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ABSTRACT: Fundamental insights into the mechanism of triplet- Q T DFT
excited-state interligand energy transfer dynamics and the origin of dual NN N e
emission for phosphorescent iridium(IIl) complexes are presented. R AL —s 7~ I\r'/N N u

The complexes [Ir(C"N),(N*N)]* (HC"N = 2-phenylpyridine (la— J‘\NNj:? -
c), 2-(2,4-difluorophenyl)pyridine (2a—c), 1-benzyl-4-phenyl-1,2,3- | () Bn

triazole (3a—c); N”N = 1-benzyl-4-(pyrid-2-yl)-1,2,3-triazole (pytz, 0 3/

a), 1-benzyl-4-(pyrimidin-2-yl)-1,2,3-triazole (pymtz, b), 1-benzyl-4- t=126ps ot Y LeeT
(pyrazin-2-yl)-1,2,3-triazole (pyztz, c)) are phosphorescent in room- °LC == sLeT He \ e

temperature fluid solutions from triplet metal-to-ligand charge transfer g
(®MLCT) states admixed with either ligand-centered (°LC) (1a, 2a, ™"
and 2b) or ligand-to-ligand charge transfer (*LL'CT) character (1¢, 2c,

and 3a—c). Particularly striking is the observation that pyrimidine- SN o RN T
based complex 1b exhibits dual emission from both *MLCT/?>LC and

SMLCT/*LL'CT states. At 77 K, the *MLCT/>LL'CT component is

lost from the photoluminescence spectra of 1b, with emission exclusively arising from its *"MLCT /°LC state, while for 2¢ switching
from *MLCT/?>LL'CT- to *MLCT/?LC-based emission is observed. Femtosecond transient absorption data reveal distinct spectral
signatures characteristic of the population of "MLCT/?LC states for 1a, 2a, and 2b which persist throughout the 3 ns time frame of
the experiment. These *MLCT/’LC state signatures are apparent in the transient absorption spectra for lc and 2c immediately
following photoexcitation but rapidly evolve to yield spectral profiles characteristic of their ‘"MLCT/*LL/CT states. Transient data
for 1b reveals intermediate behavior: the spectral features of the initially populated *MLCT/?LC state also undergo rapid evolution,
although to a lesser extent than that observed for 1c and 2c, behavior assigned to the equilibration of the *MLCT/’LC and
SMLCT/?LL'CT states. Density functional theory (DFT) calculations enabled minima to be optimized for both *MLCT/*LC and
MLCT/*LL'CT states of la—c and 2a—c. Indeed, two distinct *MLCT/*LC minima were optimized for la, 1b, 2a, and 2b
distinguished by upon which of the two C”N ligands the excited electron resides. The *MLCT/*LC and *MLCT/*LL'CT states for
1b are very close in energy, in excellent agreement with experimental data demonstrating dual emission. Calculated vibrationally
resolved emission spectra (VRES) for the complexes are in excellent agreement with experimental data, with the overlay of spectral
maxima arising from emission from the SMLCT/?LC and 3MLCT/3LL'CT states of 1b convincingly reproducing the observed
experimental spectral features. Analysis of the optimized excited-state geometries enable the key structural differences between the
*MLCT/’LC and *MLCT/?LL'CT states of the complexes to be identified and quantified. The calculation of interconversion
pathways between triplet excited states provides for the first time a through-space mechanism for a photoinduced interligand energy
transfer process. Furthermore, examination of structural changes between the possible emitting triplet excited states reveals the key
bond vibrations that mediate energy transfer between these states. This work therefore provides for the first time detailed
mechanistic insights into the fundamental photophysical processes of this important class of complexes.

B INTRODUCTION

Cyclometalated iridium(III) complexes based on the arche- Received: October 11, 2019
typal complexes [Ir(ppy);] and [Ir(ppy),(bpy)]* (ppyH = 2-
phenylpyridine; bpy = 2,2'-bipyridyl) form one of the
cornerstones of modern transition metal photochemistry.
Typified by their efficient phosphorescence,l’2 structural
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modification of the ligands yields luminescence with perceived
color tunability throughout the visible spectrum leading to
extensive investigations for the application of these complexes
in phosphorescent organic light-emitting diode (PhOLED)’
and light-emitting electrochemical cell (LEC) devices," as
luminescent biological probes for confocal microscopy’ ™ and
as luminescent sensors.'”'* The properties of their triplet
excited states also lend themselves to applications in
photodynamic therapy'>~'" and as sensitizers in photo-
catalysis.'* >

For heteroleptic complexes with the general structure
[Ir(C"N),(N"N)]*, phosphorescence can derive from excited
states localized on either the neutral ancillary N*N ligand or
the anionic cyclometalated C*N ligands.”> The highest
occupied molecular orbital (HOMO) for these cationic
heteroleptic complexes typically has contributions from an Ir
d-orbital as well as from the z-system of the aryl rings of the
C"N ligands, while the lowest unoccupied molecular orbital
(LUMO) has primarily z*-character localized on the ancillary
N”N ligand. Thus, the observed emission from these
complexes generally derives from triplet metal-to-ligand charge
transfer (*MLCT) states admixed with ligand-to-ligand charge
transfer (ancillary-based, *LL'CT) or alternatively ligand-
centered (°LC) state character through population of higher
lying vacant C"N-based orbitals. The nature of the emitting
state can typically be inferred from the band shape, with broad
featureless emission bands observed for *MLCT/*LL'CT state
phosphorescence while structured emission bands exhibitin%
vibronic progressions result from MLCT/’LC states.””””
Upon photoexcitation, the complex [Ir(ppy),(bpy)]* exhibits
a broad featureless emission band that derives from a
*MLCT/’LL'CT state of HOMO — LUMO character. For
the fluorinated complex [Ir(dfppy),(bpy)]* (dfppyH = 2-(2,4-
difluorophenyl)pyridine), the room-temperature emission
spectrum is of similar SMLCT/?LL'CT character; however,
the spectrum at 77 K becomes highly structured, indicative of a
change from *MLCT/’LL'CT- to *MLCT/’LC-derived
luminescence upon cooling. Ultrafast transient absorption”®
and emission upconversion”” data for these and related
complexes reveal an initially populated *MLCT/’LC state
followed by population transfer to the *MLCT/?LL'CT state
occurring on a picosecond time scale after photoexcitation.
Replacement of the bpy ancillary N*N ligand by pytz (4-
(pyrid-2-yl)-1,2,3-triazole) in the complexes [Ir(ppy),(pytz)]*
and [Ir(dfppy),(pytz)]" results in *MLCT/’LC-based emis-
sion in room-temperature solutions™ despite the LUMO in
each case still being localized on the N”N ligand, albeit being
heavily destabilized with respect to those of their bpy-
containing anallogues.g’1 Thus, the nature of the N*N and
C”N ligands and their influence on the topology of the triplet-
excited-state potential energy surface leads to fundamental
differences in the excited-state dynamics and the resultant
steady-state emission character. Despite the clear importance
of this class of compound and the mass of data collected in
recent years, the exact structure/property relationships that
determine the ultimate emitting state or define the reaction
coordinate for the observed energy transfer between excited
states remain unclear.

For this contribution, we set out to formulate a series of
complexes through which a comprehensive spectroscopic and
computational density functional theory investigation would
enable fundamental additional insights into the excited-state
dynamics of cyclometalated iridium(III) complexes to be

obtained. The series of complexes depicted in Figure 1 was
designed around a three-pronged strategy to yield effective and
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Figure 1. Structures of complexes la—c, 2a—c, and 3a—c.

selective tuning of different excited states and the ground state
as outlined below:

(i) First, variation of the ancillary N*N ligand will enable
selective tuning of the energy of the SMLCT/?LL'CT
state with an anticipated minimal impact on the C"N-
based *MLCT/’LC state. While the known complexes
(e(ppy)a(pyt2)]” (1a) and [Ir(dfppy)s(pyte)]” (2a)
exhibit MLCT/3LC-based emission " despite possess-
ing a pytz m*-based LUMO, ancillary ligands such as
2,2'-bipyrazine are known to be more electron with-
drawing and have a lower energy LUMO than bpy which
will promote *LL'CT-based emission. We therefore
designed analogous ancillary ligands to pytz (a)
containing progressively more electron withdrawing
pyrimidine (pymtz, b) and pyrazine (pyztz, ¢) rings in
place of pyridine. We were confident that this would
then achieve efficient tuning of the LUMO of their
resultant complexes, enabling a deliberate spanning of
*MLCT/’LC and *MLCT/’LL'CT emission regimes.
Three series of complexes were then envisaged based on
these three triazole-based ancillary ligands with addi-
tional variation in the C"N ligands. The minimal
structural variation for the largely isostructural com-
plexes within each of the three sets thereby removes
potential interpretative complications in our photo-
physical results.

