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y of heteroleptic iridium
complexes through second-sphere coordination†

Barbora Balónová, T. Harri Jones, Allison E. True, Sydney M. Hetherington
and Barry A. Blight *

Novel H-bond-rich iridium(III) complexes with different systems of cyclometalating ligands bearing the

general formula [Ir(C^N)2(N^N)] were synthesised, characterised and their photophysical properties

determined. The incorporated guanidine moieties allow us to introduce a hydrogen-bonding array for

the formation of self-assembled iridium-bound hydrogen-bonded systems. Through a series of

experimental and computational studies we demonstrated the host–guest chemistry of these systems.

These hydrogen-bonding interactions were shown to have significant impacts on chromaticity, quantum

yields and lifetimes with emphasis on energy transfer studies based on this second-sphere coordination

approach.
Introduction

Iridium complexes have catalysed signicant research interest
due to their various applications such as bioimaging,1–6 organic
photovoltaic cells,7–10 and catalysis.11–14 Particularly, the imple-
mentation of iridium complexes as emitters in phosphorescent
organic light-emitting diodes (PhOLEDs) has attracted great
attention.15–17 Cyclometallated iridium complexes have exhibi-
ted short lifetimes in excited states and high photo-
luminescence efficiencies which makes them particularly
interesting when exploited in PhOLEDs.18–20 Phosphorescent
iridium emitters can harvest both the generated singlet and
triplet excitation pathways which theoretically makes them able
to realise a 100% external quantum efficiency giving them an
advantage in comparison to uorescent systems, which can only
reach a maximum of 25%.21 To full the requirements of full-
colour OLED displays, the colour regulation toward efficient
red, green and blue emissions is highly desirable. Colour
tunability is one of the key features of cyclometallated iridium
complexes,22–27 and can be achieved through synthetic modi-
cations of C^N ligands; these modications change the energy
of the frontier orbitals that take part in the photoexcitation
process. The major triplet excited states observed in phospho-
rescent iridium complexes, according to Shakirova et al.,28 are
(a) metal perturbed intra-ligand (3IL) transition (or ligand cen-
tred transition), (b) metal to ligands charge transfer (3MLCT)
and (c) inter-ligand charge transfer (3LLCT). The energy of the
excited states can be changed in multiple ways, but the most
w Brunswick, Fredericton, NB, E3B 5A3,

tion (ESI) available. See DOI:

34297
common approach is the synthetic modication of C^N ligands
through incorporation of either donor or acceptor
substituents.29–32 Other methodologies that can shi the emis-
sion colour of iridium complexes include size variations with
increase of rigidity of the cyclometallating ligands, for instance,
dibenzo[f,h]quinoxaline ligands that are able to bathochromi-
cally shi the phosphorescence colour.33

To date, iridium complexes emitting in green and yellow
regions have reported high quantum efficiencies.34,35 On the
other hand, orange and red emitting iridium complexes typi-
cally suffer from slightly lower quantum yields since the radia-
tive rate constant (kr) has a dependence on the excited state
energy10 and it usually decreases with longer emission wave-
lengths.36 Blue iridium complexes are still under intense
investigation for their application in the display and lighting
industry as they also have relatively low efficiencies compared to
standard Ir(III) yellow and green devices. According to Pal et al.,37

the criteria for deep blue emitters are: (i) possess the required
chromaticity standards dened by the National Television
System Committee (NTSC) and European Broadcasting Union
(EBU) with Commission International de l’Éclairage (CIE)38

coordinates of (0.14, 0.08) and (0.15, 0.06), respectively; (ii)
possess high photoluminescence quantum yields (FPL) that
translate into high external quantum efficiencies in OLED and
(iii) exhibit competitive device stabilities to uorescent
systems.38

Despite the efforts of various research groups,39–41 the design
and synthesis of stable, efficient, and pure blue iridium
complexes remains challenging. This study presents the design
and synthesis of neutral iridium complex 1 (Fig. 1), with cyan-
blue emission in CHCl3 solution with CIE coordinates: (0.18,
0.31). The chromaticity of complex 1 can be modied and reach
deep blue emission (CIE coordinates: (0.15, 0.11)) when
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cyclometallated Ir(III) complexes 1–4 studied herein.
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View Article Online
combined with compound 5 (Fig. 2). Furthermore, we prepared
neutral yellow complex 2 and red/orange emissive iridium
complexes 3 and 4 (Fig. 1), which are also desirable for their
application in the display industry, but moreover the iridium
complexes with red emission are oen exploited in bioimaging
and anticancer studies.42,43 The reasoning behind the synthesis
of yellow complex 2 was to examine if white emission can be
achieved by combining it with guest 5 (blue uorescence in
solution), as white emission is a crucial component in white
OLEDs (WOLEDs).44,45

