Open Access Article. Published on 18 July 2013. Downloaded on 12/5/2025 10:07:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton
Transactions

Cite this: Dalton Trans., 2013, 42, 13527

Received 16th May 2013,
Accepted 17th July 2013

DOI: 10.1039/c3dt51284c

RSCPublishing

Luminescent biscyclometalated arylpyridine iridium(in)
complexes with 4,4'-bi-1,2,3-triazolyl ancillary ligandst

Christine E. Welby,? Luke Gilmartin,® Ryan R. Marriott,® Adam Zahid,? Craig R. Rice,®
Elizabeth A. Gibson® and Paul I. P. Elliott*?

The synthesis, characterization and photophysical investigation of complexes of the form [Ir(R-ppy).(btz)]PFe
(1 to 3) are reported (btz = 1,1'-dibenzyl-4,4'-bi-1,2,3-triazolyl, R-ppy = 4-(pyrid-2-yl)benzaldehyde (1),
2-phenylpyridine (2) and 2-(2,4-difluorophenyl)pyridine (3)). Complexes 1, 2 and 3 are luminescent and
exhibit structured emission bands with vibronic progressions at 532 & 568 nm (¢ 0.28%), 476 & 508 nm
(¢ 0.82%) and 454 & 483 nm (¢ 4.3%) respectively. The structuring of these emission bands is indicative
of cyclometalated ligand centred emissive states and is further corroborated by the nearly identical emis-
sion spectra for 2 and 3 to previously reported analogous complexes with 4-(pyrid-2-yl)-1,2,3-triazole
based ancillary ligands. Computational density functional theory calculations on these complexes show
that the LUMOs of 2 and 3 are largely btz-centred but with some cyclometalated pyridine n* character.
The LUMO of 1 on the other hand is localized primarily on the cyclometalated ligands. Spin population
analysis of the lowest lying triplet excited states for these complexes indicate significant spin population
over the iridium centres and the aryl and pyridyl moieties in these complexes with virtually no localization
of unpaired electrons over the btz ancillary ligands. This is therefore in agreement with the assignment
of the emissive state having largely cyclometalated 3LC character and being independent of the ancillary

ligand.

www.rsc.org/dalton

Introduction

)173 4,5

Cyclometalated iridium(m and platinum()*” complexes
have been the subject of a large amount of interest in the lit-
erature due to their attractive photophysical properties that
results in their potential application in biological imaging, as
the basis of luminescent molecular sensors® and as the phos-
phors in organic light emitting diode (OLED) and light emit-
ting electrochemical cell (LEEC) devices.”**'" Efforts to tune
the wavelengths of emission in these complexes have focused
on the modification of the cyclometalated and ancillary
ligands in order to modulate the energies of the frontier
orbitals.”*™*® Synthetic routes that provide access to a wide
range of ligands and hence allow facile tuning of electronic
properties are therefore of great interest.

The Huisgen-Sharpless copper catalysed alkyne/azide cyclo-
addition (CuAAC) to form 1,2,3-triazoles (commonly referred
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to as ‘click’ chemistry)'®!” has attracted enormous interest
over the past decade in organic synthesis, as a linking moiety
in novel polymer and dendrimer systems'®>* and in the modi-
fication of biological macromolecules.>*™>> The past four years
or so have since seen an explosion in the use of this versatile
reaction in ligand design for metal complexes. Examples have
appeared of monodentate N-donor triazole ligands, N-hetero-
cyclic ‘click’ carbene complexes and triazole-containing
chelate systems. This area has recently been the subject of a
comprehensive review.>

Ligand architectures that have become ubiquitous in tran-
sition metal coordination chemistry due to the photophysical
properties of their complexes include 2,2"-bipyridyl (bpy) and
2,2":6',2"-terpyridyl (tpy). Several groups have reported ana-
logous ligand systems constructed through CuAAC reactions
where pyridyl moieties are replaced with N-donor 1,2,3-triazole
rings.”” > Several examples of ruthenium(u), rhenium(i) and
iridium(m) complexes bearing 4-(pyrid-2-yl)-1,2,3-triazole
(pytz) based ligands as bpy analogues have appeared and the
resultant photophysical properties investigated. Replacement
of bpy by pytz in hetero- and homoleptic complexes of the
form [Ru(bpy),(pytz)s_»]*" was shown to lead to a blue-shifting
in absorption and emission maxima but with significant
quenching of emission intensity. Indeed, the homoleptic
complex [Ru(pytz);]** shows no observable luminescent
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emission.’”*' However, the complexes of the form [Re(pytz)-

(CO);C1T** and [Ir(R-ppy)s(pytz)]” (where R-ppy is a 2-arylpyri-
dine cyclometalated ligand)**7*® are highly luminescent with
appreciable emission quantum yields. Further, these hetero-
leptic iridium(i) complexes were shown to be amenable to the
preparation of functional LEEC devices.*®*” Several groups
have also investigated the use of aryl triazoles as precursors for
the cyclometalated ligand itself.>®87%*

Symmetrical ligands analogous to pytz and based on a 4,4"-
bi-1,2,3-triazolyl (btz) framework have received much less
attention. Fletcher and co-workers®® along with Monkowius
et al.*® prepared and characterized complexes of the form
[Ru(btz);]** with the latter group also preparing the
rhenium  complex [Re(btz)(CO);Cl]. The  homoleptic
ruthenium complex displays no luminescent emission in
solution at room temperature, nor does the rhenium complex
despite its pytz analogue exhibiting significant emissive
properties.