(ii) Fluorination of the aryl rings of the C"N ligands (as in
the dfppy-based complexes 2a—c) stabilizes the HOMO
leading to an apparent destabilization of emissive excited
states compared to analogous ppy-based complexes
(1la—c) and consequential blue-shifted luminescence. In
addition, the two potential emissive states of different
character (*MLCT/’LC and *MLCT/3LL'CT) are
anticipated to be perturbed to differing degrees, leading
to an intended subtle tuning on relative excited-state
energies between ppy- and dfppy-containing series.

(ili) The third set of complexes 3a—c incorporate phenyl-
triazole-based (ptz) C"N ligands with replacement of
the ppy pyridine ring in 1la—c by a 1,2,3-triazole moiety.
Since the triazole-based unoccupied orbitals will be
significantly destabilized with respect to those for ppy-
based pyridine moieties, complexes 3a—c were designed
in order to destabilize the SMLCT/3LC states relative to
the SMLCT/3LL'CT state, enabling the

https://dx.doi.org/10.1021/acs.inorgchem.9b03003
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.9b03003?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Figure 2. Molecular structures of complexes 2b (a) and 2c (b). Thermal ellipsoids are shown at 50% probability with hydrogen atoms,
cocrystallized solvent molecules, and hexafluorophosphate counterions removed for clarity. Bond lengths (A) and angles (deg): 2b: Ir(1)—N(1) =
2.046(3), Ir(1)—C(1) = 2.008(3), Ir(1)—N(2) = 2.043(3), Ir(1)—C(12) = 1.999(4), Ir(1)—N(3) = 2.159(3), Ir(1)—N(4) = 2.137(3), N(1)—
Ir(1)—C(1) = 80.42, N(2)—1Ir(1)—C(12) = 80.59, N(3)—Ir(1)—N(4) = 76.14, N(1)-Ir(1)—-N(2) = 170.99, C(1)—Ir(1)-N(3) = 176.41, N(4)—
Ir(1)—C(12) = 170.88 (CCDC 1953486). 2¢c: Ir(1)—N(1) = 2.159(3), Ir(1)—N(2) = 2.125(3), Ir(1)—N(6) = 2.055(3), Ir(1)—C(11) = 2.006(4),
Ir(1)—N(7) = 2.046(3), Ir(1)—C(22) = 2.004(4), N(1)—-Ir(1)—N(2) = 76.41, N(6)—Ir(1)—C(11) = 80.27, N(7)—Ir(1)—C(22) = 80.33, N(1)—
Ir(1)—C(11) = 174.45, N(2)—-Ir(1)—C(22) = 17145, N(6)—Ir(1)—N(7) = 173.25 (CCDC 1953487).

SMLCT/3LL'CT state to be studied in isolation, at least
in fluid solution.>***

Kasha’s rule states that emission from a luminophore will
occur from the lowest lying excited state of a given spin
multiplicity. However, through careful tuning of the relative
energies of the SMLCT/?LL'CT and 3MLCT/3LC states such
that they are, or are approximately isoenergetic, dual emission
character will be possible. Importantly, we show here that
through this strategy room temperature dual emission from
both *MLCT-based states has indeed been realized. In an
attempt to understand, and later to identify some criteria
favoring dual emission and processes underpinning interligand
energy transfer, we first examined the ground-state molecular
orbital diagrams, which brought some interesting insights
especially in the LUMO—LUMO+2 region. Further informa-
tion was provided by optimizing the lowest triplet excited
states where close examination of their geometries revealed
subtle differences. Depending on the ligand set, one, two or
three distinct and potentially emissive excited-state minima
were identified for the complexes, and their vibrationally
resolved emission spectra were modeled, in perfect agreement
with experimental emission energies and bandshapes. The
minimum energy paths connecting the *MLCT/’LC and
SMLCT/?LL'CT states were also computed for selected
complexes. The absence of gradual orbital mixing and metal-
mediated electronic communication along these paths leads us
to discuss on the mechanism for triplet—triplet state
interconversion in these systems. Key vibrations were
subsequently searched for, and identified, that favor the
transfer from the initially populated *MLCT/’LC state to the
MLCT/’LL'CT state. Altogether, the complete set of
experimental and theoretical data allows us to propose a full
rationalization of room temperature and low temperature

emission data, as well as some insights into the factors that
favor dual emission (subtle geometry changes and promoting
vibrational modes).

B RESULTS AND DISCUSSION

Synthesis and Characterization. The new ligands pymtz
and pyztz were prepared through copper(I)-catalyzed alkyne—
azide cycloaddition of benzyl azide and the corresponding 2-
ethynyl-substituted azine (synthetic descriptions, NMR and
mass spectral characterization data for pymtz and pyztz ligands
are provided in Figures S1—S4). Complexes la—c, 2a—c, and
3a—c were prepared via existing protocols from the
corresponding chloro-bridged Ir(III) dimers. Briefly, [{Ir-
(ppy)oClh,], [{Ir(dfppy),Cl},] or [{Ir(ptz),Cl},] was com-
bined with 2 equiv of the appropriate triazole-containing ligand
in refluxing CHCI;/MeOH, after which treatment with
aqueous NH,PF, yielded the target complexes as their
yellow-colored hexafluorophosphate salts (see Figures SS—
S25 showing the NMR and mass spectral characterization of
the complexes).

Crystals of X-ray diffraction quality were obtained for 2b and
2¢ with the molecular structure of the cations being shown in
Figure 2. 2b crystallizes in the P-1 space group, exhibiting
N(1)—Ir(1)—C(1) and N(2)—Ir(I)—C(12) chelate angles of
80.42° and 80.59° for the two cyclometalated ligands
respectively, resulting in a distorted octahedral coordination
environment. The bite angle with the triazole-pyrimidine
ligand is smaller, with N(3)—Ir(1)—N(4) measured at 76.14°.
The bond lengths between the iridium center and the
cyclometalated carbon atoms are typical for complexes of
this type (Ir(1)—C(1) = 2.008 A, Ir(1)—C(12) = 1.999 A),
being slightly shorter than those to the pyridyl nitrogen atom
on the same ligand (Ir(1)—N(1) = 2.046 A, Ir(1)-N(2) =
2.043 A). By comparison, the triazole-pyrimidine ligand shows
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Figure 3. Cyclic voltammograms recorded for 1.6 mmol dm™ MeCN solutions of 1la—3c at r.t. at 100 mV s™". Solutions contained 0.2 mol dm™
NBu,PF, as supporting electrolyte. Potentials are shown against the Fc*/Fc couple.

longer nitrogen—metal bond lengths, with Ir(1)—N(3) and
Ir(1)—N(4) being 2.159 and 2.137 A respectively. The torsion
angle between the planes of the pyrimidine and triazole rings is
8.9°, illustrating that the two coordinated heterocycles remain
almost coplanar as in the structure of the free ligand, Figure
$26). The complex 2c crystallizes in the P21/c space group
along with one molecule of diisopropylether per iridium
center. The structure is largely comparable to that of 2b, with
the triazole-pyrazine ligand having a chelate angle N(1)—
Ir(1)—N(2) of 76.41°. The bond length between the metal
center and the pyrazinyl nitrogen atom is identical to that
observed in the pyrimidine analogue (Ir(1)—N(1) = 2.159 A),
while the bond length to the triazole moiety is marginally
reduced in 2¢ (Ir(1)—N(2) = 2.125 A).

Electrochemical Characterization. Cyclic voltammo-
grams recorded for all Ir(III) complexes la—3c are shown in
Figure 3 with summarized electrochemical data presented in
Table 1. Complexes la—c exhibit one irreversible oxidation
process in the region of +0.98 V which remains unperturbed
with variation of the ancillary ligand. This electrochemical
behavior is similar to that observed for several other ppy-

Table 1. Summarized Electrochemical Data for 1.6 mmol
dm™3 MeCN Solutions of 1a—3c Measured at r.t. at 100 mV

s714
complex oxidation/V reduction/V
la +0.96 —-2.18
1b +0.98 —-1.95
1c +0.99 —1.70 (80)
2a +1.25 —-2.10
2b +1.29 —1.88
2c +1.31 —1.62 (69), —2.20
3a +0.96 —2.27
3b +0.99 —-2.07
3¢ +0.99 —1.76 (118)

“Potentials are shown in V vs Fc*/Fc. For reversible couples E, ), is
quoted, with the anodic-cathodic peak separation shown in mV within
brackets (AE,, for Fc*/Fc was typically 75 mV).

