W) Check for updates

Chemistry - A European Journal Chemistry

Europe

European Chemical
Societies Publishing

ChemEur]

| RESEARCH ARTICLE

pH-Switchable Excited-State Dynamics of Iridium(III)
Photosensitizers Bearing an N-Heterocyclic
Imine-Functionalized 2,2’-Bipyridine

Sven Lempereur? | Felix Glaser' | Jonas H. Franzen? | Leon Schondorf? | Michael Sied® |

Ludovic Troian-Gautier"3 | Fabian Dielmann?

nstitut de la Matiére Condensée et des Nanosciences (IMCN), Molecular Chemistry, Materials and Catalysis (MOST), Université catholique de Louvain
(UCLouvain), Louvain-la-Neuve, Belgium | 2Institute of General, Inorganic and Theoretical Chemistry, Universitit Innsbruck, Innsbruck, Austria | Wel
Research Institute, Wavre, Belgium

Correspondence: Ludovic Troian-Gautier (Ludovic.Troian@uclouvain.be) | Fabian Dielmann (fabian.dielmann@uibk.ac.at)
Received: 14 October 2025 | Revised: 27 November 2025 | Accepted: 8 December 2025

Keywords: iridium photosensitizers | protonation | excited-state | halide binding | spectroscopy

ABSTRACT

We report the design, synthesis, and comprehensive photophysical characterization of a new class of heteroleptic Ir™

complexes
featuring a strongly electron-donating 4,4’-bis(N-heterocyclic imine)-2,2’-bipyridine (bpy-NHI) ligand. The bpy-NHI ligand was
synthesized on a multigram scale via a seven-step sequence and fully characterized. Reaction with the dimer [Ir(ppy),Cl], afforded
the target complex [Ir(ppy),(bpy-NHI)]*, whose electronic structure was probed by (spectro)electrochemistry as well as by steady-
state and time-resolved spectroscopy. Compared to the parent [Ir(ppy),(bpy)|* complex, the new complex exhibits a significantly
altered redox profile, including a novel irreversible oxidation at 0.4 V vs Fc*/Fc and the absence of the typical bpy-centered
reduction, consistent with the strongly electron-donating nature of the NHI substituents. The high basicity of the NHI substituents
enabled modulation of the excited-state properties via protonation, leading to unusual excited-state dynamics where the metal-
to-ligand charge-transfer state switches between bpy- and ppy-based character. In the protonated form, the complex is able to
bind chloride ions, which was qualitatively detected by changes in the ground-state absorption of the complex. These findings
establish bpy-NHI as a powerful and sensitive electron-rich ligand platform for modulating the photophysical and electrochemical
properties of Ir(IIT) complexes, opening new opportunities for the design of photosensitizers with tailored excited-state properties.

1 | Introduction energies, excited-state dynamics, and emission characteristics [8-

10]. As new challenges in photocatalysis demand sensitizers with

Iridium(III) polypyridyl complexes represent cornerstone pho-
tosensitizers in photoredox catalysis [1-4], sensing [5], and
optoelectronic devices [6, 7], owing to their strong visible-light
absorption, high photostability, and long-lived triplet excited
states. Their versatility arises from the ability to finely tune
their redox and photophysical properties through ligand design.
In particular, the modularity of cyclometalated and diimine
ligands offers a powerful platform to engineer frontier orbital
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tailored reduction/oxidation potentials, absorption profiles, and
excited-state lifetimes, the development of novel Ir(IIT) complexes
with tunable properties remains a vibrant area of research
[11-14].

Among the prototypical examples, tris(2-phenylpyridine)
iridium(IIT), [Ir(ppy);], features intense absorption in the
visible region primarily arising from a singlet metal-to-ligand
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charge transfer ('MLCT) transition [15]. Strong spin-orbit
coupling efficiently funnels the excitation into a long-lived
SMLCT state with microsecond lifetime, making [Ir(ppy);] an
excellent photosensitizer. However, its homoleptic architecture
restricts modulation of the HOMO-LUMO gap, thereby limiting
opportunities to diversify photophysical properties and excited-
state reactivity. This limitation has driven the development
of heteroleptic complexes, in which electronically distinct
ligands afford more sophisticated excited-state manifolds
[8,16].

In archetypal heteroleptic complexes such as [Ir(ppy),(bpy)]*,
abbreviated as Ir-bpy, the HOMO resides primarily on the
Ir-centered t,, orbitals with contributions from the phenyl 7-
system, while the LUMO is mainly localized on the bipyridine
7* orbital [17]. This spatial separation of frontier orbitals intro-
duces new charge-transfer pathways, including metal-ligand-
to-ligand charge transfer (MLLCT) and enables independent
tuning of HOMO and LUMO energies by modulation of the
2,2’-bipyridine and 2-phenylpyridine ligands [8-10, 18]. Rational
modifications at the cyclometalated (C"N) ligands primarily shift
the HOMO, whereas functionalization of the diimine (N"N)
ligand controls the LUMO [19]. Next to the long excited-
state lifetime and high triplet energies, this spatial control
represents a key advantage in tailoring iridium complexes
for applications requiring precise redox potentials or emission
wavelengths.