We recently reported the preparation and characterization
of the heteroleptic complexes [Ru(bpy),(btz)]*" and [Ru(bpy)-
(btz),]**.*® Our results revealed that replacement of bpy by btz
yields an expected blue-shift in absorption bands and
quenched emission. The quenching of luminescent emission
in these systems arises through destabilization of the *MLCT
states of these complexes due to the much higher energy
LUMO of the btz compared to that of bpy. The reduced separ-
ation between *MLCT and *MC then results in thermal popu-
lation of the latter from the former and non-radiative
deactivation to the ground state. This MLCT state destabiliza-
tion is found to occur to such an extent for [Ru(btz);]** that
DFT calculations suggest that the lowest triplet excited state
becomes *MC in character. Romero et al. have prepared the
complex [Ru(tap),(btz)]** (tap = tetraazaphenazene) which is
similarly non-emissive.*”

Despite several examples of the use of pytz ligands, the btz
framework has not been investigated as the ancillary ligand in
cationic biscyclometalated iridium(m) complexes (we note,
however, a report independently detailing iridium btz com-
plexes by Zysman-Colman and co-workers®® has appeared
whilst this manuscript was in the peer-review process). This is
perhaps due to the presumption that this would similarly lead
to deleterious effects on the photophysical properties of the
resultant complexes. However, we were hopeful that complexes
of the general structure [Ir(R-ppy),(btz)]" would make attractive
luminescent complexes for LEEC device applications. The
presence of a 5d metal and strongly donating anionic cyclo-
metalate ligands will result in a larger ligand field splitting
and higher energy *MC states than in ruthenium complexes
with neutral bpy ligands. Hence these may well become ther-
mally inaccessible from *MLCT/’LLCT and *MLCT/’ILCT
based excited states in these complexes thereby rendering
them emissive. Indeed, we show here that in stark contrast to
btz complexes of the ruthenium and rhenium complexes dis-
cussed previously, complexes of the form [Ir(R-ppy),(btz)]PFs
do in fact show appreciable luminescent emission even in
aerated solution at room temperature.
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Results & discussion

The arylpyridines (R-ppy) 2-phenylpyridine (ppy), 4-(pyrid-2-yl)-
benzaldehyde (fppy) and 2-(2,4-difluorophenyl)pyridine
(dfppy) were used to prepare biscyclometalated chloro-bridged
dimers [(R-ppy).Ir(p-Cl),Ir(R-ppy).] by heating to reflux in
aqueous ethoxyethanol solutions. The cationic btz complexes
of were then prepared by refluxing these dimeric precursors
with 2 equivalents of 1,1'-dibenzyl-4,4'-bi-1,2,3-triazolyl in 1:1
chloroform-methanol. After concentration of the reaction mix-
tures under reduced pressure and treatment with aqueous
NH,PFg, the target complexes 1 to 3 were isolated as their
hexafluorophosphate salts (Scheme 1).

"H NMR spectra of all complexes show a single set of reson-
ances for the cyclometalated ligands as well as a single set of
resonances for the btz triazole ring and methylene protons
indicative of C, symmetry of the cations. The aldehydic
protons of 1 give rise to a singlet at § 9.71 with a further
singlet being observed for the triazole ring protons at § 8.32,
deshielded relative to that of the free ligand (5 8.17). Three
resonances are observed for the metalated aryl ring at § 7.98,
7.51 and 6.75 along with a further four resonances for the
pyridyl rings (5 8.24, 8.04, 7.84 & 7.25). A pair of geminal doub-
lets with a roofed AB pattern are observed at § 5.59 and 5.54
dues to the methylene protons of the btz benzyl substituent
which are diastereotopic due to the C, symmetry. The 'H NMR
spectrum of 2 displays the expected set of eight resonances for
the ppy ligands, typical of C, symmetric Ir(ppy), complexes of
this type. The triazole protons give rise to a singlet at § 8.32
whilst the methylene protons of the benzyl substituents again
yield a geminal pair of doublets at § 5.60 and 5.56. The
'H NMR spectrum of 3 again contains a singlet for the triazole
protons (6 8.33) whilst the benzylic methylene protons now
result in a singlet resonance at § 5.59. A total of six resonances
are observed for the dfppy ligand with those of the aryl ring
appearing at 6 6.67 and 5.77 whilst the fluorine substituents
give rise to a pair of "’F'°F-coupled doublets at § —109.2 and
—111.0 in the "°F NMR spectrum.

Crystals of X-ray diffraction quality were obtained for com-
plexes 2 and 3 from acetonitrile solution with slow diffusion
vapour diffusion of diethyl ether. Complex 2 crystallises in the
space group P1 and exhibits two crystallographically unique
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Scheme 1 Synthesis of complexes in this study.
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Fig. 1 ORTEP plot of the structure of one of two crystallographically unique
cations (cation A in Table 1) in the unit cell for [Ir(ppy).(btz)]PFs (2) (cation B,
hydrogen atoms and counter ions omitted for clarity, ellipsoids at 50%
probability).

cations in the unit cell. An ORTEP plot of the structure of one
of the cations is depicted in Fig. 1 and selected bond distances
and angles are provided in Table 1. The cations adopt dis-
torted octahedral geometries with the pyridine rings of the ppy
ligands occupying mutually trans coordination sites. Bond
lengths and angles for the cyclometalated ligands are unre-
markable. Ir-N(btz) bond lengths lie between 2.149 and
2.175 A for the two cations with btz ligand bite angles of
75.77(7) and 75.27(7)° which are comparable to those of ruthe-
nium complexes of the same ligand.**