containing Ir(III) complexes and is attributed to removal of an
electron from the highest occupied molecular orbital
(HOMO) which is largely localized over the cyclometalated
phenyl rings and the Ir center. This assignment is further
supported by the observed anodic shift in oxidation potential
to approximately +1.25 V upon inclusion of electron-
withdrawing fluorine substituents on the phenyl rings in 2a-
2¢, consistent with a decrease in electron density and
subsequent stabilization of the HOMO. The oxidation
potential recorded for 3a—c, featuring cyclometalated phenyl-
triazole ligands, reverts to approximately +0.98 V, being
comparable to that measured for la—c and indicating a largely
iridium-cyclometalate-based process, seemingly unperturbed
by the exchange of the N-donor fragment of the C"N ligand.
Complex 1a displays one quasi-reversible reduction process
with a peak potential of —2.18 V assigned to reduction of the
pyridine moiety within the pyridyl-triazole ligand. The
reduction process measured for 1b is shifted by 230 mV to
more positive potential and is found to be irreversible,
consistent with a pyrimidine-based reduction. By contrast
reduction of the pyrazine moiety in 1c is represented by the
fully reversible redox couple observed at —1.70 V, further
shifted to more positive potential relative to that of 1b. Further
reduction processes associated with the cyclometalating ligands
were not observed for these complexes within the available
solvent window. Directly analogous reduction behavior is
observed for the series 2a—c and 3a—c, although with
marginally more anodic potentials noted for 2a-2c, likely due
to the more electron deficient metal center (vide supra)
withdrawing electron density from the ancillary ligand. In
summary, variation in the energy of the LUMO within these
complexes can be readily achieved through careful choice of
the heterocycle within the triazole-containing ancillary ligand,
with the incorporation of a pyrazine fragment resulting in a
significant decrease in the HOMO—LUMO energy gap.
Photophysical Properties: Absorption Spectra. All
complexes la—3c display UV—visible absorption spectra in
acetonitrile solutions typical for biscyclometalated iridium (I11)
complexes (Figure 4a). Summarized photophysical data are
provided in Table 2. Intense bands higher in energy than 300

https://dx.doi.org/10.1021/acs.inorgchem.9b03003
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03003/suppl_file/ic9b03003_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03003/suppl_file/ic9b03003_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.9b03003?ref=pdf

Inorg

anic Chemistry

a)
60000

50000

1cm-t

40000

30000

20000

¢/ dm?mol

10000

220

60000

50000 4

£/ dm3mol'cm

10000

60000
50000
40000
& 30000
B20000

10000

40000

30000

20000 -

4000

2000

450

—1a

1c

270 320 370 420

Wavelength/nm

470

2000

1000

400 450

220 270 320 370 420 470

Wavelength/nm

1500

220 270 320 370 420

Wavelength/ nm

470

500

520

550

520

—3a
—3b

520

570

570

pubs.acs.org/IC Article
b) c)
1.0 1.0
—_— >
Sos - §08 —1b
20. 1c £
E = 1c
c c
] Qo6
206 -
4 8
2 £
Woy Wo4
° °
& g
Eo2 g02
s S
2 2
0.0 = 0.0
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700
Wavelength/ nm Wavelength/nm
1.0 1.0 q
> —2a > —2a
[ B 2b
2 —2b 2 —
Sos Sos 2
£ 2 £ c
s s
206 Sos
@ K}
£ £
Wo4 Wog4
° °
& &
go02 g0.2
S S
z z
0.0 0.0 —
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700
Wavelength/nm Wavelength/nm
1.0
1.0 _3a —3a
—3b
0.8 3b 0.8
3c 3c

o
o

o
IS

o
)

Normalized Emission Intensity

o
o

N

g
o

°
S

=)

Normalized Emission Intensity
o

I
=3
=3

450 500 550 600

Wavelength/nm

650 700 750

°

o
IS
S
S}

450 500 550 600

Wavelength/ nm

650 700

Figure 4. (a) UV—visible electronic absorption spectra recorded for MeCN solutions of 1a—3c. (b) Emission spectra for 1a—3c in aerated MeCN
solution at r.t. (c) Low-temperature (77 K) emission spectra recorded for la—3c in a glass (4:1 EtOH/MeOH).

Table 2. Summarized Photophysical Data for 1la—3c

la

1b

1c

2a

2b

2c

3a

3b

3c

Aqps/nm”
410, 381, 339, 313, 287, 266

408, 380, 335, 300, 261
463, 405, 376, 334, 302, 264

380, 362, 302

380, 362, 311

418, 381, 35S, 312, 298

384, 329, 304, 283
384, 329, 305

430, 332, 304

R.T.
77 K4
R.T.
77 K¢
RT.
77 K4
R.T.
77 K4

77 K4
R.T.

77 K4
RT.
77 K4
RT.
77 K4
RT.
77 K4

aerated degassed k(10%) /st k,.(107)/s7
Aem/nm? 7/ns” D)% 7/ns” /%> air® (degassed)b air® (degassed)b
475, 506, 540 (sh) 58 09 2107 34.1 1.55 (1.61) 1.70 (0.031)
469, 504, $32°
474, 514, 547 45 12 292 6.4 2.66 (2.19) 2.19 (0.32)
468, 503, 531°
644" 62 14 175 42 225 (2.40) 1.59 (0.54)
467, 535
452, 480, 511(sh)® 143 12 1850 23.9 0.84 (1.29) 0.69 (0.041)
446, 478, 502°
450, 479, 513(sh)* 70 0.6 ;;i S?Z:; 1.0 0.85 (0.89) 1.42 (0.88)
447, 479, 504°
570% 104 (52%) 32 1317 38.8 2.48 (2.94) 0.75 (0.046)
129 (48%)

445, 477, 502°
508" 21 0.7 38 1.6 3.33 (421) 4.72 (2.59)
439
544" 48 L5 648 18.7 3.12 (2.88) 2.05 (0.12)
466
626" 83 19 341 7.7 229 (225) 1.18 (0.27)
520

“Aerated MeCN. bDegassed MeCN. “Relative to [Ru(bpy);][PFs], ® = 0.018 in aerated MeCN.>* “4:1 EtOH/MeOH glass. “Major vibrational
progressions. FAo. = 400 nm. $1,, = 390 nm. "4, = 385 nm.

nm are assigned as deriving primarily from ligand-centered &
— #* transitions with those lower in energy than 300 nm
arising from excitations to singlet metal-to-ligand charge

transfer ('"MLCT) states, with the weak low energy tail to
these absorption bands attributed to direct spin-forbidden
transitions to triplet metal-to-ligand charge transfer (*MLCT)
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states. The ppy-based complexes la—c exhibit the lowest
energy absorption profiles, with those of the ptz-based
complexes 3a—c showing the highest energy absorption
profiles. Within each series the absorption profiles of the
pyrazine-based complexes (c) are subtly red-shifted compared
with those containing pyridyl- (a) and pyrimidinyl- (b)
triazole-based analogues.

Photophysical Properties: Emission Spectra. All
complexes are emissive and spectra for each were recorded
in room temperature MeCN solutions and at 77 K in ethanol/
methanol glass matrices (Figure 4b-c and Table 2). The
combination of the effect of the change in both cyclometalated
and ancillary ligands in these complexes gives rise to significant
tuning of emission color as can be seen from the CIE 1931
chromaticity coordinates depicted in Figure S, ranging from
the sky blue for 2a to the red/orange for 1c.

0.9

520

0.8

620

7049

470
0. 460
0.0 0.1

05 06 07 08

Figure S. Commission Internationale de I’Eclairage 1931 (CIE)
coordinates derived from room-temperature solution-state emission
spectra of complexes 1la—3c in acetonitrile.

The 77 K and room temperature emission spectra for the
phenyltriazole-based complexes 3a—c all show broad feature-
less emission bands, as expected and indicative of
SMLCT/?LL'CT-based emitting state character. The higher
energy of the triazole-based unoccupied molecular orbitals
associated with the ptz ligands in 3a—c compared to the
pyridine-based unoccupied orbitals associated with the ppy
ligands in la—c ensures that the SMLCT/?LC states of the
former are heavily destabilized. This will favor population of
the SMLCT/?LL'CT states for 3a—c, whose energies can be
considered to be somewhat independent of the N-donor
moiety of the cyclometalated ligands providing convenient
comparisons to la—c. The emission spectra undergo a red-shift
in the energetic ordering pytz > pymtz > pyztz (a > b > ¢),
both at RT and 77 K, in agreement with the progressively
stabilized LUMO evident from electrochemical data. These
bands show a significant rigidochromic blue-shift when
recorded for glass matrices at 77 K compared to their room-
temperature spectra in acetonitrile.

