are given in the next
section. The goal is to obtain qualitative — and to the
extent possible quantitative — understanding of low-
lying singlets and triplets of Ir(ppy)3, and of low-lying
doublets of the cation IrðppyÞþ3 . This includes struc-
tural properties, spectral properties, molecular orbital
(MO) descriptions, and ionization energies. The latter
is germane to OLED devices because the ionization
energies and electron affinities (commonly referred to
as the HOMO and LUMO energies, respectively) of
the light-emitting molecules in the active layer need to
be matched to the energy levels of the electrodes.

There are two low-energy Ir(ppy)3 isomers: facial
and meridional, hereafter referred to as fac-Ir(ppy)3
and mer-Ir(ppy)3, respectively. As discussed later, the
energy difference between them is �1800 cm�1

(�220meV) [9,10], with the fac isomer the more
stable of the two. This is sufficient to rule out the
participation of mer-Ir(ppy)3 in most environments.
Consequently, though some calculations were carried
out on the mer-Ir(ppy)3 system, the main focus of the
present study is fac-Ir(ppy)3.

The work reported herein builds on and comple-
ments earlier theoretical studies [9–13], and it assists in
the interpretation of experimental results [14–17],
including, but not limited to, those presented in
Paper I. Organization of the paper is as follows.
Computational strategies and procedures are presented
and discussed in Section 2. This is followed (in
Section 3) by the results, and discussions of their
relevance to experimental data and practical applica-
tions. These results include: equilibrium structures;
vertical and adiabatic ionization energies; MO descrip-
tions obtained at the equilibrium structures of the
ground state (S0), lowest triplet (T1), and lowest
ionized state (D0); the ultraviolet absorption spectrum;
comparison to experimental T1 phosphorescence

parameters (T1–S0 energy gap, spontaneous emission

lifetimes, and Franck–Condon factors); and an inter-

esting point regarding the probability density for T1

vibrational energy following photoexcitation of gas-

eous Ir(ppy)3 at 500K, i.e. the temperature at which

the experiments presented in Paper I were carried out

[8]. The paper concludes with a brief summary.

2. Computational details

Two long-range-corrected (LRC) functionals were

used: !B97X and BNL [18–21]. Each treats the long-

range Coulomb interaction exactly (i.e. 100% Hartree–

Fock exchange), thus ensuring proper asymptotic

behavior and mitigating the notorious self-interaction

errors [22]. Specifically, these functionals reduce the
unphysical charge delocalization that is often observed

when using standard functionals such as B3LYP. They

also eliminate contamination of time dependent den-

sity functional theory (TDDFT) results by an artifi-

cially low-lying Rydberg manifold that converges to

the Koopmans ionization energy (IE), which is under-

estimated when using non-LRC functionals.
Our choice is based on the following consider-

ations. The !B97X functional has been carefully

parameterized and benchmarked [18,19]. It consis-

tently gives more accurate structures and standard

thermochemical quantities than, for example, B3LYP.

Thus, structures calculated using !B97X are taken as

our best estimates. The BNL functional has been
developed for excited states. Its range-separation

parameter ! is system-dependent, and it is chosen

such that the Koopmans IE is equal to the vertical

ionization energy (VIE), a condition that should be

satisfied for the exact exchange-correlation functional.

BNL performs well for excited and ionized states,

including ionization from lower orbitals [20,21]. Thus,
we expect its IE0s and excited state energies to be of

higher quality than the !B97X ones.
Structures of fac-Ir(ppy)3 and mer-Ir(ppy)3 in the

S0, T1, and D0 states were optimized using the !B97X
functional [18,19]. For the iridium atom, the lanl2dz

basis was employed, whereas 6–311Gþþ(d, p) was

used for all other atoms [23,24]. The range-separation
parameter ! in the BNL functional was optimized such

that the VIE that was computed using the energy

differences method (DSCF) matched the HOMO

energy (Koopmans IE) at the S0 equilibrium geometry.

This yielded !¼ 0.17 a�10 [18]. The default ! value for

BNL is 0.50 a�10 , and the ! value in !B97X is fixed at

0.3 a�10 [20,25,26] (as mentioned above, BNL ! values

are system specific).

1850 J. Fine et al.
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The IEs were calculated using Koopmans theorem,
which has been shown to yield accurate results for the
BNL functional, owing to its LRC character and a
system-specific choice of !. Moreover, the BNL
orbitals provide a reasonable representation of the
ionized state, which is not the case for B3LYP. The
shape of the hole in the ionized state can be verified by
calculating the spin density: �ð�Þ � �ð�Þ, for each MO.
This accounts for non-Koopmans character, i.e. orbital
relaxation. This analysis was carried out for D0 at
selected geometries.

Excited states were calculated at the S0 and T1

geometries using TDDFT with !B97X and BNL
functionals and lanl2dz and 6-311þG(d, p) bases. At
the S0 geometry, 50 singlet and 50 triplet states were
calculated using !B97X, spanning the energy range
2.86–6.31 eV. With BNL at the S0 geometry, 130
singlets and 130 triplets were calculated, spanning the
energy range 2.56–5.66 eV. With BNL at the T1

geometry, only the 10 lowest singlet and 10 lowest
triplet states were calculated.