An ORTEP plot of the structure of the cation for 3 is shown
in Fig. 2. The cation sits on an axis of symmetry such that only
half of it (one dfppy ligand and half of the btz ligand) is crys-
tallographically unique. The complex again adopts a distorted
octahedral geometry with mutually trans pyridine donors. The

Table 1 Selected bond lengths (A) and angles (°) for the X-ray crystal structures
of [Ir(ppy)a(btz)IPFe [Ir(dfppy)a(btz)IPFe

[Ir(ppy)a(btz)]PFs

Cation A

Ir1-N1 2.1753(18) Ir1-C36 2.003(2)
Ir1-N4 2.149(2) N1-Ir1-N4 75.77(7)
Ir1-N7 2.051(2) N7-Ir1-N8 175.03(7)
Ir1-N8 2.0437(19) N7-Ir1-C25 80.63(9)
Ir1-C25 2.004(2) N8-Ir1-C36 80.21(9)
Cation B

Ir2-N9 2.166(2) Ir2-C76 2.007(2)
Ir2-N12 2.1630(19) N9-Ir2-N12 75.27(7)
Ir2-N15 2.049(2) N15-Ir2-N16 172.33(8)
Ir2-N16 2.041(2) N15-1r2-C65 80.79(9)
Ir2-C65 2.006(2) N16-1r2-C76 80.98(10)
[Ir(dfppy)a(btz)]PFs

Ir1-C1 2.0057(14) C1-Ir1-N4 80.68(6)
Ir1-N4 2.0443(14) N4-Ir1-N4 170.87(7)
Ir1-N5 2.1540(12) N4-Ir1-N5 95.96(5)
C1-Ir1-C1 87.33(8) N5-Ir1-N5 75.77(6)

This journal is © The Royal Society of Chemistry 2013

Fig. 2 ORTEP plot of the structure of the cation [Ir(dfppy).(btz)]* (hydrogen
atoms and counter ion removed for clarity, ellipsoids at 50% probability).
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Fig. 3 Absorption spectra for complexes 1 to 3 (in dichloromethane).

complex exhibits Ir-N(btz) bond lengths of 2.1540(12) A with a
btz N-Ir-N bite angle of 75.77(6)°, comparable to those
observed for 2.

UV-visible absorption spectra were recorded for dichloro-
methane solutions of complexes 1 to 3 and are shown in
Fig. 3. A summary of the photophysical properties can be
found in Table 2. Bands appear between 420 and 367 nm
which are assigned to '"MLCT-based transitions with intense
absorptions below 300 nm assigned to ligand centred n—m*
transitions. The MLCT band of 1 appears at 420 nm and is
red-shifted relative to that of 2 bearing unsubstituted ppy
ligands (385 nm). This may due to the extended r-system
associated with the formyl-substituted ligand which would
result in stabilisation of the cyclometalated ligand centred
unoccupied orbitals (vide infra) and a reduced HOMO-LUMO
separation. The electron withdrawing fluorine substituents in
3 would be expected to lead to stabilization of the HOMO rela-
tive to that of 2 resulting in blue-shifted absorption and
indeed the MLCT band appears at 367 nm.

In contrast to known rhenium and ruthenium btz
complexes,****™*” complexes 1 to 3 exhibit luminescent emis-
sion upon excitation at 400 to 425 nm in aerated

Dalton Trans., 2013, 42, 13527-13536 | 13529
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Table 2 Photophysical properties of complexes 1 to 3 in aerated dichloromethane solutions

Complex 2355/nm 2°™/nm D% 7/ns 10° k/s™ 10° kyy/s™!
1 274, 301, 420 532, 568 4.3 792 5.4 1.2

2 257,332,382 476, 508 0.82 18 0.47 0.56

3 303, 317, 367 454, 483 0.28 24 0.11 0.41
(Ir(ppy)(pytz)] 475, 505

[Ir(dfppy)(pytz)]" 452, 483"

[1r(ppy)a(bpy)] 591

@ Ref. 35. ? Ref. 37.

dichloromethane solutions at room temperature. Normalized
emission spectra are shown in Fig. 4. All complexes display
structured emission bands, often indicative of the presence of
a large amount of ligand-centred character in the emissive
excited states. Complex 3 exhibits bright blue luminescent
emission with an intense band at 454 nm with almost equally
intense lower energy vibronic progression at 483 nm and a
shoulder at approximately 507 nm. The emission band of 3 is
blue-shifted relative to that of 2 (476 and 508 nm with a
shoulder at approximately 536 nm) mirroring the blue-shift in
absorption bands. Introduction of the formyl substituents in 1
results in significantly red-shifted emission which again exhi-
bits vibronic progressions with maxima at 532 and 568 nm.
These emission wavelengths and the appearance of the
spectra for 2 and 3 closely resemble those of related complexes
of the form [Ir(dfppy).(pytz)]” and [Ir(ppy).(pytz)]" previously
reported by De Cola and co-workers.>**” In comparison, the
analogous 2,2"-bipyridyl complex [Ir(ppy),(bpy)]" exhibits a
broad unstructured band with an emission maximum at about
591 nm, significantly red-shifted relative to those of the corres-
ponding pytz and btz complexes. These data confirm that the
*LC emissive excited states in heteroleptic biscyclometalated
iridium complexes of the type described here have little or no
contribution from, and are therefore largely independent of,
the pytz or btz ancillary ligands. The excited state for the bpy
complex is, on the other hand, predominantly localized on the
ancillary ligand. We have previously shown that the LUMO of
the btz ligand is significantly destabilized relative to that of
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Fig. 4 Normalised emission spectra for complexes 1 to 3 (in dichloromethane
at room temperature).
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bpy.*® The triazole moiety in the pytz ligand could therefore
similarly lead to a large destabilization in the ligand-based
LUMO bringing it to a comparable energy to those of vacant
orbitals centred on the cyclometalate ligands leading to the
observed switching in localization of the emissive state in
these complexes.