Usually, WOLEDs are made up of the three primary colours
(RGB), so there is a broad gap (up to 100 nm) in the white-light
spectrum, which means that the emission ranging from 520 to
620 nm is missing. White emission can be obtained based on
the principle of additive colour mixing. Combination of blue
and complementary yellow emissions is an attractive approach
to reach white emission.46 Concomitantly, guest molecule 5
Fig. 2 Proposed triple H-bonded systems, with preorganised
arrangement that contributes to the stability of 1$5 to 4$5 systems.

Fig. 3 Vials from emission studies of iridium complexes 1–4 with added
(365 nm). Values in % corresponding to the molar equivalents of guest c

© 2024 The Author(s). Published by the Royal Society of Chemistry
represents a suitable binding partner for yellow iridium
complex 2, creating self-assembled hydrogen bonding systems,
with preorganised arrangement that contributes to the stability
of the 2$5 system. As dened by the CIE chromaticity system, an
ideal white light has coordinates of x= 0.33, y= 0.33 and can be
realised by additive colour mixing.47,48 Separately, through the
synthesis of heteroleptic iridium complexes 3 and 4, based on
thiophenephenylquinoline derivatives as C^N ligands, red
emission was targeted.

Our team has reported a series of iridium complexes with
ancillary ligands based on guanidine and thioureamoieties, i.e.,
inherently H-bond richmotifs (Fig. 2).49 Through second-sphere
coordination viaH-bonding, we introduced a de novo strategy to
alter photophysical properties of emitters, accessing a linear
colour scale with a discretely interacting two component
system, reaching into colour regions obviating the need of
synthetic modications around the metal centre. We have
further demonstrated the effectiveness of this approach
through electrochemiluminescence in which this supramolec-
ular system exhibits unique photoemissive processes upon
electrochemical excitation.50,51

Here, we present the design, synthesis, and both an experi-
mental and computational investigation of the photo-
luminescent properties of yellow, orange/red and blue iridium
complexes 1–4 (Fig. 1). This expands the library of H-bond
capable emitters towards colour tuning in phosphorescent
materials (Fig. 3). All complexes were examined as single species
and as co-complexes in combination with previously reported
guest molecule 5.49 Compound 5 represents a suitable binding
partner for the guanidine ancillary ligand that was combined
with analogues iridium complexes49,52 due to its ability to form
triple H-bonded systems, modifying the photophysical proper-
ties of each complex.
aliquots of compound 5. Vials are illuminated with long wave UV-light
ontent (5) in solution.

RSC Adv., 2024, 14, 34288–34297 | 34289
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Results
Synthesis

Details for the synthesis of compounds 1–5 are presented in the
experimental section S1-2 (see ESI†).
Photo-physical measurements

Absorption–emission spectra of iridium complexes 1–4 were
measured in CHCl3 solution at the same concentration
(1.0 × 10−5 M).

As shown in Fig. 4 above and S26 (ESI; Section S4†), the
absorption spectra of the four complexes are mainly comprised
of three parts. Complexes 1–4 show relatively strong bands in
the range of 250 to 350 nm, which can be attributed to spin-
allowed singlet state ligand centred (1LC) p–p* transitions.
Absorptions from 350 to 450 nm can be ascribed to spin-allowed
metal-to-ligand charge transfer singlet state and ligand-to-
ligand charge transfer 1MLCT/1LLCT. The lowest energy
component, extending beyond 450 nm arises primarily from
spin-forbidden 3MLCT/3LLCT transitions.53 These types of
electronic transitions are consistent with pertinent litera-
ture.54,55 The photoluminescence data, including emission
Fig. 4 (a) The normalised absorption–emission spectra of complex 1–4,
representing the emission, all spectra were measured in CHCl3 (1.0 × 10−

with compound 5 in a 1 : 1 molar ratio in CHCl3 (1.0 × 10−5 M).