The TDDFT excited state energies and oscillator
strengths were used to calculate absorption spectra.
Gaussian shaped spectral densities, giðEÞ, were
assigned to each of the transitions in a given theoretical
‘stick spectrum’. Specifically, the absorption spectrum
was simulated as a sum of Gaussian spectral densities,
giðEÞ, each having the same width parameter �:

giðEÞ ¼ fið2��
2Þ
�1=2 exp �

ðE� EiÞ
2

2�2

� �
ð1Þ

The factor fi is the oscillator strength of the electric
dipole transition from the S0 ground state to the ith
electronic state. Each Gaussian spectral density is
centred at its excited state energy, Ei. The width
parameter � is related to the full width at half
maximum (FWHM) of the Gaussian distribution

according to: FWHM¼ 2ð2 ln 2Þ1=2�¼ 2.35 �. All cal-
culations were carried out using the QChem electronic
structure package [27].

3. Results and discussion

In this section, the strategies and procedures described
in Section 2 are applied to calculations of properties of
Ir(ppy)3 and IrðppyÞþ3 . A number of technical details
and data sets that are omitted from the text for the
sake of brevity are included as electronically available
Supplementary Material (SM). Reference to the SM is
made whenever appropriate. Energies and frequencies
are given in wavenumbers (cm�1), with eV counter-
parts in parentheses. On occasion, kcalmol�1 is used,
i.e. when comparing to literature values given in these
units.

3.1. Equilibrium structures

The ground electronic state structures of fac-Ir(ppy)3
and mer-Ir(ppy)3 are indicated in Figure 1. As
discussed below, their energies differ by �1800 cm�1

(�220meV) with fac-Ir(ppy)3 the more stable of the
two. Table 1 lists selected bond lengths for fac-Ir(ppy)3
at its S0 and T1 equilibrium geometries, and for
IrðppyÞþ3 at the equilibrium geometry of the lowest
energy cation state, D0. Table 2 lists selected bond
lengths for the S0 and D0 equilibrium geometries of
mer-Ir(ppy)3. The z-matrices and relevant energies are
provided in the SM.

Referring to Table 1, the equilibrium bond lengths
of ground state fac-Ir(ppy)3 are compared with results
of x-ray diffraction measurements of fac-Ir(ppy)3
[28,29] and of its tolylpyridine analogue fac-Ir(tpy)3
[30], as well as with previous theoretical estimates
[10,11]. The T1 equilibrium structure is compared to

Figure 1. Ground electronic state structures and atom numbering for (a) fac-Ir(ppy)3 and (b) mer-Ir(ppy)3. H atoms are omitted.
Color scheme: green¼ Ir; blue¼N; gray ¼C. Tables 1 and 2 list geometrical parameters.

Molecular Physics 1851
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the calculations of Jansson et al. [11]. Referring to
Table 2, the calculated mer-Ir(ppy)3 structure is com-
pared with the crystallographic structure of its
tolylpyridine analog: mer-Ir(tpy)3 [17].

Variations in the experimentally determined bond
lengths arise, at least in part, because of different
experimental conditions. For example, the high pres-
sure crystallographic structure reported by Breu et al.
[29] showed that the fac-Ir(ppy)3 crystal has a racemic

unit cell (three D and three � complexes in the P�3 point
group). Thus, though isolated ground state
fac-Ir(ppy)3 molecules are of C3 symmetry, they can
develop different equilibrium bond lengths when
exposed to local environments.

Table 1 includes entries from one of the three data
sets reported in [29]. Specifically, the set chosen for
comparison with our calculated values is the one that
displays the largest differences with our values.
Differences in bond lengths among the data sets
reported in [29] are within 0.03 Å of one another.
Differences between all reported experimental values
are slightly larger, i.e. approximately 0.04 and 0.05 Å
for Ir�N and Ir�C bond lengths, respectively, but less
than 0.02 Å for all other bond lengths. All crystallo-
graphic structures are of similar quality, with a
reported bond length uncertainty 51%.

The fac-Ir(ppy)3 ground state structure was opti-
mized with no symmetry constraints. It deviates
slightly from C3 symmetry due to numerical thresholds
used in optimization, and the inability of Cartesian
integration grids to support groups like C3. Our
calculated structure is similar to the one reported by
Jansson et al. [11], and it is in reasonable agreement
with other theoretical values [10], despite the fact that
they were obtained at a lower level of theory. The
computed Ir�C and Ir�N bond lengths are closest to
the experimental values reported in [30]. The deviations
are 0.001 and 0.04 Å for Ir�C and Ir�N, respectively.
The NC and CC bond lengths are within 0.01 Å of the
values reported in [28], while deviations from the
values reported in [29] are about 0.03 Å.

Table 1. Bond lengths (Å) for S0, T1, and D0 states of Ir(ppy)3.