As mentioned above, previously reported ruthenium and
rhenium btz complexes were shown to be weakly or non-emis-
sive in solution at room temperature, however, reasonably
intense emission is observed at 77 K for [Ru(bpy),(btz)]*" and
[Ru(bpy)(btz),]**.* This is explained by the presence of the btz
ligand resulting in a higher energy LUMO and hence elevated
*MLCT state from which non-radiative *MC states can be ther-
mally populated. The intense emission observed for the com-
plexes described in the present study is a likely consequence
of the presence of the strongly donating anionic cyclometa-
lated ligands that result in a larger ligand field splitting. The
*MC states in complexes 1 to 3 are therefore elevated such that
they become thermally inaccessible for population from the
emissive excited states of these complexes.

Luminescent lifetimes were determined for each complex
in aerated dichloromethane solutions at room temperature.
Complex 2 exhibits a lifetime of 18 ns whereas that of 3 is
slightly elongated at 24 ns. In contrast, the lifetime of 1 was
measured as 792 ns. Quantum yields were determined from
their integrated emission intensities and referenced to [Ru-
(bpy)s][PFs], in aerated acetonitrile (¢ = 1.8%).*> Quantum
yields of 2 and 3 are 0.82 and 0.28% respectively. Consistent
with the much longer lifetime the quantum yield of 1 is much
larger than those of the other btz complexes at 4.3%.

Cyclic and square-wave voltammetry were performed on
solutions of complexes 1 to 3. All three complexes show rever-
sible oxidations at 1.05, 0.85 and 1.19 V respectively (refer-
enced against ferrocene/ferrocenium, E = 0 V). The data for 3 is
indicative of the commonly observed stabilization of the
HOMO on inclusion of electron withdrawing substituents on
the aryl rings. The observed stabilization in 1 compared to 2 is
similarly likely due to the presence of the -M formyl groups.
Complexes 2 and 3 exhibit irreversible reductions at —1.96 and
—1.85 V, however, 1 displays a reversible reduction at much
more positive potential centered at —1.38 V. We tentatively
assign the reductions for 2 and 3 as arising from btz centred
LUMOs and the reduction for 1 as arising from a cyclometa-
lated ligand centered LUMO which is stabilized through the
larger m-system provided by the formyl groups. This then

This journal is © The Royal Society of Chemistry 2013
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accounts for the red shifting of absorption and emission in 1
relative to 2.

DFT studies were undertaken in order to further under-
stand the photophysical and electronic properties of the
ground and excited states of complexes 1 to 3. The ground
state geometry of each complex was optimized without sym-
metry constraints in the gas phase at the B3LYP level of theory
using the Stuttgart-Dresden relativistic small core potential for
iridium and 6-311G* basis sets for all other atoms (optimized
xyz coordinates for the complexes may be found in the ESIY).
In order to minimize the computational expense required in
these calculations the benzyl substituents of the btz ligands
were simplified to methyl. In addition, the ground state geo-
metries of the pytz and bpy complexes [Ir(ppy),(pytz)]" and [Ir-
(ppy)2(bpy)]" were also calculated for comparison.

Energies of the frontier molecular orbitals were determined
and plots of the HOMO and LUMO orbitals for each complex
are depicted in Fig. 5. Associated energies are provided in
Table 3 with a comparative energy level diagram shown in
Fig. 6. As expected for complexes of this type, the HOMO of
the parent complex 2 (which appears at —7.74 eV) has primar-
ily phenyl n-character in an anti-bonding combination with an
iridium d-orbital and is common for those of both 1 and 3
(—8.17 and —8.22 eV respectively). The stabilization of the
HOMOs in 1 and 3 relative to that of 2 therefore mirrors the
measured oxidation potentials for these complexes. The
closely-spaced LUMO (—4.01 eV) and LUMO + 1 (=3.97 eV)
orbitals of 2 are primarily centered on the ancillary btz ligand
but have some additional pyridyl n* contribution. A similar

LuUmo

HOMO

LUMO

HOMO

[Ir(ppy).(pyt2)]*

[Ir(ppy),(bpY)I*

Fig. 5 Plots of HOMO and LUMO orbitals for the ground states of complexes 1
to 3 and [Ir(ppy)>(L)]* (L = pytz, bpy).
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Table 3 Calculated energies for the HOMO and LUMO orbitals of complexes 1
to 3 and [Ir(ppy)>(L]* (L = pytz, bpy) and the HOMO-LUMO gap

Complex HOMO/eV ~ LUMO/eV ~ HOMO-LUMO gap/eV
1 —8.17 —4.59 3.57
2 —7.74 —4.01 3.74
3 —8.22 —4.24 3.98
[1r(ppy)a(pytz)]* —7.88 —4.77 3.01
[Ir(ppy)2(bpy)] —8.03 —5.24 2.78

—ll [
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2 3 [Ir(ppy)a(pyt2)]* [Ir(ppy)2(bpy)]*

Fig. 6 Energy level diagram for the calculated molecular orbitals of the com-
plexes 1 to 3 and [Ir(ppy)2(L)]* (L = pytz, bpy).

involvement of the pyridyl moiety in the LUMO (—4.24 eV) and
LUMO + 1 (—4.19 eV) of 3 is also observed. For both of these
complexes, LUMO + 2 and LUMO + 3 appear solely btz-cen-
tered. The resultant HOMO-LUMO gap for 3 of 3.98 eV is
larger than that for 2 (3.74 eV) in agreement with expectations
and the observed blue-shift in experimental absorption and
emission spectra.