Interestingly, the photoluminescence characteristics for lc
and 2c are different from those of la, 2a and 2b and show
different temperature dependence to each other; the room
temperature spectra of the former pair in acetonitrile feature
broad and unstructured emission bands indicative of
SMLCT/3LL'CT character, while 1a, 2a and 2b all exhibit
bands with vibronic progressions characteristic of "MLCT/?LC
emitting states. The emission bands for 2a and 2b are near
superimposable demonstrating emission from the same state
which is independent of the ancillary N"N ligand. The
emission profiles of 2a/b and 2c relative to those of 1a and 1c,
respectively, are blue-shifted due the stabilization of the
HOMO in the dfppy series compared to those ppy-containing
complexes due to the electron-withdrawing fluorine substitu-
ents, again in agreement with electrochemical and optical
absorption data.

Complex 1b displays a unique and highly intriguing emission
behavior. The room temperature emission spectrum recorded
for an acetonitrile solution appears to show an emission profile
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Figure 6. Normalized solvent-dependent emission spectra for 1b at room temperature.
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Figure 7. Variable-temperature emission spectra recorded for la—2c in 2-Me-THF (m.p. = 137 K). Plots show selected emission profiles at

increasing temperature intervals starting from 100 K.

exhibiting both (i) vibronic progressions on the high energy
side and (ii) a broad envelope on the low energy side (Figure
4b). It is should be noted that (i) coincide with SMLCT/3LC
progressions in the spectrum for 1a, while (ii) coincides with
the maximum for the emission band of 3b, indicating that this
latter component to the photoluminescence spectrum
originates from emission from a SMLCT/3LL'CT state.
Further, excitation spectra recorded at several wavelengths
across the spectrum are near identical (Figure S27), all of
which closely match the electronic absorption profile,
indicative of a unique emitting species. We therefore ascribe
the emission profile for 1b as arising from dual emission from
both *MLCT/*LL'CT and *MLCT/?LC states. In agreement
with the assignment of dual emission from 1b, the emission

profile exhibits solvent dependent variation on the relative
intensities of the *MLCT/’LC and *MLCT’/?LL'CT-based
features (Figure 6). The higher energy *MLCT/LC
progressions are readily apparent in 2-methyltetrahydrofuran,
acetonitrile and acetone solutions but are weaker yet still
observable in dichloromethane and in 4:1 ethanol/methanol.
The lower energy dominant SMLCT/?LL’'CT-based emission
feature is observed to red-shift in this latter solvent system
relative to that observed in acetonitrile. This is tentatively
assigned as arising from hydrogen bonding between the solvent
and the noncoordinated N atom of the pyrimidine ring.

As is commonly observed for biscyclometalated arylpyridine-
type complexes,33 the low temperature emission spectra of 1a,
2a and 2b exhibit much sharper vibronic progressions for the
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MLCT/’LC emitting state. Interestingly, while a broad
featureless emission band indicative of *MLCT/?LL'CT-
derived luminescence is maintained as the dominant feature
in the emission spectrum of 1c at 77 K, the emission profile of
2c is almost identical to those of 2a and 2b indicating
switching in the nature of the emissive state to SMLCT/’LC
character at low temperature. For 1b the low energy envelope
assigned to *MLCT/’LL'CT emission at room temperature is
absent at 77 K with the emission profile being almost identical
to the *"MLCT/*LC-based emission profile for 1a, indicating a
turning off of dual emission in the low temperature rigid
matrix.

Close examination of the 77 K emission spectrum of 1lc
reveals a small peak on the high energy side of the emission
profile (467 nm), which is almost coincident with the highest
energy U,_,, progression observed for 1a (469 nm), indicating
an additional *MLCT/*LC-based minor contribution to the
observed emission for this complex. Small sharp features can
also be observed superimposed on the emission band for 3a at
77 K whose position is invariant with excitation wavelength
and are also tentatively assigned to vibronic progressions of the
SMLCT/’LC state. It should be noted that similar sharply
resolved *MLCT/’LC state progressions are observed in the
77 K emission spectrum of the related complex [Ir(ptz*)-
(ptz™) (pytz*)]* (where ptz*'H and ptz™*H = I-adamantyl-
and 1-methyl-4-phenyl-1,2,3-triazole respectively and pytz*® =
1-adamantyl-4-(pyrid-2-yl)-1,2,3-triazole) and the fluorinated
analogue [Ir(dfptz),(pytz)]* (dfptz = 4-(2,4-difluorophenyl)-
1,2,3-triazole)) rather than broad MLCT/3LL’'CT emission as
previously reported by De Cola and co-workers.>**® Thus, at
low temperature 1c and 3a show dual-emission behavior.

Several examples of dual emissive iridium(III) complexes are
known,”™* e.g. molecular dyad complexes appended with
fluorophores in which the two chromophores are electronically
insulated from each other and thus act with photophysical
independence. There are also some rare examples of dual
phosphorescent complexes in which emission stems from two
triplet states, a *MLCT-based state and a purely ligand-
centered (’LC) state, which are of approximately the same
energy but are highly distinguishable in terms of band shape
and sensitivity to solvent polarity.”**”*°

Since the emission spectra of complexes 1b, 1c, and 2c
include some significant changes and switching of the emitting
state between rigid matrix and fluid medium, we recorded
temperature-dependent emission spectra from 100 to 200 K
for complexes la—2c (Figure 7). Variable temperature
emission spectra obtained for 1a, 2a, and 2b are observed to
diminish in intensity upon warming from 100 K, with spectral
broadening but retention of vibronic progressions in each case
without any significant shift in the wavelength of observed
maxima.

For 2¢, warming from 100 to 110 K results in a reduction in
emission intensity of the *MLCT/?LC-based progressions at
higher energy and the growth of a broad feature between 570
to 700 nm assigned to luminescence from the
*MLCT/’LL'CT state. At 120 K the *MLCT/’LL'CT-based
band dominates the spectrum, with *MLCT/’LC-derived
features having almost disappeared. At 130 K and above, the
switching of emitting state is complete and only ancillary
ligand-based SMLCT/?LL'CT state emission is observed.

Between 100 and 200 K the emission band of 1c is observed
to reduce in intensity and the maximum to red-shift by

approximately 70 nm with a concomitant reduction in intensity
of the weaker sharp SMLCT/?LC-based emission at 467 nm.
The red-shift in the dominant emission band upon reaching
110 K reveals a second weak emission feature at around 500
nm, which is tentatively assigned to the v,_,, progression from
SMLCT/?LC-based emission. Similarly to 2c these
*MLCT/’LC-based features disappear by 130 K as the glass
transitions to fluid.

Upon warming, the vibronic progressions in the variable-
temperature emission spectra for 1b diminish in intensity and
broaden between 100 and 120 K (Figure 7). Between 110 and
125 K emission is observed to increase in intensity at
wavelengths longer than 560 nm as *MLCT/*LL’CT-based
emission becomes the dominant feature. However, unlike the
variable-temperature emission spectra of 2c, the
*MLCT/LL'CT-based vibronic progressions are observed to
persist for 1b throughout the temperature regime studied and
up to room temperature. These features are even retained in
emission spectra for solutions heated to 330 K, suggesting that,
above the glass transition temperature, the "MLCT/’LC and
SMLCT/’LL'CT states in 1b are both populated and
potentially in equilibrium, resulting in the dual emission
behavior that is preserved at and above room temperature.

Photoluminescence lifetime data was collected by time-
correlated single photon counting (Table 2). No clear trends
can be discerned across the series as might have been expected
from energy-gap law considerations. This may stem from the
interplay and involvement of emitting states of different
character. For the higher energy emitters it is also possible that
triplet metal-centered state mediated quenching may also play
a role.** We therefore prefer not to offer deeper interpretations
of this data (however, it is interesting to note that the radiative
decay rate constants, k, for those complexes exhibiting
*MLCT/?LL'CT-based emission are higher (2.25-3.33 X
107 s7! in aerated acetonitrile) than the corresponding rate
constants for the *MLCT/’LC emitters (0.84—1.55 X 107°
s7")). Interestingly, however, emission lifetime data collected
at several wavelengths across the spectrum for the dual-
emissive complex 1b fit to a single exponential decay despite
emission deriving from two states (Table 2 and Figure $28).
Addition of a second exponent leads to no significant
improvement to the fitting of the data. It may be that lifetimes
for the *MLCT/’LC and *MLCT/LL’'CT states in 1b are very
similar to one another such that they cannot be differ-
entiated,” or that being in equilibrium on a time scale far
shorter than radiative lifetimes they therefore act as a single
emitting state. Lifetime data for 2b (in degassed acetonitrile)
and 2c (in aerated acetonitrile) give rise to biexponential
decay. For 2b it is possible that this arises due to two distinct
SMLCT/3LC states given the asymmetry of the pymtz ligand,
which will make the two dfppy ligands inequivalent.
Biexponential decay for 2c is unexpected but may derive
from differing favorable conformations of the pyztz benzyl
substituent. Lifetime data recorded in 2-methyltetrahydrofuran
during collection of temperature dependent emission spectra
are however monoexponential (Table S1).