S0 (theory) S0 (expt) T1 (theory)
D0 (theory)

(a) (b) (c) (d) (e) (f) (a) (b) (a)

Ir–N2 2.168 2.153 2.167 2.088 2.071 2.132 2.196 2.176 2.148
Ir–N29 2.169 2.154 2.167 2.088 2.071 2.132 2.175 2.169 2.184
Ir–N42 2.165 2.151 2.167 2.088 2.071 2.132 2.139 2.116 2.213
Ir–C9 2.025 2.035 2.035 2.006 2.060 2.024 2.025 2.030 2.028
Ir–C22 2.023 2.035 2.035 2.006 2.060 2.024 2.036 2.048 1.975
Ir–C49 2.022 2.035 2.035 2.006 2.060 2.024 1.961 2.000 2.035
N2–C3,N29–C30 1.34 1.36 – 1.345 1.361 1.331 1.34 1.36 1.34, 1.34
N42–C43 1.34 1.36 – 1.345 1.361 1.331 1.33 1.36 1.34
N2–C7,N29–C28 1.35 1.38 – 1.358 1.385 1.371 1.35 1.38 1.355, 1.35
N42–C47 1.35 1.38 – 1.358 1.385 1.371 1.40 1.439 1.35
C9–C10,C22–C23 1.405 1.42 – 1.405 1.374 1.401 1.40 1.42 1.395, 1.41
C49–C50 1.405 1.42 – 1.405 1.374 1.401 1.41 1.42 1.40
C8–C9,C22–C27 1.415 1.44 – 1.423 1.396 1.409 1.41 1.43 1.41, 1.407
C48–C49 1.415 1.436 – 1.423 1.396 1.409 1.49 1.485 1.426
C7–C8,C27–C28 1.47 1.47 – – – 1.487 1.47 1.47 1.47, 1.476
C47–C48 1.47 1.467 – – – 1.487 1.40 1.419 1.473

(a) current work, (b) [11], (c) [10], (d) [28], (e) [29], (f) [30].

Table 2. Bond lengths (Å) for S0 and D0 mer-Ir(ppy)3.

S0 (theory) S0 (expt) D0 (theory)

(a) (b) (a)

Ir–N2 2.193 2.151 2.275
Ir–N22 2.079 2.044 2.083
Ir–N42 2.068 2.065 2.077
Ir–C9 2.101 2.086 2.094
Ir–C29 2.078 2.076 2.070
Ir–C49 2.006 2.020 1.973
N2–C3,N22–C23 1.34, 1.34 1.34, 1.34
N42–C43 1.34 1.34
N2–C7,N22–C27 1.35, 1.36 1.35, 1.354
N42–C47 1.355 1.353
C9–C10,C29–C30 1.404, 1.40 1.40, 1.394
C49–C50 1.404 1.404
C8–C9,C28–C29 1.414, 1.41 1.40, 1.406
C48–C49 1.413 1.42
C7–C8,C27–C28 1.48, 1.47 1.47, 1.47
C47–C48 1.464 1.47

(a) current work, (b) [17].

1852 J. Fine et al.
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Referring to Figure 2, ��2a and ��2b are components
of a doubly degenerate e orbital. Consequently, T1 and
D0 each exhibit Jahn-Teller distortion that breaks C3

symmetry. In T1, relative to the S0 values, two ligands
move away from the iridium atom and one is drawn
closer to the iridium atom. Specifically, the closer
ligand corresponds to Ir�C49 and Ir�N42 in our
calculations (see Figure 1 for numbering of atoms).
The D0 structure follows a similar pattern. The Ir�C22

and Ir�N2 bonds contract, whereas the other metal-
ligand bonds lengthen relative to their S0 values. An
interesting difference between T1 and D0 is that the
contracted bonds in D0 are not part of the same ligand.
These structural changes are consistent with the
MO shapes, as discussed later.

Calculations were also carried out for the
mer-Ir(ppy)3 isomer whose structure is indicated in
Figure 1(b). The results are summarized in Table 2.
When using !B97X and BNL, the mer isomer is
calculated to be less stable than the fac isomer by
280 and 220meV (2270 and 1760 cm�1, 6.5 and

5.0 kcalmol�1), respectively. These values are total elec-
tronic energy differences, DSCF. This is consistent with
previous theoretical [9,10] and experimental [17] results.

Despite the apparent similarity between the fac and
mer isomers seen in Figure 1, bonding is different. In
the mer isomer, the three nitrogen atoms lie in a plane
that contains the iridium atom (with two nitrogen
atoms lying on a straight N�Ir�N line), whereas in the
fac isomer the nitrogen atoms form an equilateral
triangle with the iridium atom out of the plane on the
C3 axis. This difference, in which the mer isomer is
obtained from the fac isomer by rotating a single
ligand 180� about its ffC�Ir�N bisection line, places
two phenyl groups, and consequently two pyridyl
groups, trans to one another.

As shown in Table 2, and referring to themer isomer
indicated in Figure 1(b), its trans Ir�C bonds (i.e.
Ir�C9 and Ir�C29) are longer than the Ir�C bonds in
fac-Ir(ppy)3, while the remaining mer Ir�C49 bond
length is nearly equal to the fac Ir�C bond length. Also
note that the remaining Ir�C49 bond has an environ-
ment that is similar to that of the fac Ir�C bonds, in the
sense that it is perpendicular to two Ir�N bonds
(i.e. Ir�N24 and Ir�N42). Thus, it is not surprising that
their lengths are similar. On the other hand, the trans
Ir�C bonds do not share the same environment as the
Ir�C bonds in the fac isomer, in the sense that they are
perpendicular to all three Ir�N bonds.

The extended Ir�C bond lengths are consistent
with the weaker structural trans-effect, often called the
trans influence [31,32], of a pyridyl group relative to a
phenyl group. A similar analysis of the mer Ir�N
bonds shows that the trans N�Ir�N bonds are
noticeably shorter than in the fac isomer. This is
again consistent with the weaker structural trans-effect
of the pyridyl group. Our predicted mer structure is in
reasonable agreement with the x-ray data for
mer-Ir(tpy)3, i.e. bond lengths are within 0.04 Å of
the experimental values [17].

