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ABSTRACT:

Novel iridium (III) complexes with different systems of cyclo-metallating ligands bearing the
general formula [Ir(C"N)>(N”N)] were synthesized, characterized and their photophysical
properties measured. Incorporation of guanidine moieties into iridium complexes allows us to
introduce a hydrogen-bonding array for the formation of self-assembled iridium hydrogen-
bonded systems. Through a series of UV-vis binding studies we demonstrated the host-guest
chemistry of these systems display high levels of colour tuneability. The introduction of these
hydrogen-bond modifications was also shown to have significant impacts on chromaticity,
quantum yields and lifetimes with emphasis on energy transfer studies based on second-

sphere coordination methodology.
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Introduction

Iridium complexes have aroused significant research interest due to their various applications
such as bioimaging,!-3 organic photovoltaic cells,*> and catalysis.5’ Particularly, the
implementation of iridium complexes as emitters in phosphorescent organic light-emitting
diodes (PhOLEDs) has attracted great attention.® Cyclometallated iridium complexes have
exhibited short lifetimes in excited states and high photoluminescence efficiencies which

makes them particularly interesting when exploited in PhOLEDs.*-!!

Phosphorescent iridium emitters can harvest both the generated singlet and triplet excitations
which theoretically makes them able to realize a 100 % internal quantum efficiency and gives
them an advantage in comparison to fluorescent systems, which can only reach a maximum
of 25 %.!? To fulfil 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,!3-16

and can be achieved through
synthetic modifications of C*N ligands by a delicate balance between energy of frontier

orbitals which are taking part in the photoexcitation process.

The major triplet excited states observed in phosphorescent iridium complexes, according to
Shakirova et al.,!” are (a) metal perturbed intra-ligand (°IL) transition (or ligand centred
transition), (b) metal to ligands charge transfer C'MLCT) and (c) inter-ligand charge transfer
(P(LLCT). The energy of the excited states can be changed in multiple ways, but the most
common approach is the synthetic modification of C*N ligands through incorporation of
either donor or acceptor substituents.!®-2! Other methodologies that can shift the emission
colour of iridium complexes include size variations with increase of rigidity of the cyclo-
metallating ligands, for instance, dibenzo[f,h]quinoxaline ligands that are able to

bathochromically shift the phosphorescence colour.??
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To date, cyclometallated iridium complexes emitting in green and blue regions have reported
high quantum efficiencies.?? On the other hand, orange and red emitting iridium complexes
typically suffer from lower quantum yields since the radiative rate constant (k) has a
dependence on the excited state energy> and it usually decreases with longer emission

wavelengths.?*

Blue iridium complexes are still under investigation for their application in the display and
lighting industry as they have still relatively low efficiencies compared to standard Ir(IIl) red
and green devices. According to Pal et al.,* these are the criteria for deep blue emitters: i)
process the required chromaticity standards defined by the National Television System
Committee (NTSC) and European Broadcasting Union (EBU) with Commission International
de I’Eclairage (CIE)?” coordinates of (x=0.14, y=0.08) and (x=0.15, y=0.06), respectively; ii)
possess high photoluminescence quantum yields (®pr) that translate into high external
quantum efficiencies in OLED and iii) exhibit competitive device stabilities to fluorescent

complexes.?®

Despite the efforts of various research groups,?-** 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 (Figure 1), with cyan-blue emission in CHCl; solution
with CIE coordinates: x=0.18, y=0.31. The chromaticity of complex 1 can be modified and
reach deep blue emission (CIE coordinates: x=0.15, y=0.11) when combined with compound
5 (Figure 2). Furthermore, we prepared neutral yellow complex 2 and red/orange emissive
iridium complexes 3 and 4 (Figure 1), which are also desirable for their application in the
display industry, but moreover the iridium complexes with red emission are often exploited in
bioimaging and anticancer studies.’!3? 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
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fluorescence in solution), as white emission is a crucial component in white OLEDs

(WOLEDs).333
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Figure 1. Cyclometallated Ir(II) complexes 1-4 studied herein.

Usually, WOLEDs are made up of the three primary colours (RGB), so there is a great gap
(up to 100 nm) in the white-light spectrum, which means that the emission ranging from 520-
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.*> Concomitantly, guest molecule 5 represents a suitable binding
partner for yellow iridium complex 2, creating self-assembled hydrogen bonded systems,
with preorganized arrangement that contributes to the stability of the 2¢5 system. As defined
by the CIE chromaticity system, an ideal white light has coordinates of x=0.33, y=0.3334 and
can be realized by additive colour mixing.*® Through synthesis of heteroleptic iridium
complexes 3 and 4, based on thiophenephenylquinoline derivatives as C*N ligands, red

emission was targeted.