The LUMO of the analogous bpy complex [Ir(ppy)(bpy)]’,
calculated using the same exchange correlation functional and
basis sets, is primarily bpy-based and resides at —5.24 eV,
some 1.23 and 1.00 eV lower in energy than those of 2 and 3
respectively. This results in a much smaller HOMO-LUMO gap
of 2.78 eV consistent with the largely red-shifted emission
band for this complex relative to that of 2. Here, LUMO + 1
(—4.41 eV) is also localized on the ancillary bpy ligand without
involvement of the cyclometalate ligands with the first unoccu-
pied orbital with ppy pyridine n* character being LUMO + 2
(—4.22 eV).

In the case of the pytz complex [Ir(ppy).(pytz)]” the HOMO
is similarly localized on the metal and the cyclometalated
phenyl rings with a greater contribution from the ppy ligand
trans to the pyridyl donor of the ancillary ligand. The LUMO
and LUMO + 1 orbitals are both pytz n* in character and are
localized to a greater extent on the pyridyl ring. Here, the
LUMO lies between those of 2 and [Ir(ppy).(bpy)]’, some 0.47
eV above that of the bpy analogue. LUMO + 2 (—4.11 eV) and
LUMO + 3 (—4.03 eV) are the lowest ppy-based pyridyl n*
orbitals.

This change in the localization of the unoccupied frontier
orbitals in complexes 2 and 3, in which there is some localiz-
ation on the cyclometalated ligands, when compared to those

Dalton Trans., 2013, 42, 13527-13536 | 13531
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of [Ir(ppy).(bpy)]" is due to the much higher energy of the
LUMO of the btz ligand compared to that of bpy. Indeed, in
separate calculations on the free btz and bpy ligands, the
LUMO of btz is some 1.02 €V higher in energy relative to that
of bpy.*® Hence, the btz LUMO lies close in energy to orbitals
of the cyclometalated ligands allowing mixed R-ppy/btz charac-
ter in the unoccupied frontier orbitals of these complexes.

In contrast to 2 and 3, the LUMO and LUMO + 1 orbitals of
1 are primarily centered on the pyridyl rings and formyl
groups of the cyclometalated ligand and have no significant
contribution from the btz ligand. Consistent with experi-
mentally observed red-shifted spectra, the HOMO-LUMO gap
for 1 is smaller than that of 2 at 3.57 eV. Here, LUMO + 2,
some 0.32 eV above the LUMO, is the first btz-centered unoc-
cupied orbital.

Time-dependent DFT (TDDFT) calculations were performed
at the ground state geometries each complex to derive vertical
excitation energies and hence simulated optical absorption
spectra. TDDFT derived spectra for 1 to 3 (with experimental
spectra overlaid) are presented in Fig. 7. From a simple visual
analysis of the positions of the major transitions depicted in
Fig. 3 it can be seen that the energies of the calculated tran-
sitions are in good agreement with the experimentally
recorded spectra. Consistent with experimental data these
major transitions are also observed to blue-shift from complex
1 to 3. Indeed, the S; states appear at 426 nm (f = 0.054),
409 nm (f'= 0.030) and 381 nm (f'= 0.014) for 1, 2 and 3 respect-
ively, are relatively intense and are primarily HOMO — LUMO
in character. Hence, the nature of these transitions is R-ppy-
based MLCT/LC for 1 and MLCT/LLCT to btz for 2 and 3.
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Fig. 7 Overlaid experimental absorbance and calculated TDDFT spectra for
complexes 1 to 3.
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Table 4 Calculated energies of the optimized Ty states for complexes 1 to 3,
[Ir(ppy)2(pytz)]* and [Ir(ppy)2(bpy)]* and energies of their singlet ground states
at the same geometries So* along with calculated emission energies and wave-
lengths. All values quoted relative to So = 0 eV

Complex T,/eV So*/eV T, — So*/eV Aenle/nm
1 2.35 0.28 2.07 600
2 2.60 0.28 2.32 534
3 2.75 0.30 2.45 507
[Ir(ppy)z(pytz)++ 2.59 0.26 2.33 531
[1r(ppy)a(bpy)] 2.25 0.30 1.95 634

In order to probe the nature of the emissive states of these
complexes the lowest triplet excited states of 1 to 3 were opti-
mized, along with those of [Ir(ppy).(pytz)]" and [Ir(ppy).-
(bpy)]’, starting from their S, geometries using the constraint
of the spin multiplicity of 3. Table 4 collates the calculated
energies of the T; states for complexes 1 to 3 and those of [Ir-
(ppy)2(pytz)]” and [Ir(ppy)s(bpy)] quote relative to their
respective S, ground state energies. Consistent with the experi-
mentally observed spectroscopic data which shows a blue-shift
in emission maxima, the T, state is destabilized on going from
complex 1 to 3. The Ty state of [Ir(ppy).(pytz)]” (2.59 €V) is
noted to have almost the same energy as that of 2 (2.60 eV)
consistent with emission occurring from the same ppy-based
*LC state. The T, state of [Ir(ppy),(bpy)]", however, is observed
to be at significantly lower energy (2.25 eV).