In making comparisons to the experimental work
presented in Paper I, it is possible to rule out
significant participation of the mer-Ir(ppy)3 isomer.
Specifically, the energy gap between the fac and
mer isomers, say 220meV (i.e. the BNL value), is
large enough that at 500K the mer-Ir(ppy)3 population
is only expð�Emer=kTÞ ¼ expð�5:12Þ � 0:6% of that of
fac-Ir(ppy)3. Thus, hereafter only the fac-Ir(ppy)3
isomer will be considered.

3.2. Molecular orbitals

The molecular orbitals (MOs) of fac-Ir(ppy)3 that are
most relevant to the present study are shown in

Figure 2. Six highest occupied MOs and three lowest virtual
MOs for fac-Ir(ppy)3 at S0 geometry using BNL: Orbital
labeling follows Hay [10]. Energies of occupied orbitals
(Koopmans IE’s) are given in Table 3.

Molecular Physics 1853
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Figure 2, and the orbital energies (Koopmans IEs) for

the six highest energy occupied MOs are listed in

Table 3. As mentioned earlier, the use of an LRC

functional reduces artificial delocalization caused by

self-interaction error. Consequently, the LRC func-

tionals used here yield MOs that represent the char-

acter of the excited and ionized states better, for

example, than does B3LYP. In addition, the

Koopmans IEs with BNL are more reliable [33].
Referring to Figure 2, the three highest occupied

molecular orbitals at the S0 equilibrium geometry are

of mixed 5d –� character. They are labelled: d1a, d1b,

and d2, and they will also be referred to as HOMO-1,

HOMO-2, and HOMO, respectively. The d2 HOMO is

dominated by the iridium 5dz2 orbital, but with a �
contribution that arises almost entirely from the phenyl

groups. The d1a and d1b orbitals, which are compo-

nents of a doubly degenerate e orbital, consist of

combinations of d-orbitals, with a somewhat larger

contribution from the phenyl groups than in the case

of d2.
The three lowest energy MO’s in Figure 2 are

primarily of � character, with most of the electron

density residing on the phenyl groups. They have less

than 4% iridium character. The lowest energy virtual

orbitals are primarily of �� character in the pryidyl

group. These lowest virtual orbitals are of e and a

symmetries, with ��2a and ��2b being components of

a doubly degenerate e orbital. From the Jahn–Teller

theorem, single occupancy of e orbitals will lead to

symmetry lowering in excited and ionized states. This is

consistent with orbital localization in which the

HOMO becomes asymmetrically distributed among

the ligands. It is also consistent with the results

reported by Jansson et al. [11].
This above picture is consistent qualitatively with

previous findings [10–12]. However, relative to previ-

ous calculations, our orbitals are more localized, owing

to the use of LRC functionals. This was confirmed by a

shell population analysis of S0 (details are given in the

SM). Iridium comprised 58% of the HOMO character,

but only 48% of the HOMO-1 and HOMO-2

character.

The shape of the hole in the cation has been verified
by spin density calculations that account for non-
Koopmans character, i.e. orbital relaxation. The spin
density analysis is in qualitative agreement with a
Koopmans description of the electron hole (Figure 3).
A summary of Mulliken spin densities of the cation at
S0, T1, and D0 geometries is given in Table 4, and the
HOMOs from which an electron is removed are shown
in Figure 3. It is seen that structural relaxation causes
the amount of iridium character in the electron hole to
increase from 58% to 65%. The complete list of
Mulliken spin densities for all three geometries is
provided in the SM.

Referring to Figure 3(a) and Table 4, the HOMO at
the S0 geometry, and therefore the character of the
cation hole of S0, is the d2 orbital indicated in Figure 2.
(Note that the orbital shown in Figure 3(a) is identical
to the d2 orbital in Figure 2.) Therefore, the hole is
symmetric with the iridium atom hosting most of the
hole spin density. The remaining �35% is distributed
over the three phenyl groups. In each phenyl group (see
Figure 4), carbons C1, C2, and C3 account for most of
the spin density.

At the D0 and T1 equilibrium geometries, the
HOMO differs considerably from that of the S0
equilibrium geometry. First, the HOMO at the D0

equilibrium geometry has a large percentage of its
density on the phenyl group drawn closest to iridium.
It resembles the d1a orbital in Figure 2. Much of the
hole spin density in the cation resides on the carbons
C1, C2, and C3 indicated in Figure 4.

Now consider T1 at its equilibrium geometry. The
ligand closest to the iridium atom contains nearly all of
the ligand portions of the HOMO and LUMO that
describe T1, as indicated in Figure 5. Note that the
HOMO in Figure 5(d) is identical to the electron hole
wave function (at the T1 equilibrium geometry) in
Figure 3(b). In contrast to the D0 hole in Figure 3(c),
the T1 hole in Figure 3(b) has more amplitude over the
pyridyl group of the closest ligand. The pyridyl atoms
hosting most of the spin density are those labeled N42,
C44, and C46 in Figure 1(a).

Furthermore, because the character of the HOMO
changes from d2 at the S0 geometry to d1a at the D0 and
T1 geometries, the electronic character of the cation
ground state changes upon these displacements. In
other words, the d2 and d1a/d1b orbitals (and conse-
quently the respective diabatic states of the cation)
change their relative order. This is not surprising in
view of the small energy gap between them (0.19 eV) at
the S0 geometry.