Table 1 Photoluminescence data for complexes 1–4 and co-complex 1

System lexc
a (nm) lem

a (nm) FPL
b

1 264, 378 467, 493 86.7
1$5 (1 : 1) 280, 378 462, 489 82.2
2 296, 320 545, 588 8.7
2$5 (1 : 1) 298, 325 538, 584 15.6
2$5 (1 : 1.3) 298, 326 538, 584 33.2
3 298, 332 570, 610 23.4
3$5 (1 : 1) 297, 340 569, 607 43.3
4 296, 338 594, 640 36.1
4$5 (1 : 1) 308, 391 593, 635 41.4

a All data was collected in CHCl3 and degassed for 1 min (argon) at 298 K.
Further details of standard in the ESI S1 and S5. c Decay lifetimes using T
Ir(III) complexes 1–4, in CHCl3 degassed for 20min (Ar) at 298 K. Complexes
calculated as kr = FPL/sPL.

e The nonradiative (knr) rate constant was calcu

34290 | RSC Adv., 2024, 14, 34288–34297
maxima, lifetimes and quantum yields of complexes 1–4 are
summarised in Table 1.

All iridium compounds studied herein exhibit dual emission
to some extent, complex 1 emits a cyan-blue colour (467, 493
nm) with a high quantum yield (FPL = 86.7%) and a micro-
second lifetime (s = 2.3 ms) showing clear phosphorescent
character. When in the presence of compound 5 forming co-
complex 1$5, we see a decrease in both quantum yield and
lifetime in the co-complex as well as aminor blue shi∼4 nm in
the peak of the iridium complex's emission, this ‘blue shi’ is
a common trend of all complexes in this study when compound
5 is present in solution. Complex 2 emits yellow (545, 588 nm)
with a relatively low quantum yield (FPL = 8.7%), lifetime
measurements showed an uncharacteristically short lifetime of
19 ns (short for a cyclometallated Ir(III) complex). Upon addition
of compound 5 an enhancement in the lifetime of up to 36 ns
was recorded, it was also possible to achieve near white light
emission (CIE coordinates: 0.34, 0.33) when 1.3 molar equiva-
lents of 5 were added to 2, as well as an increase to the overall
quantum yield of this co-complex. Complexes 3 and 4 emitted
orange and red respectively, both have long lifetimes which
could be enhanced through equimolar additions of compound
dashed line representing the excitation of each complex and solid line
5 M). (b) The normalised absorption–emission spectra of complex 1–4

–4$5

sc (ms) kr
d (×105 s−1) knr

e (×105 s−1)

2.3 3.8 0.6
2.1 0.4 0.9
0.0019 448.5 4706.2
0.0036 430.9 2331.5
0.0034 985.2 1982.2
1.7 1.4 4.5
4.3 1.0 1.3
3.6 1.0 1.8
3.6 1.2 1.6

b PLQYs for Ir(III) complexes 1–4, determined using the relative method.
CSPC excited at 365 nm and their corresponding chi-squared values for
1, 2, 3, and 4 decay biexponentially. d The radiative (kr) rate constant was
lated as knr = (1 − FPL)/sPL.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5. Both compounds also saw enhancement in quantum yields
when forming a co-complex with compound 5 in solution. The
overall blue shiing in the colour of the bimolecular systems
can be ascribed to a combination of the presence of the blue
emitting compound 5 and the H-bonding interactions of
compound 5 with each of iridium complexes 1–4.

Solid state photophysical measurements were also collected
by preparing polymer lms of 2 wt% (calculated based on
weight of complex) dispersion in PMMA from argon degassed
CHCl3 using a spin coating method. Films with equimolar host–
guest complexes were then made and the photophysical prop-
erties measured. In PMMA lms, the blue shi in emission was
weakened compared to solution when one molar equivalent of
compound 5 was added to complexes 2, 3, and 4. The emission
prole of 1 saw aminor red shi of 2 nm when compound 5 was
added to form the co-complex in lm. In all solid-state (PMMA)
co-complexes, except 2$5, the presence of compound 5 also led
to a decrease in quantum yield. The table summarising these
results can be found in ESI; S7.†

Host–guest chemistry

All complexes were studied as single species in CHCl3 solutions
and in combination with guest molecule 5. Stacked emission
spectra from the host–guest studies of complexes 1–4 in
combination with 5 are presented in the ESI (Section S4†) and
their association constants (Ka; M

−1) summarised in Table 2.
Surprisingly, the trend in association constants' relative
strengths did not correlate with well-established Hammett
Table 2 Association constants (M−1) and calculated Gibbs free ener-
gies (kJ mol−1) for iridium complexes 1–4 H-bonding to guest mole-
cule 5

System Ka � sa (M−1) DGa (kJ mol−1)

1$5 6.8 × 103 � 0.13% −21.9
2$5 6.1 × 102 � 0.30% −15.9
3$5 6.5 × 103 � 0.30% −21.8
4$5 1.1 × 104 � 0.24% −23.1

a Ka and error determined by non-linear regression (via BindFit)41 of UV-
Vis absorption data (CHCl3 : DMSO/99 : 1) at 298 K.