Recently, our team reported a series of iridium complexes with ancillary ligands based on
guanidine and thiourea moieties, i.e., inherently H-bond rich motifs (Figure 2).%° Through
second-sphere coordination via H-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 modifications around the metal centre.
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5

Figure 2. Proposed triple H-bonded systems, with preorganized arrangement that contributes to the

stability of 15 to 45 systems.

Herein, we present the design and synthesis of yellow, orange/red and blue iridium
complexes 1-4 (Figure 1) which provides potential strategies for colour tuning of PhOLEDs.
This study led to the preparation of four new iridium complexes with various emission
colours (Figure 3). All complexes were examined as single species and as co-systems in
combination with previously reported guest molecule 5.2 Compound 5 represents a suitable
binding partner for the guanidine and thiourea moieties that were combined with analogues
iridium complexes? due to its ability to form triple H-bonded systems and modify the

photophysical properties of such complexes.
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Figure 3. Vials from emission studies of iridium complexes 1-4 with added aliquots of compound 5.
Vials are illuminated with long wave UV-light (365 nm). Values in % corresponding to the molar

equivalents of guest content (5) in solution.
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Results and discussion

Synthetic details for the synthesis of compounds 1-5 are presented in the experimental section
S1-2 (See supplementary information; SI). UV-Vis spectra of iridium complexes 1-4 were

measured in CHCls. solution at the same concentration (c=1.0x10"> M).

As shown in Figure S24 (SI), 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 ('LC) &t - *
transitions. The central energy part in the absorption spectra from 350 to 450 nm can be
ascribed to spin-allowed metal-to-ligand charge transfer singlet state 'MLCT. The lowest
energy component, extending 450 nm arises primarily from spin-forbidden MLCT
transitions.?” These types of electronic transitions are consistent with pertinent literature.38-3°

The photoluminescence data, including emission maxima, lifetimes and quantum yields of

complexes 1-4 are summarized in Table 1.

Table 1. a) Photoluminescence data for complexes 1-4, all data was collected in CHCl; at degassed
for 1 min (N,) at 298 K. b) PLQYs for Ir(IIl) complexes 1-4; in CHCI3 degassed for 20 mins (Ar) at

298 K determined using the relative method. Further details of standard in appendix S1 and S5.

Irdll) Excitation Emission PLQY Lifetime (ns) kr knr
complex | Maxima (nm)* | Maxima (nm)* | (%)° (TeL, )° (107" | (x10°57)°
1 378 467, 493 86.7 | (2260.07, 1.057) (79%) 3.84 0.59
2 320 548, 583 8.7 (1.94, 1.029) 448.45 4706.19

3 293 570 234 | (1703.39, 0.991) (65%) 1.38 4.50
4 289 594, 640 36.1 (3623.93, 0.976) 1.00 1.76

All complexes were studied as single species in CHCl; solutions and in combination with

guest molecule 5. Stacked emission spectra from the host-guest studies of complexes 1-4 in
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combination with 5 are presented in the Appendix (Section x) and their association constants
(Ka; M) summarized in Table 2. These high association constants can be explained through
the use of Hammett values. Hammett values are used to parameterise the electron-
withdrawing or donating ability of a substituent based on whether it is in a meta or para
position to a particular functional group on the ligand, and so the position of the substituents,
and the type of substituents (EDG & EWG) could have an effect on the strength of the
association between the two molecules.*’ Since the H-bonding interactions are occurring
between the guest molecule S and the ancillary ligand of the iridium complex, the cyclo-
metallating ligands have minor effects on the K,. More importantly, we must compare the
association strength between systems with the same cyclo-metallating ligands, but different

ancillary ligands.

Table 2. Association constants (M) for Iridium complexes 1-4 H-bonding to guest molecule 5. K,
and error determined by non-linear regression (via BindFit)*' of UV-Vis absorption data

(CHCL;::DMSO0/99:1) at 298 K.