The Koopmans IEs for the six highest-energy
occupied MOs are listed in Table 3. Due to small
deviations from C3 symmetry, the energies of

Table 3. Koopmans IEs (eV) for the six highest energy
occupied MO’s of fac-Ir(ppy)3.

MO BNL !B97X

d2 �5.87 �7.42
d1a, d1b �6.06 �7.49
�2a, �2b �7.15 �8.45
�1 �7.27 �8.59
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degenerate e orbitals are slightly different (50.01 eV),
so we report the average of the two values. As seen in
Table 3, the density of electronic states in the cation is
rather high, i.e. there are 6 cation states in the range:
5.87–7.27 eV. The difference between the BNL and
!B97X values is due to different values of !. Based on
the previous benchmarks and reported VIE values, the
BNL results are expected to be more reliable.

Adiabatic and vertical IEs calculated as a total
energy difference are presented in Table 5 for S0 and

T1 geometries. The small difference between the BNL
VIE and AIE values (�0.02 eV) for S0 and T1 suggests
that structural relaxation caused by the removal of a
single electron is small, possibly because of the
delocalized character of the orbitals. The use of
!B97X results in a larger difference between VIE and

Figure 3. Shapes of the electron hole wave functions obtained from Koopmans analyses for cations at the (a) S0, (b) T1, and
(c) D0 equilibrium geometries.

Figure 4. Ir(ppy) corresponding to Table 4: for the T1

equilibrium geometry, C1, C2, and C3 correspond to carbons
labeled 48, 52, and 50 in Figure 1(a) [see also Figure 3(b)].
For the D0 equilibrium geometry C1, C2, and C3 correspond
to carbons labelled 23, 25, and 27 in Figure 1(a) [see also
Figure 3(c)].

Table 4. BNL percent spin density for fac-Ir(ppy)3 at the S0,
T1, and D0 equilibrium geometries. For T1 and D0, only the
main contributions are listed.

Mulliken spin density of hole

Ir C1 C2 C3

S0 67 �4a �4a �4a

T1 58 12 11 6
D0 61 10 13 10

aFor S0 there are 3 identical sets of carbon atoms (C1, C2,
C3), so the listed percentages (�4) need to be multiplied by
3 to account for the 9 main participating carbon atoms.
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AIE than BNL for both S0 and T1 (0.09 eV for S0 and
0.46 eV for T1).

The only previously reported theoretical estimate of
the VIE from S0 is 5.94 eV [10], while the only previously
reported experimental value is an indirect inference of
7.2 eV [16]. Our experimental study (Paper I) provides
a conservative VIE upper bound of 6.4 eV [8]. Both
BNL and !B97X values (5.87 and 6.42 eV, respectively)
agree with this experimentally derived upper bound.
However, the BNL value is the more accurate estimate
for the reasons given in Section 2.

3.3. Ultraviolet absorption spectrum

Figure 6 shows experimental and calculated ultraviolet
absorption spectra. All excited state energies and

oscillator strengths were evaluated at the ground
state equilibrium geometry. As discussed in Section 2,
BNL gives the most reliable excited states. Therefore, it
is the BNL spectrum that is compared to the exper-
imental spectrum.

Although !B97X yielded good values for ground
state equilibrium structures (Figure 1, Tables 1 and 2),
it is inferior insofar as excited states are concerned, e.g.
see the comparison in the inset in Figure 6. The !B97X
spectrum was computed using the first 50 singlets,
whereas for the BNL spectrum, 130 singlets were
necessary to achieve convergence. Selected BNL exci-
tation energies are given in Tables 6 and 7. A complete
list of the calculated excited states and oscillator
strengths that were used to construct the theoretical
spectra is given in the SM.

Referring to Equation (1), a width parameter of
�¼ 0.185 eV (corresponding to Gaussian FWHM of
0.43 eV) was obtained from a least-squares fit of the
BNL spectrum to the experimental spectrum. No
attempt was made to calculate absolute intensities.
Thus, the vertical axis in Figure 6 is not labelled. The
BNL curve was scaled such that its maximum is the
same height as the maximum of the experimental
spectrum. These calculations do not include contribu-
tions from triplets due to SOC. The low-energy part of

Figure 5. Orbitals giving rise to T1 excitation (HOMO and LUMO of S0): left and right columns correspond, respectively, to
S0 and T1 equilibrium geometries.

Table 5. Vertical and adiabatic IEs (eV) for fac-Ir(ppy)3
from S0 and T1 states at their equilibrium geometries.

BNL !B97X

VIE AIE VIE AIE

S0 5.87 5.86 6.42 6.33
T1 3.40 3.38 3.98 3.52

1856 J. Fine et al.
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Figure 6. Ultraviolet absorption spectra of fac-Ir(ppy)3. The calculated spectrum (red) was obtained from the stick spectrum by
assigning to each stick a Gaussian FWHM of 0.43 eV. The experimental spectrum (black) was recorded at room temperature in
dichloromethane. Peak and shoulder positions (vertical arrows) are in eV. All stick heights have been increased by the same
constant factor for viewing convenience, and curve height has been adjusted such that the maximum absorptions are equal. The
low-energy, low-intensity wing due to T1  S0 (2.56 eV) is absent in the calculated spectrum because SOC was not included.
Inset: the BNL (red) and !B97X (blue) spectra differ considerably, the latter being far out of registry with the experimental
spectrum.