Table 3 Electrochemical results for complexes 1–4 and co-complexes

System Eox
a (V) Ered

a (V) DEa (V) (com)E0

1 1.17 −1.51 2.68 3.16
1$5 (1 : 1) 1.27 −1.50 2.77 3.26
2 0.82 −1.49 2.31 2.95
2$5 (1 : 1) 0.85 −1.51 2.36 3.07
3 0.67 −1.52 2.19 2.83
3$5 (1 : 1) 0.71 −1.50 2.21 2.96
4 0.54 −1.51 2.05 2.79
4$5 (1 : 1) 0.61 −1.48 2.09 2.84

a All samples were prepped and studied in an argon ushed glove box in
found in ESI S1. b (com)E0–0 calculated from the computationally obta
normalised absorption and emission spectra. d E(PS*/PS−) = Ered + E0–0.

e

© 2024 The Author(s). Published by the Royal Society of Chemistry
parameters, which can be used to benchmark the electron-
withdrawing (EWD) or donating (EDG) ability of a substituent
or ligand.56 However, since the H-bonding interactions are
occurring between the guest molecule 5 and the same ancillary
ligand of the iridium complexes, the cyclometalating ligands do
exhibit a noteworthy inuence on the Ka values of each HG
complex.

Molecular recognition imparted by the H-bond sites enacts
directed assemblies of the heterodimers with measurable
association constants. Further, the stoichiometric addition of 5
can tune the colour of the overall visible light emissions of our
host–guest systems. These effects on the photophysical prop-
erties by equimolar additions of compound 5 are summarised
in Table 1.
Electrochemical studies

The electrochemical properties of our Ir-complexes and co-
systems were investigated using cyclic voltammetry. Relevant
data is summarised in Table 3 below, and all potentials reported
are referenced to a ferrocene standard. Complexes 1–4 all
exhibit irreversible reductions between (−1.52 to −1.48 V),
these irreversible reductions are consistent with other cyclo-
metallated iridium complexes in the literature.57 Upon addi-
tions of one molar equivalent of compound 5, no consistent
trends were seen in the irreversible reduction peaks; from this
and previous literature, we can infer these reduction peaks are
centred on the various C^N ligands.57 Each complex also has
a reversible oxidation, the values of which vary signicantly
from 1.17 V in complex 1 to 0.54 V in complex 4 with a clear
decreasing trend of the Eox value with the red shiing of the
iridium complex. These reversible oxidations are oen ascribed
to the Ir(III)/Ir(IV) redox couple with contributions from an N^N−

ligand.49,58 Upon addition of compound 5 to complexes 1–4
forming their respective assemblies in solution, the Eox values
anodically shi by a range of values (0.10 to 0.03 V). The largest
change is complex 1 in 1$5 where the anode shi is 0.1 V,
leading to a DE value increase of 0.11 V. Overall, these anode
shis in the presence of compound 5 agree with our previous
study into the H-bonding properties of the benzimidazolyl-
guanidine ligands H-bonding interactions with compound 5
as well as electrochemical studies into frontier orbitals.49,59
1–4$5

–0
b (eV) E0–0

c (eV) E(PS*/PS−)d (V) E(PS*/PS+)e (V)

2.81 1.30 −1.64
2.84 1.34 −1.57
2.58 1.09 −1.76
2.59 1.08 −1.74
2.36 0.84 −1.69
2.39 0.89 −1.68
2.26 0.75 −1.72
2.28 0.80 −1.67

degassed, dry CHCl3. Further details of electrodes and apparatus can be
ined HOMO–LUMO gap. c E0–0 was calculated from the crossover of
E(PS*/PS+) = Eox − E0–0.

RSC Adv., 2024, 14, 34288–34297 | 34291
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Fig. 5 (left) TD-DFT predicted HOMO and LUMO orbital distributions of complex 1–4 and (right) visualisation of the energy levels of frontier
orbitals with computationally obtained HOMO–LUMO gap.
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Computational studies

To further understand the ndings of the photophysical and
electrochemical data, DFT and TD-DFT studies were performed
at the B3LYP/(6-31G**/LANL2DZ) level on complexes 1–4 and
their respective assemblies with 5. Information on soware
packages used, structural inputs, specic orbital energies, and
visualisations of molecular orbitals can be found in ESI; S9.†

In iridium complexes 1–4 (Fig. 5), the HOMO resides upon
the ancillary ligand's p-orbitals along with partial residuals on
the iridium metal's d and p-orbitals. This is due to the large
concentration of nitrogen within the ancillary benzimidazolyl-
linked guanidine ligand. The HOMO energies of the
complexes range between −4.75 and −4.57 eV. Although the
HOMOs in complexes 1–4 reside mostly on the guanidine
ligand, there is still variation in these energies. As there are
residuals upon the iridium centre, the variation in the HOMO
energies between 1–4 can be attributed to the changes in the
other two cyclometallating ligands of the complex.