Estimated Frank-Condon emission energies were calculated
for each complex through the A-SCF method; having opti-
mized the geometries of the T, states for the complexes, the
energies of the singlet ground states at these T; geometries
were calculated in single point calculations. The difference in
energy between the optimized T, states and these non-equili-
brium Sy* states at the same geometries are therefore the cal-
culated emission energies which are then used to derive the
calculated emission maximum. As can be seen from Table 4
the calculated emission wavelengths are over estimated by
approximately 25-30 nm with respect to the lower energy vibro-
nic progressions observed in the emission spectra of com-
plexes 1 to 3 and that of [Ir(ppy).(pytz)]’. These calculations
are however conducted in the gas phase and hence in the
absence of solvent interaction which will have an influence on
the absolute energies of the states under investigation. Never-
theless, the calculated data clearly reproduce the observed
experimental trends with a progressive blue shift in emission
on going from 1 (600 nm) to 3 (507 nm) and near identical
emission wavelengths for 2 and [Ir(ppy).(pytz)]” (534 and
531 nm respectively) (Table 4).

Mulliken population analyses were carried on to determine
the localization of spin density for these T; states and
summed atomic spin populations for the iridium atom and
the aryl, pyridyl and btz moieties of 1 to 3 are listed in Table 5.
The data clearly show significant spin populations on the
iridium atom and the cyclometalated ligands but which do not
extend to the btz ligands. Hence, the emissive triplet states in
these complexes are predicted to be largely °LC in character

This journal is © The Royal Society of Chemistry 2013
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Table 5 Mulliken population analysis for complexes 1 to 3, [Ir(ppy).(pytz)]*
and [Ir(ppy)2(bpy)]*: summed gross atomic spin populations for the iridium
atom and the aryl, pyridyl and btz moieties for the optimized T, states

Complex Ir Aryl Pyridyl Ancillary
1 0.22 1.24 0.54 0.007

2 0.24 0.97 0.79 0.008

3 0.14 0.91 0.94 0.005
[Ir(ppy)z(pytz)I 0.27 0.93 0.93 0.054
[1r(ppy)a(bpy)] 0.53 0.41 0.02 1.02

with little or no involvement of the ancillary btz ligand. Hence,
tuning of the emissive properties of these complexes is entirely
dependent on the nature of the substituents of the cyclometa-
lated ligands. Similarly, and in agreement with the near identi-
cal emission characteristics to those of complex 2, analysis of
the spin population in [Ir(ppy),(pytz)]” shows that there is no
significant population of the unpaired electrons on the pytz
ligand and that again the T, state of this complex is also *LC
in character. On the other hand, the spin populations for [Ir-
(ppy)2(bpy)]" reveal that the excited electron is localized on the
bpy ligand confirming the *MLCT/’LLCT character of the emis-
sive state for this complex.

The difference in the frontier orbital localization for 1 com-
pared to those of 2 and 3 along with the *LC character in the
emissive states of these btz complexes may account for the
greater quantum yield of emission observed for 1 and the
greatly elongated luminescent lifetime. Since both the HOMO
and LUMO in this complex are largely centered in the cyclo-
metalate ligands, redistribution of the unpaired electron
density occurs in 1 to a much lesser extent during the process
of the excitation of an electron to the LUMO, subsequent inter-
system crossing and relaxation of the resultant T, state than
would be the case for 2 and 3. This may therefore lead to the
greater rate of non-radiative decay rate through interactions
with ligand vibrational oscillators for the latter complexes rela-
tive to their radiative decay, k;, when compared to 1.

The computational data presented here is therefore in
agreement with the *LC centered assignment of the emissive
states for the pytz complexes [Ir(ppy).(pytz)]” and [Ir-
(dfppy)a(pytz)]” ***” and complexes 2 and 3 based on the near
identical emission spectra and the observed vibronic structure
therein. Hence, the tuning of the photophysical properties of
these btz complexes and their pytz analogues are entirely
dependent on the nature of cyclometalated ligands. These
complexes provide the basis of further development of LEEC
phosphors.

Conclusions

We have reported the synthesis, characterization and the
photophysical and theoretical study of iridium(u) cyclometa-
lated complexes with 4,4'-bi-1,2,3-triazolyl ancillary ligands.
We have shown that these are luminescent with emission
wavelengths are tunable via through variation of the aryl

This journal is © The Royal Society of Chemistry 2013
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substituents of the cyclometalated ligands but are indepen-
dent of the ancillary btz ligand. Complexes of this type are
promising candidates for further development as phosphors
in light emitting devices and in other applications such as bio-
logical imaging.