Table 6. Orbital character and leading amplitude for the four lowest energy triplet states at the S0 and T1

equilibrium geometries: Energies are relative to that of S0 at its equilibrium geometry.

S0 geometry T1 geometry

State Energy Leading character Amplitude Energy Leading character Amplitude

T1 2.56 d2 ! ��1 0.89 2.30 d2 ! ��1 0.87

T2 2.61 d2 ! ��2a 0.59 2.74 d1a ! ��1 0.71

d2 ! ��2b �0.54

T3 2.62 d2 ! ��2a 0.59 2.78 d2 ! ��2b 0.47

d2 ! ��2b 0.53 d1b ! ��1 0.46

d2 ! ��2a �0.46

T4 2.83 d2 ! ��2a 0.67 2.82 d2 ! ��2b 0.51

Table 7. Orbital character and leading amplitude for the three lowest energy singlet excited states at the
S0 and T1 equilibrium geometries. Energies are relative to that of S0 at its equilibrium geometry.

S0 geometry T1 geometry

State Energy Character Amplitude Energy Character Amplitude

S1 2.69 d2 ! ��1 0.94 2.62 d2 ! ��1 0.95

S2 2.80 d2 ! ��2a 0.90 2.91 d2 ! ��2a 0.82

S3 2.81 d1b ! ��2a 0.90 2.96 d2 ! ��2b 0.84
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the experimental spectrum has been assigned to singlet-

triplet transitions [15], where it is understood that the

‘triplets’ contain modest amounts of singlet character.

The shoulder at 2.56 eV in the experimental spectrum is

the same as our T1 value (Table 6). Note that T2 and

T3, though close in energy to T1 at the S0 equilibrium

geometry, are much higher in energy than T1 at the T1

equilibrium geometry (Figure 7).
The two intense bands at energies higher than 4 eV

have been assigned to ligand-centred transitions

(1LC S0). The broad absorbance below 4 eV is due

primarily to spin-allowed transitions that terminate on

metal-to-ligand charge transfer states (1MLCT). The

shoulder at 2.56 eV in the experimental spectrum is

attributed to 3MLCT by analogy with organic com-

pounds. These assignments are qualitative because

configuration interaction and spin-orbit coupling

result in mixed state character [13].
The label MLCT is correct in the sense that metal-

to-ligand electron transfer dominates. However, orbi-

tal analyses show that, in addition, a significant

amount of charge is transferred from the phenyl to

the pyridyl groups. Intra-ligand charge transfer also

participates in ligand-centered transitions that involve

asymmetric orbitals, e.g., ��2a d1a.
The BNL and experimental spectra are in agree-

ment in terms of locations of maxima and overall

shape. The !B97X spectrum (Figure 6, inset) is

blue-shifted by almost 1 eV, and relative intensities of
the three major bands match the experimental spec-
trum significantly less well. It is clearly of inferior
quality and will not be considered further insofar as
excited states are concerned. In assigning line shapes,
the same FWHM (0.43 eV) was used for each transi-
tion. The high density of electronic states gives rise to
broad bands. Because of the delocalized nature of the
orbitals involved in the transitions, it is expected that
the Franck–Condon factors are near diagonal, i.e.
D�i¼ 0. Thus, transitions were taken as vertical from
the S0 equilibrium geometry, i.e. the nuclear degrees of
freedom are treated classically. It would be unreason-
able to expect a better match between experiment and
theory.

At the T1 equilibrium geometry, the 10 lowest
singlets and 10 lowest triplets were calculated. Figure 7
and Tables 6 and 7 compare energies of excited states
at the S0 and T1 equilibrium geometries. There are
significant changes in the excited states between the
S0 and T1 equilibrium geometries. For example, singlet
and triplet potential surfaces cross (Figure 7).

3.4. Phosphorescence from T1

Phosphorescence originates from T1 vibrational levels,
and in condensed phases it is assumed that vibrational
relaxation takes place rapidly on the phosphorescence
timescale. In other words, it is assumed, and rightly so,
that the T1 vibrational level populations are in thermal
equilibrium during phosphorescence. Though the
lowest frequency Ir(ppy)3 vibrational modes most
likely couple well to the host, the picture of intramo-
lecular vibrations remains nonetheless useful.

According to our calculations, at its equilibrium
geometry the electronic energy of T1 is 0.44 eV less
than that of the next highest triplet, T2, whose energy is
0.04 eV below that of T3 and 0.08 eV below that of T4.
From the right hand column in Figure 7, one might
consider subtracting 0.17 eV from 2.30 eV to obtain a
T1! S0 emission origin of 2.13 eV. However, Yersin
and coworkers have demonstrated, through detailed
experimental studies carried out at temperatures as low
as 1.5K and with external magnetic fields as high as 12
Tesla, that the energy of the T1! S0 origin is 2.44 eV,
and that this value depends little on the detailed nature
of the host material [15].