When compound 5 is modelled in the presence of complexes
1–4, a change in the HOMO level is observed in the co-complex.
Fig. 6 Comparison of the TD-DFT computationally modelled frontier o

34292 | RSC Adv., 2024, 14, 34288–34297
The HOMO continues to reside on the guanidine ligand of the
iridium complex, but the HOMOs of the assemblies see an
increase in energy, with the HOMO energies now ranging from
−4.65 to −4.48 eV. This increased HOMO stability is due to
frontier HOMO–LUMO interactions between the HOMO on the
guanidine ligand of the complexes and the LUMO residing on
compound 5.59

Studies show LUMO levels are affected by the introduction of
compound 5 differently. In complexes 1–4 the LUMO resides on
the p-orbitals of one of the two varying C^N cyclometallating
ligands depending on the compound. Rather predictably, the
LUMO energies tend to decrease from complex 1–4 from a peak
of−1.59 eV in complex 1 to the lowest of−1.79 eV in complex 4.
This lowering of the LUMO energy is due to the introduction of
extended p-conjugation in the C^N cyclometallating ligands
and the removal of electron withdrawing uoride groups,
leading to increased LUMO stability.60 When compound 5 is
introduced to form their co-complexes, the LUMO of each
assembly resides on compound 5. This articially lowers the
HOMO–LUMO gap of the co-complex, and the former LUMO of
rbitals of complex 3 and assembly 3$5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the iridium complex becomes the LUMO+1 of the new HG
complex. In every case despite the stabilisation of the HOMO,
this reassignment of the LUMO leads to an increased HOMO–
LUMO+1 (formerly HOMO–LUMO) gap of orbitals residing on
the iridium complexes. For example, in the case of complex 3
and assembly 3$5 the LUMO energy of complex 3 is −1.83 eV,
but the LUMO+1 energy of 3$5 is −1.64 eV leading to a large
increase in the Ir-centred HOMO–LUMO+1 gap and a calculated
blue shi in the emission prole of the complex (Fig. 6).

Continuing to use the example of complex 3 and HG
assembly 3$5; during the rst emission T1 excited state of
complex 3, the transition contributions typically follow
HOMO−1/HOMO−2/HOMO−3 to the LUMO, resulting in the
predicted emission of 566 nm. Major contributions during the
rst T1 excited state in the co-system 3$5 are from HOMO−1/
HOMO−2/HOMO−3 to LUMO+1, indicating the LUMO+1 is
supplanting the position of the LUMO (located on 5) in triplet
state excitations within the iridium complexes. Furthermore,
the predicted T1 emission of 3$5 has blue-shied by 1 nm to
565 nm indicating the increase in the HOMO / LUMO+1 gap
from the introduction of 5 has resulted in a change in the
emission prole of the iridium complex.
Discussion