Co-System K.to
15 6.8x 10°+0.13 %
25 6.1 x 102+0.30 %
3e5 6.5x 10° +£0.30 %
45 1.1x10*+£0.24 %

The H-bonding of compound 5 is not only used to measure the relative Ka’s of our Ir(III)
compounds. The stoichiometric addition of 5 can tune the colour of the overall visible light

emissions of our host guest systems.

https://doi.org/10.26434/chemrxiv-2023-ppl77 ORCID: https://orcid.org/0000-0003-1166-6206 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-ppl77
https://orcid.org/0000-0003-1166-6206
https://creativecommons.org/licenses/by-nc/4.0/

The blue emission of complex 1 can be ascribed to the introduction of fluorine atoms on the
C”N ligand, which generally stabilizes the HOMO orbital and leads to an increased HOMO-
LUMO gap.*® Upon excitation, emission of cyan-blue iridium 1 (CIE coordinates: x=0.18,
y=0.31 and x=0.16, y=0.32, respectively) were modified by adding aliquots of 5 dissolved in
a solvent system of CHCl; with 1% DMSO accessing a linear colour change reaching into
deep blue region for 1:1 systems of CIE coordinates: x=0.15 and y=0.11, without the need to
synthetically modify the structure of complex 1. Additionally, changes in ®pr and lifetime
values for complexes 15 in 1:1 solution 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 15, a decrease in quantum yield was observed (15 in
CHCI; solution ®@pr. =82.2 %) when compared with compound 1 (Opr =86.7 %). The lifetime
decay of complex 1 was measured to be 2.3 us for the major component and decreased upon
introduction of complement 5. From the study of the 15 system in CHCl; solution, the longer
lifetime component with value 2.1 ps was ascribed to the photoexcitation of complex 1 as the
major component with a 97 % contribution. In addition, a fluorescence energy resonance
transfer (FRET) experiment was conducted for 15 system in CHCI; solution. FRET
represents a process where, after excitation, a donor molecule transfers its excited state
energy to a neighbouring acceptor molecule.*? As presented in Figure 4, the emission
intensity of compound 5 decreased and the emission intensity of complex 2 slightly increased
after these two components were combined in 1:1 solution mixture. This study illustrates that
compound 5 represents a donor molecule that can transfer its energy to complex 1 in the

excited state.
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Figure 4. Overlaid emission spectra of complex 1 (blue), compound 5 (grey) and co-system 15

(purple) from FRET studies in CHCl; solution. All samples excited at Aex = 325 nm.

Ir(IIT) complex 2 emits yellow light while exhibiting low quantum yields and lifetimes.
However, upon adding equivalents of compound 5 we see a gradual increase in quantum
yield while maintaining its relatively low lifetimes leading to very high k: and kx: values in
the 2¢5 co-system. In particular, upon addition of 50 uL of a solution of 5 (¢c=5x10 M) to a
solution of complex 4 (initial concentration c=1x10"* M), white emission was achieved with
CIE coordinates x = 0.34, y = 0.33 (Figure. 5). As mentioned previously, an ideal white light
has coordinates of x=0.33 and y=0.33.3* Considering the low quantum yield for complex 2
(Ppr=3.4 %), it was expected to have a shorter excited state lifetime (t = 1.94 ns). The
quantum yield increased to ®pL=15.6 % after addition of compound 9 when measured as 1:1
co-system 2¢5 in CHCI; solution. When the system is re-measured with a ratio of 1:1.3 in the
co-system 25, the system gives near pure white light emission the quantum yield increased
dramatically (®pL=33.2 %) while maintaining a relatively low lifetime of 3.37 ns leading to

high radiative and non-radiative decay constants for white light emission. This ratio used in
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white light testing was obtained by a combination of practical and theoretical techniques, for
the final ratio a titration of compound 5 and Ir complex 2 was undertaken (Figure 6.). To
determine appropriate starting concentrations for the titration to determine molar ratio, a
previously reported technique was implemented to estimate the overall contributions of 2 and

5 to the co-system.

CIE 1931

yf)) Compound 2

Figure 5. CIE diagram from fluorescence titration experiment of host complex 2 and guest compound

5.

The following equation developed by Price ef al.** allows for the molar equivalents required
in specific 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 (a;) as the product of the ith components mole fraction (y;),

photoluminescent quantum yield (&;), and excitation intensity (/.;) at a common wavelength.
(x(mix)'y(mix)) =a;(x; +y1) +ax(xp,y2) + -+ a;(x; +y;)

a4 = Xi¢ilex,i(/1€x)
' 7iﬁL=1 Xi¢ilex,i(lex)
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The equation can only be used for a rough estimation of correct ratio within the co-system for
white light emission, this is because the equation does not take into account energy transfer
within co-systems such as those presented herein between our H-bonding binder compound 5
and all Ir complexes 1-4. Upon use of the equation, we determined the theoretical molar ratio
for white light emission was 1:1.41, which is a significant difference from our practically

obtained molar ratio of 1:1.3 showing energy transfer within the co-system 2e5.

Table 3. a) Photoluminescence data for complexes 1-4 titrated with 5, all data was collected in CHCl3
at degassed for 1 min (N») at 298 K. b) PLQYs for Ir(Ill) complexes 1-4; in CHCI; degassed for 20

mins (Ar) at 298 K determined using the relative method. Further details of standard in appendix S1

and S5.