Of course, the calculations do not include zero-
point energy whereas the experiments do. More
importantly, it is not the case that a calculation of
the vertical electronic energy difference at the T1

equilibrium geometry corresponds to the phosphores-
cence origin. The Ir(ppy)3 molecule has 177 vibrational

Figure 7. The first six BNL excited states at S0 and T1

geometries (in eV). Note that the adiabatic ionization energy
(AIE) is 5.86 eV.
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degrees of freedom, so an even-handed apportionment

of 0.17 eV over these degrees of freedom results in each

oscillator acquiring, on average, only 7.7 cm�1. Also, if

one calculates the average magnitude of the differences

between the S0 and T1 equilibrium bond lengths listed

in Table 1, this yields just 0.018 Å. Moreover, of the

21 bond lengths listed in Table 1, three of the

differences are a bit larger than the rest: Ir�C49,
C48�C49, and C47�C48. For the remaining 18, the

average magnitude of the difference between the S0 and

T1 equilibrium bond lengths is only 0.0088 Å. Thus,

most of the bond lengths differ little in going between

S0 and T1 equilibrium geometries.
The picture this presents is one in which Franck–

Condon factors for transitions that originate from the
T1 zero-point level are dominated by (0, 0) contribu-

tions. Thus, the origin observed by Yersin and cow-

orkers corresponds to our calculation of the energy of

T1 at its equilibrium geometry (2.30 eV) minus the

energy of S0 at its equilibrium geometry (0.00 eV). This

agrees with the experimental value of 2.44 eV. Again,

the calculations do not include vibrational zero-point
energy nor do they include spin-orbit interaction,

which results in additional shifts [10]. Note that the

zero-field splitting of the three T1 sublevels examined

by Yersin and coworkers are minuscule on the energy

scale of Figure 8, e.g. 19,693, 19,712, and 19,863 cm�1

in dichloromethane [15]. It is concluded that the

theoretical and experimental values of the phospho-
rescence origin are in quite reasonable agreement.

3.5. Vibrational energy distribution

As mentioned earlier, at 500K a significant amount of

energy is present in the 177 vibrational degrees of

freedom of ground electronic state gas phase Ir(ppy)3.

This energy is of course above and beyond the zero-
point energy. The probability density for this ‘thermal’

vibrational energy, Evib, shall be referred to as PðEvibÞ.

The molecule’s rotational energy, whose average value

at 500K is 520 cm�1, shall be left aside. It is modest

relative to Evib, and for the most part it is unavailable

in gas phase intramolecular processes because of

angular momentum conservation.
In addition, radiationless decay transforms 1LC

electronic excitation to T1 electronic excitation, with

mere vestiges of 1LC and 1MLCT electronic character

distributed throughout the T1 vibronic levels. Thus, the

amount of vibrational energy imparted to T1 via
1LC S0 photoexcitation is approximately equal to

h�� ET1
(see Figure 8), where ET1

is the T1 electronic

energy. This energy is taken to be approximately

19,700 cm�1, as the sublevel energies are 19,693,
19,712, and 19,863 cm�1 in dichloromethane [15].

Adding h�� ET1
to the vibrational energy due to

500K thermal equilibrium, Evib, gives the total amount
of T1 vibrational energy. Once again, it is assumed that
this is transformed essentially intact to vibrational
excitation of the IrðppyÞþ3 cation. However, whereas
h�� ET1

is simply a number, the vibrational energy
due to 500K thermal equilibrium is distributed
according to PðEvibÞ, and it is important to have at
least a qualitative picture of how PðEvibÞ varies with
Evib. For example, this variation gives the spread of
vibrational energies carried over to the cation.

The main idea is illustrated schematically in
Figure 8. Figure 8(a) indicates how 1LC S0 photo-
excitation transfers vibrational energy from S0 to

1LC,
which in turn undergoes rapid radiationless decay
(horizontal red arrow). In other words, a given S0
molecule has a probability density PðEvibÞ for being
found in a small energy range centered at Evib.
Therefore photoexcitation maps PðEvibÞ to essentially
the same probability density in 1LC, which in turn
transfers it to T1, as indicated in Figure 8.

Pursuant to the above, a calculation of the 177
normal mode frequencies of Ir(ppy)3 was carried out

Figure 8. (a) Photoexcitation transports populated S0 vibra-
tional levels to 1LC, which undergoes radiationless decay on
a subpicosecond timescale, resulting ultimately in T1 elec-
tronic excitation. This maps PðEvibÞ to T1 with additional T1

vibrational energy given by h�� ET1
, as indicated in (b) and

in Figure 9.
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using B3LYP with lanl2dz and 6–31þG* at the

optimized geometry. The level of electronic structure

theory used in this calculation is adequate, as the goal

is a qualitative understanding of the shape of PðEvibÞ

versus Evib. It is worth noting that PðEvibÞ is not a

strong function of vibrational frequency values, as

discussed below and illustrated in Figure 9.
Carrying out calculations at the S0 equilibrium

geometry given in Table 1 resulted in five small-

curvature saddle points, which are likely to be artifacts

of numerical integration on a grid. When calculating

density of states, the imaginary frequencies associated

with these saddle points were replaced ad hoc with real

frequencies of the same magnitudes: 45.7, 45.5, 31.6,

15.6, and 12.7 cm�1. As long as these frequencies are

significantly smaller than kT, the calculated PðEvibÞ

probability density is insensitive to their values. For

example, increasing or decreasing these five frequencies

by a factor of two causes the shapes of curves such as

those in Figure 9 to change by no more than the

thickness of the traces. Likewise, horizontal displace-

ments are small, e.g. decreasing these five frequencies

by a factor of two shifts the peak by þ25 cm�1, which

is minuscule on the scale of Figure 9. All of the

frequencies are given in the SM.
With the vibrational frequencies in hand, the

vibrational density of states �ðEvibÞ was calculated by

using the MultiWell Program Suite, specifically, the
Densum program, which employs the Beyer–Swinehart

algorithm for harmonic oscillators [34–37]. This �ðEvibÞ

was then multiplied by e�Evib=kT (with T¼ 500K) to

obtain PðEvibÞ:

PðEvibÞ ¼ Z�1�ðEvibÞe
�Evib=kT ð2Þ

where Z is the partition function. Plots of PðEvibÞ are
given in Figure 9.