The cyan-blue emission of complex 1 can be ascribed to the
introduction of uorine atoms on the C^N ligand, which
generally stabilises the HOMO orbital and leads to an increased
HOMO–LUMO gap.30 In this case, computational investigations
revealed that the LUMO resides on the C^N ligand while the
HOMO is residing on the guanidine ligand, due to the large
electron density of the benzimidazole moiety of the ligand. It
may then be assumed that the electron withdrawing uorine
atoms are destabilising the LUMO on the C^N ligands, therefore
increasing the HOMO–LUMO gap as evidenced by the largest
LUMO value of the complex (−1.59 eV). Upon excitation, emis-
sion of cyan-blue iridium 1 (CIE coordinates: (0.18, 0.31) and
(0.16, 0.32), respectively) was modied by adding aliquots of 5
Fig. 7 Overlaid emission spectra of complex 1 (blue), compound 5
(grey) and co-complex 1$5 (purple) from FRET studies in CHCl3 solu-
tion. All samples excited at lex = 350 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
dissolved in a solvent system of CHCl3 with 1%DMSO accessing
a linear colour change reaching into deep blue region for 1 : 1
systems (CIE coordinates: (0.15, 0.11)) without the need to
synthetically modify the structure of complex 1. Additionally,
changes in FPL and lifetime values for 1$5 in a 1 : 1 ratio in
CHCl3 would also serve as a preliminary proof of a mutual
communication between the two species (host and guest) that
are designed to form stable self-assembled H-bonded systems.
For the co-system 1$5, a decrease in quantum yield was
observed (1$5 in CHCl3 solution FPL = 82.2%) when compared
with compound 1 (FPL = 86.7%). The lifetime decay of complex
1 was measured to be 2.3 ms for the major component and
decreased upon introduction of complement 5. From the study
of the 1$5 system in CHCl3 solution, the longer lifetime
component with value 2.1 ms was ascribed to the photoexcita-
tion of complex 1 as the major component with a 97% contri-
bution. In addition, a uorescence resonance energy transfer
(FRET) experiment was conducted for 1$5 system in CHCl3
solution.61 As presented in Fig. 7, the emission intensity of
compound 5 decreased and the emission intensity of complex 1
slightly increased aer these two components were combined
in 1 : 1 solution mixture. This study illustrates that compound 5
represents a donor molecule that can modestly transfer its
energy to complex 1 in the excited state.

The blue shi of the complex was further investigated using
through TD-DFT studies where we identied that the HOMO–
LUMO gap of complex 1 had been increased by the presence of
compound 5 by almost 10 eV. Here, H-bonding with compound
5 stabilises the HOMO localised on the benzimidazole moiety,
increasing it by almost 10 eV. Due to the HOMO–LUMO frontier
orbital interaction between 1 and 5, the LUMO+1 in the co-
complex (residing on the C^N ligand; the LUMO of the
iridium complex) was subsequently destabilised by 20 eV.
Electrochemical studies conrmed that introducing 5 to
complex 1 increases the DE by 0.11 V, with the Eox value anod-
ically shiing and the Ered value having little change. We posit
that H-bonding between compound 5 and the benzimidazolyl-
guanidine ligand of the iridium complex leads to increased
HOMO stability as the HOMO–LUMO interaction between
frontier HOMO orbitals of complex 1 and the LUMO of
compound 5 share the electron density residing in complex 1's
HOMO.59

Iridium complex 2 emits yellow light (at much lower relative
intensity) while exhibiting a very low quantum yield (FPL =

3.4%) and a short lifetime (s = 1.94 ns), especially in solution.
When complex 2 is dispersed in a 2 wt% load in PMMA lms
there is a dramatic increase in the quantum yield (FPL = 15.1%)
despite maintaining a short lifetime. Upon adding aliquots of
compound 5 to 2 in solution, we see a gradual increase in
quantum yield while maintaining its relatively short lifetimes
leading to very high kr and knr values for 2$5. Though these
photophysical properties are not particularly noteworthy,
addition of 1.3 equivalents of compound 5 to complex 2 during
an emission titration resulted in white emission with CIE
coordinates: (0.34, 0.33) (Fig. 8). Since ideal white light has
coordinates of (0.33, 0.33),34 this was an exciting result. The
titration with compound 5 also improved complex 2's
RSC Adv., 2024, 14, 34288–34297 | 34293
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uncharacteristically low quantum yield, and lifetime. The new
quantum yield of the 1 : 1 co-complex 2$5 increased to FPL =

15.6% in CHCl3 solution. Increasing the ratio of 2$5 slightly to
1 : 1.3, produced pure white light emission with an observable
doubling in quantum yield (FPL = 33.2%). We mainly ascribed
this increase to the blue emitting compound 5, as compound 5
is known to have efficient uorescent emission properties (FPL

= 40%, s = 3 ns).49 This ideal ratio of host–guest for white light
was also determined through a recently reported theoretical
calculation (eqn (1)) to estimate the overall contributions of 2
and 5 in the co-system.
�
xðmixÞ; yðmixÞ

�
¼ a1ðx1 þ y1Þ þ a2ðx2; y2Þ þ.þ aiðxi þ yiÞ

ai ¼ cifiIex;iðlexÞ
Pn
i¼1

cifiIex;iðlexÞ
(1)

This equation, developed by Price et al.,62 allows for the
molar equivalents required in specic colour tuned emissions
to be estimated to a high degree of accuracy. The equation takes
into account the PL contributions of the multiple components
into a linear combination or relative brightness (ai) as the
product of the ith components mole fraction (ci), photo-
luminescent quantum yield (Fi), and excitation intensity (Iex,i) at
a common wavelength.