To summarize, the steady-state luminescence data has
highlighted three different behaviors: (i) single emitters that
are insensitive to rigid matrix effects and temperature, in terms
of the nature of the emissive state (1a, 2a, 2b, 3a—3c); (ii) one
single emitter that switches from one emissive state at 77 K to
another emissive state at room temperature (2¢); (iii) a dual
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Figure 8. UV—visible transient absorption spectra for complexes la—c in acetonitrile solutions at room temperature (top, 4., = 285 nm) and

associated time profiles with kinetic fits from global analysis (bottom).

emitter over a broad temperature and solvent range (1b), a
case that has been scarcely described.

Transient Absorption Studies. Given the highly
intriguing nature of our steady state emission data reported
above, we felt compelled to carry out fs-ps transient absorption
spectroscopic experiments on complexes la to 2c in order to
capture the time evolution of anticipated energy transfer
processes for 1b, 1c and 2c, whose emissive excited-state
character changes between rigid glasses and fluid solutions.
Indeed, recently the groups of Elias*® and Kang"” and their
respective co-workers have utilized transient absorption
spectroscopy to study the excited-state energy transfer
processes for [Ir(C*N),(N*N)]*-type complexes. The com-
plex [Ir(dfppy),(pic)] (pic = 2-picolinate) exhibits structured
SMLCT/?LC-based emission bands at both room temperature
and 77 K. On the other hand, the complexes [Ir-
(dfppy),(N"N)]*, where N*N is bpy and 1,10-phenanthroline,
exhibit broad featureless emission bands arising from
*MLCT/LL'CT states in fluid solutions at room temperature.
They have observed structured emission bands arising from
SMLCT/3LC states at 77 K in frozen solution glass matrices.
Transient absorption spectra for [Ir(dfppy),(pic)] reveal
bands assigned to the photoexcited *MLCT/’LC states
which have effectively infinite lifetime on the time scale of
the transient experiment. For the cationic complexes early
transients formed immediately after photoexcitation are
observed to undergo changes with decay lifetimes of between
2 and 4 ps assigned to an energy transfer process from initially
populated *MLCT/?LC states to the *MLCT/?LL'CT states
responsible for steady state emission in each case.

Transient absorption spectra and associated time profiles for
1a to 1c are displayed in Figure 8 with comparable data for the
fluorinated complexes 2a to 2c given in the Supporting
Information (Figure S29).

Transient spectra for 1a are characterized by two absorption
maxima appearing at 355 and 460 nm, assigned to absorption
from the *MLCT/’LC state, separated by what appears to be a
ground-state bleach feature at 400 nm superimposed upon the
positive transient absorption profile. These features closely

match those observed previously in nanosecond time-resolved
data for similar complexes reported by De Cola and co-
workers.** Similar spectra are observed for 2a and 2b (Figure
$29), however the transient maxima are blue-shifted relative to
those of 1a such that the higher energy and more intense band
is shifted outside of the available spectroscopic window, and
the bleach feature, positioned between 340 and 380 nm, is less
intense. Analysis of the transient spectra for la, 2a and 2b
reveals time profiles reminiscent of those for the *MLCT/’LC
emitter [Ir(dfppy),(pic)] with very little change in spectral
intensities and band shapes over the time scale studied (3
ns).*” Global analysis fitting reveals, however, that in addition
to the rapid rise time (~0.2 ps) for these three complexes there
is a second subtle but discernible process with a longer rise
time of between S and 15 ps (Table S2). Given the asymmetry
of the complexes due to the N*N ligands, this is tentatively
assigned to equilibration between different available
SMLCT/’LC states involving the two inequivalent C*N
ligands.

In line with the fundamentally different steady state emission
behavior of 1¢ and 2c relative to 1a, 2a and 2b, the evolution
of transient spectra for these pyrazine-based complexes also
show stark differences. Initial transients that appear in the first
picosecond closely resemble those discussed above, supporting
the notion that 1c and 2c are initially excited to *MLCT/*LC
states. However, rapid evolution fitted to a biexponential decay
is observed with two time constants of 0.9—2.8 and 21.8—24.6
ps. During this evolution the *MLCT/*LC-based transient
absorption features are observed to blue-shift and reduce in
intensity. As the lower energy absorption features at wave-
lengths beyond 420 nm diminish, more structured absorptions
are observed with a sharp structured feature at around 425 nm
for 1c along with a broad absorption band at 490 nm. The
higher energy transient band at 350 nm is observed to decay to
a greater extent while the bleach becomes more prominent
such that it becomes a genuinely negative feature after 5 to 10
ps. Spectral features in transient absorption spectra after this
time are therefore assigned to the SMLCT/LL'CT states of 1¢
and 2c. Thus, it can be seen from this data that clearly and
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Figure 9. Molecular orbital energies and isosurface plots for HOMO—1 to LUMO+2 for complexes 1a (left), 1b (middle), and 1c (right). The

green squares highlight LUMO+1, whose localization varies.

conveniently distinguishable transient absorption profiles are
discernible for *MLCT/’LC and *MLCT/’LL'CT states. Due
to the asymmetry of the complexes the two time constants may
reflect the decay to the MLCT/’LL'CT state from two
distinct *MLCT/’LC states characterized by which of the C"N
ligands the excited electron resides. On the other hand the
longer decay process may also be contributed to by vibrational
cooling and energy redistribution in the *MLCT/’LL'CT
state.

In line with its peculiar steady state spectroscopic behavior,
1b is again unique among the complexes studied. Initial
transient spectra at 1 ps after excitation closely resemble those
of the other five complexes, confirming that a *MLCT/’LC
state is initially populated. The spectra are subsequently
observed to undergo rapid evolution with a time constant of
12.6 ps. This involves a blue-shift and drop in intensity of the
absorption feature at around 450 nm. A larger fall in intensity
is observed for the higher energy absorption feature at 350 nm
while the bleach feature at around 400 nm undergoes a small
blue shift and becomes less positive in magnitude. These
spectral changes are less dramatic than those observed for 1c
and 2c, and overall the transient spectra sit somewhere
between those for 1a and 1c. Whereas the transient data for 1c
and 2c suggest complete depopulation of the MLCT/’LC
state to yield the MLCT/’LL'CT state, the data for 1b is
consistent with the partial transfer of population to the
SMLCT/’LL'CT state and equilibration with the initially
populated *MLCT/?’LC state, in agreement with the dual-
emissive character suggested from steady state emission
spectra.

Transient absorption data are therefore in perfect agreement
with our steady state spectroscopic data and time-resolved
studies on related systems reported elsewhere by others. At this
stage, a detailed theoretical study is vital in order to fully
rationalize the photophysical peculiarities for the series of
complexes reported.

Ground-State Molecular Orbitals. In order to gain a
deeper understanding of the photophysical properties of the
complexes described we carried out density functional theory
(DFT) calculations. The ground-state geometries of all
complexes were optimized substituting the benzyl substituent
of the triazole ring with methyl. As the benzyl substituent is
expected to have minimal impact on the photophysical
properties its simplification then enables reduced computa-
tional cost. Figures 9 and S30 and S31 depict the calculated
energies of the frontier molecular orbitals for all complexes
with accompanying depictions of the corresponding isosurfaces
for these orbitals. In each case the highest-occupied molecular
orbital (HOMO) is composed of an Ir-based d-orbital in a 7-
antibonding combination with the 7z-system of the arene rings
of the cyclometalated ligands. The energies of the HOMOs are
calculated to undergo stabilization in the order pytz > pymtz >
pyztz (a > b > c), presumably due to reduced electron density
at the metal as the N”N ligand becomes more electron
withdrawing, in broad agreement with electrochemical data.
Also in agreement with this data the HOMOs of the dfppy
complexes 2a—c are significantly stabilized with respect to
those of their ppy and ptz analogues la—c and 3a—c
respectively.