Figure 9 illustrates the fact that altering the

frequencies by a modest amount has a modest affect
on the total T1 vibrational energy. Specifically, com-

bining PðEvibÞ and h�� ET1
gives the probability

density for vibrational energy within T1 following
1LC S0 photoexcitation (Figure 8). Referring to
Figure 9, for an assumed value of h�� ET1

¼

15,000 cm�1, the total T1 vibrational energy peaks at
�31,000 cm�1 with a FWHM of �7800 cm�1. From

the plots in Figure 9, it follows that the main

Figure 9. The red curve is a plot of Equation (2) with T ¼ 500K; see text for details. Following photoexcitation, the total
vibrational energy in T1 is given by h�� ET1

þ Evib: The probability density for Evib is PðEvibÞ, and h�� ET1
¼ 15, 000 cm�1 is

chosen as a representative value. When all frequencies are changed by 	10%, the PðEvibÞ plots change accordingly (blue and
black curves). However, the main qualitative feature is preserved. Namely, a considerable amount of T1 vibrational energy is
distributed with a FWHM that is modest relative to the energy of maximum PðEvibÞ, e.g. 7800 versus 31,000 cm�1, respectively,
for the red curve.
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(qualitative) result would not change were a higher
level of theory enlisted.

On the one hand, the use of a 500K sample results
in vibrational energy that we would rather were not
present. On the other hand, the amount of vibra-
tional energy imparted via photoexcitation is consid-
erable and inevitable in experiments with gaseous
Ir(ppy)3.

4. Summary

Electronic structure theory has been used to examine a
number of excited singlet and triplet states of Ir(ppy)3
and a few low-lying states of IrðppyÞþ3 . Specifically,
time-dependent density functional theory (TDDFT)
calculations were carried out using long-range-cor-
rected (LRC) !B97X and BNL functionals. There is
good agreement with several previous experimental
and theoretical results [9–15,17], as well as with the
experimental results presented in Paper I. The main
conclusions are listed below.

. Yersin and coworkers have carried out
detailed experimental studies of T1! S0
phosphorescence [15]. They report a 2.44 eV
electronic origin and phosphorescence life-
times of 0.2, 6.4, and 116 ms for the T1

sublevels in dichloromethane [15]. The present
calculations yield 2.30 eV, in agreement with
the 2.44 eV experimental value. It was pointed
out in Paper I that just a few percent of
1LC/1MLCT character is sufficient to recon-
cile the short phosphorescence lifetime of
0.2ms because of the large oscillator strengths
of the singlet–singlet transitions: 1LC S0
and 1MLCT S0. This degree of singlet–
triplet mixing is in qualitative agreement with
calculations of Nozaki that include SOC [13].

. The 1LC S0 transition is accompanied by
rapid radiationless decay of 1LC, resulting
ultimately in population of the phosphores-
cent state, T1. The number of electronically
excited states having energy less than or equal
to the photon energy is larger than the trio of
states (1LC, 1MLCT, and T1) used in phe-
nomenological models aimed at reconciling
experimental results. In addition, potential
surfaces cross, e.g. as seen in going between
the S0 and T1 equilibrium geometries
(Figure 7).

. A calculation of the ultraviolet absorption
spectrum was carried out using 130 excited
singlets obtained with the BNL functional.
Oscillator strengths were calculated for

vertical excitation from the S0 equilibrium
geometry. The resulting stick spectrum was
assigned a Gaussian shape with FWHM of
3470 cm�1 (0.43 eV) for each transition. This
calculated spectrum is in agreement with the
experimental room temperature absorption
spectrum. This agreement is consistent with
Franck–Condon factors dominated by
D�i ¼ 0, as expected for the delocalized
nature of the orbitals involved.

. The calculated adiabatic and vertical (S0 and
T1 equilibrium geometries) ionization energies
are 5.86, 5.87, and 5.88 eV, respectively. These
values agree with the calculated result of
5.94 eV reported by Hay [10], as well as with
the conservative experimental upper bound of
6.4 eV reported in Paper I. It is concluded that
the ionization energy is in the vicinity of 6 eV.
This low ionization energy is advantageous for
OLED applications.

. The probability density for finding a gas phase
Ir(ppy)3 molecule with ‘thermal’ vibrational
energy Evib at temperature T is: PðEvibÞ ¼

Z�1�ðEvibÞ expð�Evib=kTÞ, where Z is the par-
tition function. This can be combined with the
vibrational energy imparted through photoex-
citation, h�� ET1

, to obtain the probability
density as a function of total vibrational
energy. In rough terms, for 500K this prob-
ability density peaks at �31,000 cm�1

(3.84 eV) with a FWHM spread of
�7800 cm�1 (0.97 eV) (Figure 9). It is inter-
esting that, despite this large amount of
vibrational energy, 2-photon ionization is
dominated by the parent cation IrðppyÞþ3 ,
with no discernible fragmentation over a
significant frequency range [8].

. Qualitative understanding of the photophysics
of this system is assisted greatly by the MO’s
obtained at the S0, T1, and D0 equilibrium
geometries.
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