In this instance, the equation can only be used to give a close
estimation of the correct constituent ratio of the co-complex for
white light emission because the equation does not account for
energy transfer within assemblies such as those presented
herein. Upon use of the equation, we determined the theoretical
molar ratio for white light emission was 1 : 1.41, which is
notably different from our obtained molar ratio of 1 : 1.3,
further indicating energy transfer exists within co-complex 2$5.
When attempting this ‘ideal’ white light ratio in PMMA lms,
the system did not achieve near white light emission, rather
a more efficient yellow system, leading us to believe that the
hydrogen bond association in the solution phase is necessary to
achieve the white light emission.
Fig. 8 (left) Emission spectra from titration studies of complex 2with add
emission of iridium complex 2 without any additions, blue line represen
emission titration experiment of host complex 2 and guest compound 5

34294 | RSC Adv., 2024, 14, 34288–34297
The computational data for 2$5 again shows increased
HOMO stability in the presence of compound 5 due to the
frontier orbital HOMO–LUMO interactions as well as the
destabilisation of the LUMO+1 residing on the iridium
explaining the blue shi of the emission of the iridium
complex. This is further supported by the electrochemical data
that shows also shows an anode shi of 0.03 V in the Eox. This
value is the smallest shi of all Eox values reported herein,
showing the weakest H-bonding and frontier HOMO–LUMO
interactions between iridium complex and its complement.
This weaker frontier orbital interaction aligns with our UV-vis
titration studies where it was found that complex 2 had the
lowest DGa value of−15.9 kJ mol−1 and a Ka with compound 5 of
only 6.1 × 102, proving that complex 2 had the weakest affinity
for compound 5.

Iridium complexes 3 and 4 were synthesised to study orange/
red emissive complexes and their communication with
compound 5 via energy transfer. The energy transfer (ET) values
were calculated from the ratio between the corrected excitation
spectrum of host–guest pairs and their absorption spectra.
Emission spectra of systems 3$5 and 4$5 in CHCl3 solution were
collected at a higher wavelength lex = 640 nm, which is beyond
the emission window of guest compound 5. We observed that
the ET efficiency for 3$5 was approximately 36% from the ratio
between the corrected excitation spectrum of 3$5 (Fig. 9).

The ET efficiency for 4$5 was calculated to be 35% which
represents an almost identical value to system 3$5. From this
study, it can be concluded that even if the emission properties
of complexes 3 and 4 were slightly different (shi in emission
maxima ∼ 20 nm), their energy transfer efficiency values when
combined with compound 5 are comparable. Furthermore,
these experiments demonstrated that there is a sufficient
distance for “communication” between complexes 3/4 and
guest compound 5 in 1 : 1 solution. To further examine the
interaction of complexes 3/4 with 5, emission spectra of 1 : 1
mixture in CHCl3 solutions were collected for both systems 3$5
and 4$5.

As shown in Table 1 there was an increase in the photo-
luminescence quantum yields measured for assemblies 3$5 and
itions of compound 5measured in CHCl3 solution. Black line represents
ts compound 5 with no complex 2 present. (right) CIE diagram from
.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Absorption (solid black line) and corrected PL excitation (red dashed line measured at 570 nm) for co-complexes 3$5 (left) and 4$5 (right)
(1 : 1 ratio of Ir complex and compound 5). Spectra normalised to absorbance at 440 nm.
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4$5 when compared to the values of the complexes 3 and 4.
Complex 3 had a more signicant change when introduced to
compound 5 with the quantum yield increasing from FPL =

23.4% to 43.3%. As presented in Table 1, the lifetime decays for
both 3$5 and 4$5 increased when compared to their respective
parent Ir-complexes. The longer lifetimes (4.3 ms and 3.6 ms),
which are ascribed to the direct photoexcitation of the
complexes 3 and 4, represent the major components with
contributions of 90% and 99%, respectively.