Experimental section
General methods

The btz ligand,’® the iridium dimers [Ir(fppy),Cl],,*°
[Ir(ppy).Cl,** and [Ir(dfppy),Cl],** the complex
[1r(ppy)2(bpy)][PFs]>® were all prepared by previously reported
procedures. NMR spectra were recorded on Bruker 500 Avance
and 400 AVIII spectrometers and mass spectrometry data were
obtained on a Bruker Micro-Q-TOF instrument. UV-visible
absorption data were recorded on a Varian Cary 4000 UV-
visible spectrophotometer and emission spectra were recorded
on a Jobin-Yvon Fluoromax instrument. Excited state lifetimes
were obtained using an Edinburgh Instrument Mini-tau
spectrometer. Quantum yields, ¢, were determined using the

equation
Acyny?
b - (1812,
AuIr"]r

and

where 4 is the absorbance at the wavelength of excitation, I is
the integrated emission intensity, 7 is the refractive index of
the solvent and the subscripts u and r refer to the unknown
and reference ([Ru(bpy);][PFe], in aerated acetonitrile, ¢ =
0.018"%) samples respectively. The radiative and non-radiative
decay constants were derived by the equations &k, = ¢/ and
knr = (1 — ¢)/7 respectively.

For electrochemical measurements complexes were 1 mM
in 0.1 M solution of [Bu,N][PFs] in acetonitrile. The reference
electrode was a silver wire in contact with 0.3 M KCl in
ethanol. The working electrode was glassy carbon whilst the
counter electrode was a platinum foil. The solutions were
purged with nitrogen and potentials are calibrated using
FeCp,"° in 0.1 M solution of [BuyN][PF,] in acetonitrile as an
external standard. The potentiostat used was an Autolab
PGSTAT.

Synthesis of [Ir(fppy).(btz)]PFs (1). [Ir(fppy).Cl], (30.3 mg,
mmol), btz (49.9 mg, mmol) and ammonium hexafluoro-
phosphate were dissolved in 1:1 chloroform-methanol
(8 cm®) and degassed with N,. The mixture was then heated to
reflux for 5 hours after which the solution was concentrated
under reduced pressure. Diethyl ether was added (10 cm?) and
the volume of the mixture reduced by rotary evaporation and
the resulting yellow precipitate was filtered and recrystallized
from acetonitrile-diethyl ether. Yield 32.2 mg (44.3%).

'"H NMR (500 MHz, CD;CN) § 9.71 (s, 2H, CHO); 8.32 (s,
2H, tz); 8.24 (d, Juu 8.2 Hz, 2H, py-H3); 8.04 (t, Jun = 7.7 Hz,
py-H4); 7.98 (d, Juu = 8.0 Hz, Ar-H2); 7.84 (d, Juu = 5.6 Hz, py-
H6); 7.51 (dd, Juu = 8.0 & 1.4 Hz, Ar-H3); 7.42-7.36 (m, 6H,
Ph); 7.25 (t, Jun = 7.1 Hz, py-H5); 7.22-7.18 (m, 4H, Ph); 6.75
(d, Jau 1.1 Hz, Ar-H5); 5.59 (d, Jyu = 15.5 Hz, 2H, CH,); 5.54
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(d, Jun = 15.5 Hz, 2H, CH,). *C NMR (CD3CN) § 192.7; 165.9;
150.6; 150.1; 146.1; 140.2; 139.2; 136.4; 133.6; 131.6; 129.1;
129.0; 128.2; 124.9; 124.7; 124.7, 123.7; 121.3; 55.4. MS (ESI)
m/z 873.2 ([IrC4,0,NgH3,]"). HRMS (ESI) caled 873.22800,
found 873.22842.

Synthesis of [Ir(ppy).(btz)[PFs (2). [Ir(ppy).Cll. (85 mg,
0.074 mmol) and btz (52 mg, 0.16 mmol) were dissolved in
1:1 chloroform-methanol (20 cm®) and degassed with N,. The
mixture was then heated to reflux for 2.5 hours after which the
solvent was removed under reduced pressure. The residue was
redissolved in dichloromethane (5 cm®) and excess
ammonium hexafluorophosphate was added in methanol
(10 em?). The volume of the mixture reduced by rotary evapor-
ation and the resulting yellow crystalline precipitate was fil-
tered. Yield 50 mg (35%).

"H NMR (500 MHz, CD;CN) & 8.32 (s, 2H, tz); 8.07 (d, Jun =
8.2 Hz, 2H, py-H3); 7.91 (td, Jun = 7.6 & 1.6 Hz, 2H, py-H4);
7.77-7.72 (m, 4H, py-H6 & Ar-H2); 7.42-7.37 (m, 6H, Ph);
7.21-7.19 (m, 4H, Ph); 7.10 (ddd, Ji = 7.3, 5.8 & 1.4 Hz, 2H,
py-H5); 6.99 (td, Juy = 7.5 & 1.1 Hz, 2H, Ar-H3); 6.85 (td, [y =
7.5 & 1.3 Hz, 2H, Ar-H4); 6.27 (dd, Jun = 7.7 & 1.1 Hz, 2H, Ar-
H5); 5.60 (d, Jug = 15.2 Hz, 2H, CH,); 5.56 (d, Juu = 15.2 Hz,
2H, CH,). "*C NMR (CD;CN) 6 167.6; 149.5; 146.3; 144.5; 140.2;
138.5; 133.8; 131.7; 129.6; 129.1; 129.0; 128.1; 124.3; 123.5;
123.2; 122.3; 119.6; 55.3. MS (ESI) m/z 817.2 ([IrC4oHz3,Ng]).
HRMS (ESI) calcd 817.237368, found 817.236011.