Ir(lll) Excitation Emission PLQY Lifetime (ns) kr Fenr
complex Maxima (nm)* | Maxima (nm)?* (%)® (TeL, )° (107" | (x10°57)°
15 (1:1) 280 425, 462 82.2 (2088.43, 0.922) (97%) 0.39 0.85
2¢5(1:1) 310 538,584 15.6 (3.62,1.186) 430.94 2331.49
35 (1:1) 298 570 433 (4298.43, 0.972) (90%) 1.01 1.32
45 (1:1) 295 596, 638 414 (3586.05, 0.994) (99%) 1.15 1.63

205 (1:1.3) 308 538,584 332 (3.37,1.372) 985.16 1982.20

Iridium complexes 3 and 4 were synthesized in order to study orange/red emissive complexes
and their communication with compound 5 via energy transfer. Specifically, the energy
transfer efficiency for systems 3¢5 and 45 was measured and calculated to be approximately
36 % and 35 %, respectively. 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 45 in CHCI3 solution were collected at a higher

wavelength Aex = 640 nm, which is beyond the emission window of guest compound 5. From
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the calculations, we observed that the ET efficiency for 3¢5 was approximately 36 % from the

ratio between the corrected excitation spectrum of 3¢5 (Figure. 7).
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Figure 6. Absorption (solid black line) and corrected PL excitation (red dashed line measured at 570
nm) for co-system 3¢5 (left) and 45 (right) (1:1 ratio of Ir complex and compound 5). Spectra

normalized to absorbance at 440 nm.

The ET calculated for co-system 45 was calculated to be 35 % which represents an almost
identical value as for system 35 (36 %). From this study, it can be concluded that even if the
emission properties of complexes 3 and 4 were slightly different (shift in emission maxima ~
20 nm), their energy transfer efficiency values when combined with compound 5 are
identical. 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 communication of complexes 3/4 with 5, emission spectra of 1:1 mixture in CHCl;3
solutions were collected. For both systems 3¢5 and 45, we observed a FRET effect. As
mentioned before, FRET occurs when energy absorbed by a donor molecule is transferred to

a nearby acceptor molecule.

As shown in Table 3 there was a slight increase in the photoluminescence quantum yields
measured for the solutions of 3¢5 and 45 when compared to the values of the single complex
systems in Table 1. The quantum yields increased for both complexes 3 and 4 when

introduced to 5 in a co-system, 3 had a more significant change when in the co-system with
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the quantum yield increasing from 23.4 % to 43.3 %. As presented in Table 3, the lifetime
decays for both systems 35 and 45 were increased when guest compound 5 was introduced
to the systems. The longer lifetimes (4298.43 ns and 3586.05 ns), which are ascribed to the
direct photoexcitation of the complexes 3 and 4, represent the major components with

contributions of 90 % and 99 %, respectively.
Conclusions

In conclusion, we have demonstrated the design, synthesis and characterization of four novel
heteroleptic Ir (III) complexes bearing a benzimidazole-linked guanidine ligands allowing for
a high degree of colour tuneability. Each iridium complex (1-4) was further studied to
demonstrate a unique property when combined with compound 5. Emission of cyan-blue
complex 1 can be modified (accessing a deep blue emission)?’ through addition of compound
5. Yellow complex 2 demonstrated white light emission (CIE coordinates: x=0.33, y=0.34)
after controlled addition of compound 5 in solution. Moreover, an increased quantum yield
(from ®@pr = 8.7% for complex 2 to 33.2% for co-system 2¢5 (1:1.3)) in solution was
observed during the photoluminescence studies. Complexes 3 and 4 were studied as
cyclometallated ligands for red emitting Ir (III) complexes bearing guanidine moieties within
the structures. Iridium complexes with red emission are desirable in PhOLED applications as
well as bio-imaging.’!-3? Particularly, complex 4 bearing a less conjugated cyclometallated
ligand than complex 3, showed desirable red emission with Aem = 593 nm and a shoulder peak
at 640 nm in CHCI; solution. ET efficiency was calculated for both complexes 3 and 4 when
mixed with compound 5 in 1:1 CHCI3 solution (35% for system 3¢5 and 36% for system 4e5).
The FRET effect in systems 3¢5 and 45 was studied and confirmed the ability of compound
5 to act as donor of energy, when mixed in 1:1 ratio with complex 3 or 4 in solution.

Future plans for complexes 3 and 4 include the examination of their properties for

biological applications as they contain thiourea and guanidine moieties, which
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represents an available binding site for appropriate guest molecules in supramolecular

hydrogen bonded systems.
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