Both complexes 3 and 4 were also investigated electro-
chemically. Anodic shis of 0.04 and 0.07 V, respectively, were
observed when bound to compound 5. These shis are consis-
tent with the interactions observed for the other studied
complexes, and further supported by Ka values established in
the UV-Vis binding studies. Similarly as for complexes 1 and 2,
the TD-DFT studies exhibited large changes in the HOMO–
LUMO gap with the introduction of compound 5 to both 3 and
4. Computational studies of both 3$5 and 4$5 demonstrate
increased HOMO stability through HOMO–LUMO interactions,
and the LUMO+1 being subsequently destabilised leading to an
increased HOMO–LUMO+1 gap and a minor blue shi in the
iridium complex's emission. What is not reected in the
computational or electrochemical data is the enhancement in
the quantum yields. Complex 1 saw a minor quenching when
introduced to compound 5. Complex 2 demonstrated an
increase in the co-system quantum yield when 5 is introduced,
which has a signicantly higher quantum yield than complex 2
itself.49 Complexes 3 and 4 in combination with 5 exceed all
their respective unimolecular quantum yields, the major
components of the emission within 3$5 and 4$5 are ascribed to
the iridium complexes directly (both computationally and
experimentally). These results along with the efficient ET leads
us to hypothesise that the presence of compound 5 directly led
to an enhancement of the emission properties of complexes 3
and 4 through their H-bonding interactions.
Conclusions

In conclusion, we have demonstrated the design, synthesis and
characterisation of four novel heteroleptic Ir(III) complexes all
incorporating a benzimidazole-linked guanidine ligand allow-
ing for a high degree of colour tuneability. Each iridium
complex (1–4) was further studied to demonstrate a unique
© 2024 The Author(s). Published by the Royal Society of Chemistry
property when combined with compound 5. Emission of cyan-
blue complex 1 can be modied to access a deep blue emis-
sion39 through addition of compound 5. Electrochemical and
computational data of 1 also revealed the complex has an
appropriate energetic prole to act as a photosensitiser for
photocatalytic water splitting; an area we are currently
exploring.63 Yellow complex 2 demonstrated white light emis-
sion, CIE coordinates: (0.33, 0.34), aer controlled addition of
compound 5 in solution along with an increased quantum yield.
Future studies into more yellow emitting Ir(III) complexes inte-
grating our benzimidazolyl-guanidine ligand along with
compound 5 could lead to highly efficient white light emission
assuming the yellow iridium components efficiency can be
increased. Complexes 3 and 4 showed tuneable orange/red
emission, a desirable property for PhOLED applications as
well as bio-imaging.43,44 In particular, complex 4 showed red
emission with lem = 593 nm and a shoulder peak at 640 nm in
CHCl3 solution. Energy transfer efficiency was calculated for
complexes 3 and 4 when mixed with compound 5 in a 1 : 1 ratio
in CHCl3 (35% for system 3$5 and 36% for system 4$5).
Complexes 3 and 4 would be suitable for further studies on
biological applications due to the biologically active guanidine
moieties, which represent an available binding site for appro-
priate guest molecules in supramolecular hydrogen bonded
systems.
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52 B. Balónová and B. A. Blight, Front. Chem., 2021, 9, 712698.
© 2024 The Author(s). Published by the Royal Society of Chemistry
53 (a) P.-N. Lai, C. H. Brysacz, M. K. Alam, N. A. Ayoub,
T. G. Gray, J. Bao and T. S. Teets, J. Am. Chem. Soc., 2018,
140, 10198–10207; (b) Y.-J. Cho, S.-Y. Kim, C. M. Choi,
N. J. Kim, C. H. Kim, D. W. Cho, H.-J. Son, C. Pac and
S. O. Kang, Inorg. Chem., 2017, 56, 5305–5315.

54 H. Zhen, C. Luo, W. Yang, W. Song, B. Du, J. Jiang, Y. Zhang
and Y. Cao, Macromolecules, 2016, 39, 1693–1700.

55 L. Zhao, S. Wang, L. Lu, J. Ding and L. Wang, J. Mater. Chem.
C, 2017, 5, 9753–9760.

56 C. A. Hollingsworth, P. G. Seybold and C. M. Hadad, Int. J.
Quantum Chem., 2002, 90(4–5), 1396–1403.

57 H. J. Bae, J. Chung, H. Kim, J. Park, K. M. Lee, T.-W. Koh,
Y. S. Lee, S. Yoo, Y. Do and M. H. Lee, Inorg. Chem., 2014,
53, 128–138.

58 M. Hebda, G. Stochel, K. Szaciłowski and W. Macyk, J. Phys.
Chem. B, 2006, 110, 15275–15283.

59 T. Polat, F. Bulut, I. Arıcan, F. Kandemirli and G. Yildirim, J.
Mol. Struct., 2015, 1101, 189–211.

60 C. You, D. Liu, M. Zhu, J. Yu, B. Zhang, Y. Liu, Y. Wang and
W. Zhu, J. Mater. Chem. C, 2020, 8, 7079–7088.

61 P. Thordarson, Chem. Soc. Rev., 2011, 40(3), 1305–1323.
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