For all complexes the LUMO is calculated to have NN 7*-
character with localization over both the 6-membered azole
and triazole rings but with a greater contribution from the
former. For each series the energies of the LUMO decrease in
the order pytz > pymtz > pyztz (a > b > c), in agreement with
electrochemical reduction potentials. In each series the LUMO
is stabilized to a greater extent than the HOMO. This leads to
a largest HOMO—LUMO gap for the pytz complexes a (3.66
to 3.95 eV) and the smallest for the pyztz complexes c (3.35 to
3.51 €V), in agreement with the former having the most blue-
shifted absorption and emission spectra while those of the
latter are the most red-shifted. Across the three series the
localization of the LUMO+1 orbital (highlighted by the green
boxes in Figures 9, S30, and S31) varies; for 3a—c LUMO+1 is

https://dx.doi.org/10.1021/acs.inorgchem.9b03003
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03003/suppl_file/ic9b03003_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03003/suppl_file/ic9b03003_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03003?fig=fig9&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.9b03003?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

3.2

3.0

INd

®
)
©
]

N
)
@
" )

Energy/ eV
N
(o))
N
(2]
B

N

o

N
>
y
3

N
~

22

20

1a 1b 1c 2a

—— 3MLCTALC o0

e IMLCTPLC

N
©
~
)l
>

o
~
®

N
)
Q

2b 2c 3a 3b 3c

e 3MLCTALLCT

Figure 10. Calculated triplet-state energies for complexes la—c, 2a—c, and 3a—c in MeCN using SMD model. Energies are quoted relative to the

optimized ground state for each complex, Egs = 0.0 eV.

localized on the ancillary NN ligand as is LUMO+1 for the
pyrimidine complexes 1b and 2b. The LUMO+1 orbitals for
1a, 2a, 1c and 2c are, on the other hand, C"N 7* in character,
as are the LUMO+2 orbitals for all the ppy and dfppy
complexes (which in some cases are mixed with N"N z*-
character). For 3a—c the lowest ptz-localized C"N virtual
orbital is LUMO+2, which appears to be significantly
destabilized relative to the corresponding lowest ppy and
dfppy based C"N 7z* orbitals of la—c and 2a—c. This is
indicative of the reduced electron-accepting ability of phenyl-
triazole vs phenylpyridine, which is exploited in this work to
tune the gap between *MLCT/’LC and *MLCT/’LL'CT
excited states.

The experimental photoluminescence studies have evi-
denced three types of emitter (MLCT/?LC only,
SMLCT/?LL'CT only, or dual emission from both). We will
now try to find some theoretical support for this behavior,
starting from the ground-state molecular orbital diagrams. The
LUMO for all complexes is of N*N z* character, yet not all
emission spectra are broad and featureless, as one would expect
for *MLCT/?LL’CT-based emission. Thus, the ordering of the
emissive excited states does not follow the ordering of the
ground-state unoccupied orbitals whose population with which
these states would be expected to be associated. Therefore, it is
necessary to extend our reasoning beyond a simple
consideration of the LUMO except, perhaps, in cases where
it is well-below all other vacant orbitals. This would be the case
for phenyltriazole family 3, which exhibits an N”N-based
LUMO, well-separated from the C"N-based vacant orbitals, a
specificity that again fits with the observed ancillary-based
emission at all temperatures. 1la and 2a display closer-lying
N”N and C”N vacant orbitals, which means that one could
expect the two types of excited state to be close in energy.
Solely C"N-based emission is observed, however, which
highlights the great importance of the LUMO+1 for these
complexes. Both the localization of the LUMO+1 and the
energy gap between the N*N and C"N vacant orbitals are
crucial. Unlike 1a and 2a, 1b, and 2b display an N"N-based
LUMO-+1. Therefore, one might expect the ancillary ligand-
based excited states to be lower in energy in the b series than
in the a series, and if close enough in energy to the
corresponding C"N ligand-based *MLCT/’LC state, then
complexes in the b series could be dual emitters. While

comparative analysis of the ground-state molecular orbitals
provides useful insights, these data alone are insufficient to
fully rationalize the peculiar emission behavior observed across
the complexes reported. It is therefore vital to additionally
consider the optimized triplet excited states that give rise to
emission.

Lowest Triplet States. To better understand the emission
properties of the complexes, minima for the lowest lying triplet
states were optimized. The deliberate differentiation of the two
C”"N ligands by using an asymmetric ancillary ligand can give
rise to two distinct MLCT/’LC states.*” For 1a, 1b, 2a, and
2b two 3MLCT/3LC minima, *MLCT/3LC,,, and
3MLCT/3LCﬂght, were optimized on the lowest energy triplet
potential energy surface (T, PES) (the energies of the lowest
triplet excited states for all complexes quoted relative to their
respective optimized ground-state energies are depicted in
Figure 10). Plots of the spin densities for these states are
provided in Figure S32. For the states labeled with the
subscript “left”, the spin density is distributed over the metal
center and the C"N ligand situated trans to the triazole ring of
the ancillary ligand, whereas those labeled “right” involve the
C"N ligand trans to the ancillary ligand 6-membered ring.
While there have been several elegant computational studies of
the *PES of phosphorescent iridium(III) complexes, these have
focused on *MLCT state deactivation by triplet metal-centered
(®MC) states’>” or the fac/mer-isomerization resulting from
*MC state population from a *MLCT state and subsequent
geometry evolution.”® To the best of our knowledge, this is the
first time that multiple *MLCT-based admixed states have
been optimized for individual complexes.

For complexes 1c and 2¢, *MLCT/?LC, states could not
be located on the T, PES, suggesting that this state is not a
minimum, is a very shallow one, or is a higher lying triplet
state. For complexes 3a—c, only a *"MLCT/*LL'CT state could
be located on the T, PES. This type of excited state is found in
all complexes. For each series 1, 2, and 3, the SMLCT/3LL'CT
state is observed to be highest in energy for pytz complex a and
lowest in energy for pyztz complex ¢, in agreement with
spectroscopic data. The lowest excited triplet state does not
always result from HOMO-LUMO excitation, thus a
straightforward transposition of the electrochemical data to
the excited states is not always correct.
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For 1a, 2a, and 2b, which exhibit structured emission bands
indicative of a luminescent state of SMLCT/3LC character,
calculations confirm that these states are lower in energy than
their respective *MLCT/?LL'CT states. Thus, *LC-admixed
states would be expected to dominate the emission properties
for these complexes, in agreement with a classical Kasha
behavior. Such *MLCT/’LC states do not derive from a
HOMO-LUMO excitation. The “left” and “right” *LC-
admixed states for these complexes are calculated to be very
close in energy to each other, thus their individual emissions
are probably indistinguishable, both in terms of energy and
luminescence lifetime.>”

For 1c and 2c¢, the MLCT/3LL/CT state, which does arise
from HOMO-LUMO excitation, is calculated to be
significantly lower in energy than the 3MLCT/3LCrig}1t state
by 0.43 and 0.26 eV respectively, in agreement with the broad
featureless emission bands exhibited in their room-temperature
solution spectra. This is in line with the previously mentioned
large gap between N*N-based LUMO and C"N-based LUMO
+1. This is in agreement with experimental data revealing that
when initially populated upon photoexcitation the
MLCT/’LC state will be rapidly depopulated to the
SMLCT/LL'CT state from which emission then occurs. The
SMLCT/3LC states of 2a and 2b are stabilized relative to the
SMLCT/?LL'CT states for this series in comparison to the
relative energies of the same states for la—c. This stems from
the electron-withdrawing fluorine atoms of the dfppy ligands
which leads to stabilization of the vacant orbitals on these
ligands and thus a greater perturbation of the *MLCT/’LC
states relative to the *MLCT/’LL'CT states, thereby
bestowing a larger energy gap between these states for 1lc
compared to those for 2¢c. For 3a—c, for which *"MLCT/’LC
minima could not be located on the T, PES (high-lying C"N-
based vacant orbitals), the data are consistent with the
interpretation of the broad featureless emission bands observed
both in fluid solution and in a frozen medium at low
temperature as arising from SMLCT/3LL/CT states.

For 1b, which displayed the smallest gap between N"N and
C”N vacant orbitals (Figure 9) and thus could be expected to
be a good candidate for dual emission, the *MLCT/*LC,4 and
SMLCT/LL'CT states are calculated to be separated by only
0.08 eV. This contrasts with the 0.35 eV energy difference
based on the wavelengths of the emission maxima derived from
SMLCT/3LC (474 nm, Table 1) and MLCT/’LL'CT (547
nm). The actual difference in energy between emission bands
for these two states stems from the vibronic contributions
involved in the electronic transition. Indeed for the 3LC case,
the highest energy transition in the spectra corresponds to the
0—0 transition (474 nm), while for the LL'CT case the
emission maxima (547 nm) coincides with the 0—1 transition
(vide infra), leading in this latter case to a maximum emission
wavelength red-shifted by 60 nm (0.3 eV), a value that is
reproduced on both computed and experimental spectra
displayed in Figure 11. A deeper analysis of the vibronic
progressions observed in emission spectra is presented in the
next section. As the emission spectrum of 1b appears to have
overlapping contributions from both structured *MLCT/?LC-
based and unstructured *MLCT/?LL’'CT-based bands which
maintain their relative intensities upon heating to approx-
imately 330 K, the calculated data therefore support the
experimental interpretation that these states are essentially
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Figure 11. Comparison of calculated VRES for 1b at 300 K from the
SMLCT/3LC, and *MLCT/?LL/CT states (ethanol, SMD) with the
experimentally observed emission spectrum in room-temperature
acetonitrile solution.

isoenergetic and that 1b is a dual emitter over a broad range of
temperatures.