Synthesis of [Ir(dfppy).(btz)]PFs (3). The dimer [Iry(dfp-
py)aCl;] (205 mg, 0.17 mmol) and btz (108 mg, 0.34 mmol)
were suspended in 1:1 chloroform-methanol (20 cm?®) and
the mixture degassed. The solution was then heated to reflux
at 75 °C for 3.5 hours. NH,PF, (124 mg) was then added and
the reaction heated to reflux for a further 2.5 hours. On
cooling, the bright yellow precipitate was filtered and washed
with small portions of diethyl ether (10 cm?®). Yield 303 mg
(87.1%.)

"H NMR (500 MHz, CD;CN) 6 8.33 (d, Juu = 8.3 Hz, 2H, py-
H3); 8.33 (s, 2H, tz); 7.96 (t, Jun = 8.0 Hz, 2H, py-H4); 7.75 (d,
Juu = 5.9 Hz, py-H6); 7.44-7.36 (m, 6H, Ph); 7.24-7.18 (m, 4H,
Ph); 7.15 (ddd, Jy = 1.3, 5.9 & 7.4 Hz, 2H, py-H5); 6.67 (ddd,
Jur = 12.6 & 9.4 Hz, Juy = 2.5 Hz, 2H, CsH,F,-H3); 5.77 (dd,
Jur = 8.8 Hz, Jun = 2.4 Hz, 2H, C¢H,F,-H5); 5.59 (s, 4H, CH,).
3C NMR (CD5CN) 6 56.0 (s, CH,), 99.1 (t, *Jcr = 27.3 Hz, C3),
114.5 (dd, *Jcp = 17.8 Hz, *Jcr = 3.0 Hz, C5), 123.9 (s, Cd), 124.1
(s, Cb), 124.4 (s, CHN3), 128.8 (s, Ph), 129.0 (dd, */cr = 5.7 Hz,
“Jer = 2.6 Hz, C1), 129.6 (s, Ph), 129.7 (s, Ph), 134.1 (s, Ci), 140.1
(s, Cc), 140.6 (s, CN3), 150.5 (s, Ca), 151.2 (d, *Jcr = 7.0 Hz, C6),
161.1 (dd, Yer = 206.2 Hz, *Jcr = 12.7 Hz, C2), 163.5 (dd, Ycp =
202.2 Hz, YJor = 13.1 Hz, C4), 164.3 (dd, Jor = 7.0 Hz, *Jop =
1.0 Hz, Ce). "’F{'"H} NMR (CD;CN) —72.8 (d, Jpr = 706 Hz, PF);
—-109.1 (d, Jgp = 10.2 Hz, CgH,F,-F4); —111.0 (d, Jpr = 10.1 Hz,
CeH,F,-F2). MS (ESI) m/z 889.2 ([IrC4oF4N,gHyg]"); HRMS (ESI)
caled 889.199681, found 889.200748.

X-ray crystallography
Single crystal X-ray diffraction data were collected on a Bruker
Apex Duo diffractometer equipped with a graphite
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Table 6 X-ray crystallographic data for complexes 2 and 3

2 3
Formula Cy0H3,F6IrNgP C0HogF10IrNgP
M,/g mol ™" 961.91 1033.87
Temperature/K 150 150

Space group P1 C2/c

alA 13.0144(7) 16.7186(6)
b/A 13.3032(8) 26.4926(9)
/A 24.2891(15) 9.3340(3)
al® 78.746(1) 90

pl° 87.429(1) 109.714(1)
v/° 64.527(1) 90

VIA® 3719.8(4) 3891.9(2)
D/g cm™ 1.718 1.764

z 4 4

Unio/mMm ™ 3.705 3.562

T min, max 0.357, 0.525 0.580, 0.720
20max 61.02 71.26

Nret 18570 8008

Ry 0.0250 0.0222

WR, 0.0529 0.0524

s 1.007 1.040

monochromated Mo(Ka) radiation source (0.071073 nm) and a
cold stream of N2 gas. Summarised crystal and refinement
data are presented in Table 6. Preliminary scans were
employed to assess crystal quality, lattice symmetry, ideal
exposure time etc. prior to collecting a full sphere of diffraction
intensity data using SMART operating software.>® Intensities
were then integrated from several series of exposures, merged
and corrected for Lorentz and polarisation effects using SAINT
software.>® Solutions were generated by conventional heavy
atom Patterson or direct methods and refined by full-matrix
non-linear least squares on all F* data, using SHELXS-97 and
SHELXL software respectively (as implemented in the SHELXTL
suite of programs).”® Empirical absorption corrections were
applied based on multiple and symmetry-equivalent measure-
ments using SADABS.”” All structures were refined until conver-
gence (max shift/esd < 0.01) and in each case, the final Fourier
difference map showed no chemically sensible features.

Computational details

DFT calculations were carried out using the NWChem 6.0 and
6.1 software package.’® Calculations were carried out using the
B3LYP hybrid functional (20% Hartree-Fock),” Stuttgart relati-
vistic small core ECP for iridium®® and 6-311G* basis sets®" for
all other atoms. Molecular structures and molecular orbitals
were visualized using the ccpl graphical user interface. The
ground state geometries of all complexes were first optimized
and molecular orbital energies determined. TD-DFT calcu-
lations were then used at the ground state geometries to derive
vertical excitation energies and hence simulated absorption
spectra. A-SCF calculations were then carried out to obtain
estimated luminescent emission energies; first, the geometries
of the lowest lying triplet states were optimized using the con-
straint of a spin multiplicity of 3. The singlet ground state
energies at these triplet excited state geometries were then
determined in single point calculations. The difference in
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energy between the triplet excited states and the singlet states
at the same geometry are therefore the theoretical emission
energies.
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