Vibrationally Resolved Emission Spectra (VRES).
VRES calculated for all complexes at 300 and 77 K reproduce
the fine structure of the experimentally acquired spectra and
help to confirm the assigned emitting excited-state character.
Spectra for 3a—c at 300 K are in good agreement with
experimentally obtained spectra and are characterized by broad
featureless bands that red-shift in the order 3a < 3b < 3¢
(VRES spectra for all complexes are provided in Figure S35).
Spectra calculated for the SMLCT/ 3LCrigl1t states of 2a and 2b
are near coincident and display vibronic fine structure in
agreement with both experimental data and the assignment of
the nature of the emitting excited state, while the calculated
spectrum for the MLCT/’LL'CT state of 2c appears as an
expected broad featureless band. Spectra for emission from the
SMLCT/3LC state for 1a, 1b, and 2a—c calculated at 77 K
reproduce the observed sharp major bands as well as the other
fine structural features seen in the experimentally determined
emission profiles. For 1lc, the calculated *MLCT/?LL'CT-
based emission spectra at both 77 and 300 K match the broad
featureless bands observed experimentally. The calculated 300
K emission spectra for la and 1b deriving from their
SMLCT/?LC states match the experimentally observed
vibronic structuring. To provide a better understanding of
the emission band shape of this family of compounds, we
sought to identify the vibrations responsible for the origin of
this multipeak emission spectrum by following the protocol
described in Figures S36—S40. Our analysis shows that
MLCT/’LC emission spectra can be viewed as several
superimposed progressions of different bandshapes. Contribu-
tions are due to mixed excitation of several effective vibrational
modes (C—C and C—N stretching, C—H wagging, and valence
deformation such as CCH, CCC, and CCN of phenylpyridine
and ancillary ligand) and are spread over the three bidentate
ligands. Concerning *MLCT/?LL’CT emission, our analysis as
detailed in Figures S36—S40 allowed us to identify the
apparent emission maximum mainly as the vy, vibronic
contribution corresponding to an effective mode involving in-
plane C—H, .. Wagging and C—C stretching localized solely
on the ancillary ligand.
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For 1b, the calculated emission spectrum for the
*MLCT/’LL'CT state (red trace on Figure 11) appears as a
broader, less structured band red-shifted relative to the
calculated *MLCT/?LC emission band (blue trace on Figure
11). An overlay of these two bands matches well with the
experimentally observed emission profile (green trace on
Figure 11) with extremely good agreement over the position of
emission maxima. This thereby provides further corroboration
of the assignment of dual emission from both SMLCT/?LL'CT
and *MLCT/?LC states of near equal energy.

Matrix Effects. As shown in Figure 10, the energy gaps
between the different triplet states are particularly small for 1a
and 2b. Despite this quasi-degeneracy, the energy and fine
structure of the emission bands unambiguously indicate a pure
C”"N-based emission, instead of dual emission. This is
confirmed by theory, which also rules out emission from the
ancillary-based triplet state. At this stage, one can propose
either that the N"N-based triplet state is not populated or that
it has other modes of deactivation. Low-temperature
spectroscopic data should bring further insights into this
discussion.

The large energy splitting between the two triplet states of
complex 2c¢ would, at first sight, orient the system toward
systematic N"N-based emission. However, at 77 K in the
frozen matrix, C"N-based emission is observed instead. This
initially puzzling result is moderated by the variable-temper-
ature luminescence data (Figure 7), where emission from the
ancillary ligand-based state appears as soon as 100—110 K. The
first hypothesis that can be put forward invokes matrix effects
on the relative energies of the triplet states and thus also on the
barrier for their conversion. According to Meyer,60 with the
solvent being frozen to accommodate the complex in its

ground state, excited states with a dipole moment similar to the
ground state will be stabilized to a greater degree in the frozen
matrix than excited states with a significantly different dipole
moment. For the ground and *LC-admixed states, the dipole
moment bisects the rings of the ancillary ligand for 1a and has
a similar magnitude (15.1—15.5 D) but in the *LL'CT state is
nearly orthogonal in direction compared to the ground state
and is smaller in magnitude (4.73 D, Figure S41). Therefore,
one expects the MLCT/’LL'CT state to be significantly
destabilized with respect to the *MLCT/’LC state in frozen
matrices, possibly leading to state reordering. As a result, no
emission is observed from the N*N-based state for 2c at 77 K.
As soon as the matrix becomes more fluid, the N"N-based
state starts to contribute to the experimental emission
spectrum from 110 K (dual emission), and a pure N"N-
based emission is observed at and above 120 K (Figure 7). For
Ic, the larger energy spacing between the *MLCT/’LL'CT
and *MLCT/?LC states compared to that in 2c results in the
retention of *MLCT/>LL'CT-based emission as the dominant
feature at 77 K. However, the two states are evidently brought
into much closer proximity in the glass matrix, as revealed by
the appearance of weaker vibronic progressions and dual-
emission in the low-temperature spectra (vide supra).
Triplet—Triplet Interconversion Pathways. Despite the
fact that rigidity effects are not included in our calculations,
purely thermodynamic considerations (energy gaps between
triplet states) are not sufficient to rationalize the totality of the
photoluminescence data. We therefore also envisaged kinetic
considerations through the calculation of energy paths for
triplet—triplet state interconversions, in order to obtain the
corresponding energy barriers. First, we start by describing the
structural changes between the various triplet states.
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SMLCT/ 3LC,ig]lt (right panel) states for 1b from a nudged elastic band optimization calculation (MeCN using SMD model).

Upon examination of the major changes to bond lengths
between the optimized geometries of the ground states, left
and right SMLCT/3LC states, and the SMLCT/3LL'CT state, a
clear common picture emerges for the ligand hosting the
electron density in the excited state; this involves a shortening
of the intercyclic bond and lengthening of the f—y bond in the
most 7-accepting ring, i.e., py in ppy and dfppy, and the 6-
membered ring in the ancillary ligand (see bonds highlighted
in bold in Figure 12). For the *MLCT/’LC states, the
intercyclic C—C bond is observed to shorten by ~0.06 A
(compared to the ground state) for the C"N ligand on which
the state is localized (as observed in the localized MLCT state
of [Ru(bpy)3]2+).61 This is accompanied by an elongation of
the C—C bond at the /—y bond of the pyridine ring (also
highlighted bold in Figure 12). The Ir—N bond to the 6-
membered heterocycle of the N”N ligand is observed to
elongate compared to the ground state. In the
SMLCT/’LL'CT state, these C N bonds return to their
approximate ground-state values. The intercyclic C—C bond of
the ancillary ligand (receiving the electron density) is observed
to shorten compared to those in the ground and *MLCT/’LC
states, while the f—y C—C/N bond of the 6-membered ring
elongates. This is accompanied by a shortening of the Ir—N
bond to the pyridine/pyrimidine/pyrazine ring compared to
both the ground and *LC-admixed states.

Figure 12 (bottom) displays overlaid geometries for 1b and
2c. These reveal large structural differences between the *LC-
and *LL’'CT-admixed states for these complexes. For example,
the plane of the pyrazine ring in 2c is significantly inclined with
respect to the N—Ir—N plane in the SMLCT/3LL'CT state,
resulting in a change in the position of the atoms for this ring
compared to the *"MLCT/ 3LCrig}lt state. At 77 K, the rigid glass
matrix impedes these atomic motions and leads to destabiliza-
tion of the *LL'CT-admixed state. In combination with the
likely larger effect due to the change in the dipole moment
with respect to that of the ground state (vide supra), this traps
1b and 2c¢ in the 3MLCT/3LC state giving rise to structured
emission profiles comparable to those observed for the
corresponding complexes la, 2a, and 2b. Above the glass
transition temperature, these intramolecular and solvent

motions are enabled, leading to SMLCT/’LL'CT state
emission for 2¢ and to dual emission for 1b.

Nudged elastic band (NEB) calculations®>®® have recently
emerged as a powerful tool for exploring the minimum energy
path between excited-state minima, thus characterizing excited-
state PES topologies of photoactive metal complexes.”** We
therefore carried out NEB minimum energy path (MEP)
calculations between both the *MLCT/’LC state minima and
SMLCT/’LL'CT state minimum of 1b (Figure 13), between
the SMLCT/3LC,4 and MLCT/ 3'LCright state minima for 1b
(Figure S42), and between the *MLCT/?LC and
SMLCT/?LL'CT state minima for 2c (Figure S43). Concern-
ing the *MLCT/’LCyo—>MLCT/’LC, g interconversion, two
nearly degenerate states of the same electronic nature, in
equilibrium with one another, behave like a single emissive
state (as suggested by Tor for heteroleptic Ru(II) com-
plexes).”” NEB calculations between *MLCT/’LC,; and
*MLCT/’LC,, in the case of 1b (Figure $42) were
particularly difficult to converge with oscillations between
two electronic states. This could possibly be interpreted as an
equilibrium between the two C"N-based states, as illustrated
by the presence of both states along the whole MEP and in
agreement with transient absorption data.

As can be seen from the MEPs, the conversions between
states of different electronic nature (different orbital
parentage) take place through a sharp transition with an
abrupt change in energy accompanied by a sudden switch in
the spin density localization, instead of a gradual mixing of the
two states (no transition state with mixed spin density could be
captured). Thus, the transitions observed here suggest a
crossing point between two weakly coupled excited states and
suggests that transition between these states operates via
“through-space” rather than “through-bond” coupling. This is
reminiscent of the interligand electron hopping characterized
by ESR® and reproduced in dynamics studies’’ between
localized *MLCT states of [Ru(bpy);]**. Returning to this
work, even though no transition state (TS) could be
analytically captured, the tangent to the PES at the highest
energy point is a good estimate of the TS mode of the saddle
point. For complexes la and 1b, visualization of these TS
modes (Figure S44) shows a seesaw motion of the C"N ligand
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Figure 14. Qualitative potential energy surface diagram describing the excited-state evolution and emission behavior of Class I (1a, 2a, and 2b),
Class II (1b), and Class III (1c and 2c) emissive [Ir(C"N),(N"N)]* complexes. Downward arrows represent radiative deactivation pathways. Solid
lines and arrows represent processes in fluid solutions; dashed lines and arrows represent process in cryogenic glass matrices at 77 K.

not involved in the electron transfer, in line with the proposed
through-space mechanism for the
SMLCT/’LC,s—>MLCT/*LL'CT population transfer.

The topology of the state crossing exemplified on Figure 13
is particularly unfavorable to conversion by tunnelling effects,
given the large difference in the slopes of the two surfaces.
Therefore, the conversion may only occur by vibrational
coupling. In an attempt to identify key bond vibrations that are
involved in the conversion between *MLCT/’LL'CT and
*MLCT/?LC, states through appropriate promoting modes,
calculation of dimensionless displacement of nuclear coor-
dinates (DDNC) was carried out for 1b. This reveals a number
of vibrations that lead to major productive geometrical changes
at 963 (Ir—C and Ir—N bonds toward C"N ligand), 989 (Ir—N
bonds toward N”N ligand), 1302 (triazole ring and intercyclic
bond of the C"N left ligand), and 1399 cm™" (intercyclic bond
of the N"N ligand).

We have examined the variation of the bond lengths shown
in bold in Figure 12 along the MEP between *MLCT /’LC,4
and *MLCT/’LL'CT states for 1b (Figure 13). This reveals
that the lengths of both the intercyclic C—C bond and the f—y
C—C bond of the pyridine ring of the ppy ligand trans to
pyrimidine are largely invariant throughout the MEP, as would
be expected given that at no point does it host the excited
electron. However, the corresponding bonds for the other ppy
ligand trans to triazole (on which the *MLCT/’LCy state
excited electron resides) as well as the highlighted bonds for
the ancillary N*N ligand, undergo an abrupt change at the
transition (Figure S$4S5). On either side of this abrupt
transition, these bond lengths are also largely invariant. In
contrast, examination of the Ir—N bond to the pyrimidine ring
reveals a continual contraction along the MEP from
SMLCT/?LC,; to *MLCT/’LL'CT. An analysis of the
structural changes along the MEP between the

SMLCT/ 3’LCright and SMLCT/3LL'CT states reveals an almost
identical picture with regards Ir—N and N"N-based bond
length changes except that the C*N bond length changes occur
in the other ppy ligand. The contraction of this Ir—=N bond
may therefore provide a strong candidate for a convenient
reaction coordinate along which *MLCT/’LC —
SMLCT/?LL/CT state switching may occur.

Origin of Dual Emission and the Mechanism of
Excited-State Interconversion. The combined data allow
significant insight into the photophysical behavior of the
presented complexes and indeed the broader class of
heteroleptic iridium(III) complexes to which they belong. A
set of schematic potential energy surfaces are depicted in
Figure 14 (except for compounds 3a—c which only possess
one emissive state) to summarize our interpretation of the
data. In an attempt to classify the compounds in terms of their
photophysical properties, we subdivide the Ir-emitters studied
in this work into three classes.

For complexes 1a, 2a, and 2b (Class I emitters, Figure 14),
excitation from the ground state followed by rapid intersystem
crossing results in selective population of the *MLCT/’LC
states with a rise time of 0.2 ps as inferred from TA data. In
this case, we have assigned the decay time of 5—15 ps to the
equilibration between the two *MLCT/’LC states. 1a and 2a—
2b are therefore phosphorescent from two equilibrated C*N-
based states, an equilibrium which does not favor emission
from the ancillary ligand-based state, both at room temperature
and in frozen matrix where the N”"N-based state is destabilized
further. Hence, these complexes are actually quasi-dual
emitters, but their two emissions are not resolved.

For 1c and 2¢ (Class III emitters), only a single C"N-based
*MLCT/’LC state can be located, and it is higher in energy
than their N"N-based state. Transient absorption data reveal
that this initial photoexcited SMLCT/3LC state, rising in 0.1—
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0.2 ps, is rapidly depopulated in 1-2 ps and yields the
vibrationally hot *"MLCT/?LL'CT state, subsequent vibrational
relaxation of the latter requiring 20—25 ps. Only at cryogenic
temperatures is an emission contribution from the
SMLCT/?LC state apparent; thus, these are quasi-dual emitters
(very minor C"N-based contribution) until about 120 K. Rigid
matrix effects enable the observation of the two emissions since
it destabilizes the N"N-based state much more than the C"N-
based state.

The most singular compound in this study is 1b (Class II),
which emerges as a particularly robust dual emitter over a
broad range of temperatures and solvents. According to Watts
and Crosby,”*”"° dual emission may be observed when two
emissive states, almost isoenergetic and weakly coupled,
produce two independent emissions.”” Here, the initially
populated *MLCT/’LC states of 1b, which appear in 0.15 ps,
undergo rapid equilibration with, and partial population
transfer to, the *MLCT/?LL'CT state established in 12 ps,
as indicated by transient absorption spectroscopy. This
ensemble of states then gives rise to the observed dual
emission character in steady state emission spectra. This
unique combination causes the two radiative deactivation
modes to be competitive, and remarkably, they remain so up to

60 °C.

B CONCLUSION

A thorough experimental and theoretical survey of the
photoluminescence characteristics of a series of heteroleptic
biscyclometalated iridium(III) complexes has been reported.
The results reveal modulation of the energies of the
*MLCT/’LC and *MLCT/’LL/CT states through variation
of the cyclometalated and ancillary ligands that enable
selection of emission from one or other of these states and,
importantly, for dual emission to be achieved as a result of
radiative decay from both states. Ultrafast transient absorption
spectroscopy has enabled us to identify spectral features that
are highly characteristic of these two different key excited
states, clearly allowing us to observe the occurrence of
interligand energy transfer from initially populated
SMLCT/3LC states to MLCT/3LL'CT states. These transient
excited-state spectral signatures further enable us to observe
the equilibration between *MLCT/’LC and *MLCT/’LL'CT
excited states where steady-state dual emission from both is
evident.

In order to rationalize the observation of dual emission and
energy transfer processes in the complexes reported, one needs
to take into account the existence in some cases of two distinct
C”"N ligand-based SMLCT/?LC states, as well as the effect at
cryogenic temperatures of the rigid matrix on the relative
energy of the N*N ancillary ligand-based *MLCT/?LL'CT
state. Changes to spectroscopic behavior between frozen glass
and fluid solution are governed by the change in dipole
moment between ground and excited states, leading here to a
destabilization of the *MLCT/?LL'CT state by the cryogenic
rigid matrix.

Key structural changes between the *MLCT/’LC and
MLCT/?LL'CT states have been deciphered through
computational calculations, suggesting that vibration of a Ir—
N bond between the metal and N”N ancillary ligand
principally mediates the *MLCT/*LC—*MLCT/*LL’CT inter-
conversion observed in 1b, 1¢, and 2¢ and allow us to provide
fundamental mechanistic insights into the interligand energy

transfer processes that these complexes undergo after photo-
excitation. Further studies on well-established literature
benchmark complexes are currently underway to assess the
translation of these insights to a wider range of complexes.
This work therefore provides illuminating insights into the
fundamental photophysical properties of this industrially
important class of phosphorescent complexes that represent
a cornerstone of modern photophysics and photochemistry.

B EXPERIMENTAL SECTION

General methods as well as synthetic descriptions for ligands and
complexes are provided in the Supporting Information along with
computational details.
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