While electron-withdrawing substituents on bipyridine ligands
have been widely studied to lower LUMO levels and increase
the oxidizing power of the corresponding complexes, electron-
donating groups remain comparatively underexplored despite
their potential to modulate excited-state reduction chemistry
[20]. Common donors such as dialkylamino, methoxy, or tert-
butyl groups provide modest effects, far weaker than the
influence of strongly withdrawing substituents such as CF; or
NO, (Figure 1). Inspired by recent work from the Teets group
on heteroleptic complexes bearing -diketiminate ligands [21-
24], as well as others on electronic modifications of bipyridine
ligands [25, 26], we set out to expand this underdeveloped
design space.

In this work, we introduce the N-heterocyclic imine (NHI) motif
as strongly electron-donating substituents on the bipyridine scaf-
fold [27, 28]. NHIs have previously proven their utility as powerful
m-donating entities for stabilizing main-group and transition-
metal compounds [29], yet their potential in photosensitizer
design remains unexplored. For our ligand design, we selected an
NHI with exceptional strong 7z-donor properties and incorporated
it at the 4,4’-positions of the 2,2’-bipyridine to ensure maximal
conjugation while minimizing steric hindrance at the metal
center. By the combination of different spectroscopic techniques,
a modulation of the excited state by the addition of acid was
found and a change of the nature of the lowest excited state was
identified, potentially allowing to use protons as external stimuli
to switch the properties of Ir-NHI. We demonstrate that this NHI
functionalization represents a powerful strategy to modulate the
electronic properties of Ir' complexes, paving the way toward
next-generation photosensitizers with finely tuned excited-state
reduction potentials.

Classic Complexes
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FIGURE 1 | Lewis structures of classical iridium(III) complexes
(top) are shown alongside the new proton-responsive complex
[Ir(ppy),(bpy-NHI)](PF¢) and its protonated derivative studied in
this work (middle). At the bottom, a qualitative ranking of substituent
effects on the donor properties of 2,2’-bipyridine ligands is shown.

2 | Results and Discussion
2.1 | Synthesis

The synthesis of the desired 4,4’-bis(NHI)-2,2’-bipyridine ligand
(bpy-NHI) involves a seven-steps pathway starting from commer-
cially available 2,2’-bipyridine (Figure 2a). The first step converted
2,2’-bipyridine into 2,2’-bipyridine-N,N-dioxide using hydrogen
peroxide in acetic acid [30, 31]. Subsequent nitration at the 4
and 4’ position [30, 31], followed by phosphorus trichloride-
mediated reduction [31], led to 4,4-(NO,),-2,2’-bipyridine. An
ipso-substitution reaction with sodium azide produced 4,4’-(N;),-
2,2’-bipyridine,[32] which was then subjected to a modified
Staudinger click-type reaction [32]. This step enabled the cova-
lent attachment of a pre-synthetized carbene at the nitrogen
atoms in both 4 and 4’ positions, resulting in the targeted 4,4’-
bis(NHI)-2,2’-bipyridine ligand. The synthesis was performed
on a multigram scale, affording 8 g of the ligand, which was
fully characterized using 'H NMR, BC{!H} NMR, 2D NMR
spectroscopy (COSY, HSQC, HMBC), high resolution mass spec-
trometry (HRMS), and single crystal X-ray diffraction (SCXRD)
analysis (see SI section 2 for details). The overall yield for the

20f12

Chemistry — A European Journal, 2025

85UB0 17 SUOWILLIOD dAIER1D) 3(qed(dde sy Aq pausenoh a.e oo e YO ‘88N JO SaNnJ 10 ARelq1 8UljUQ AB[IM UO (SUO 1} PUOD-PUe-SWLIB) W00 AS 1A ARe.q) 1 Ul UO//:SANY) SUORIPUOD pue SWid | 3U) 885 *[9202/T0/TT] o Arigiauliuo A|IM ‘[I1H BdeyD 1 euljosed YLoN Jo AIseAlun AQ /2TE05202 Weyd/200T OT/I0p/0d A 1M ARelq puluo-adone-Ans e/ sdny wo.j papeoiumod ‘0 ‘G9LETZST



Q0=

i) HyOy; CH3COOH

75°C;20h

i) HNO; Hp50, O

100°C; 20 h

iii) PCl3
80°C;20h

Yield over
3 Steps: 10 %

(CH20H),:H,0 (3:1)

110°C;1h

Yield: 75 %

ey

e

N3 I =N N= |
NaNs — — H N M N
DMF \ N 4 THF \ N N Y
100 °C, 20 h 100°C, 72 h bpy-NHI
Yield: 83 % Yield: 83 % Overall Yield: 6 %
4 N\ N\
N I+
>
\ I \ / (I: I\
~,

/N

AgPF, ~

9PFs | N JN ;

\
DCM = = NN
80°C; 24 h
Yield: 55 % (R=H) N .{,N
Yield: 73 % (R=NHI) —?_N
Ir-bpy Ir-NHI
\__Overall Yield: 41% J \_ Overall Yield: 55 % )

bpy-NHI*3HOTf

FIGURE 2 |

163.4 ppm 166.7 ppm 169.2 ppm (CDCl;)
C) (CD CN) (CD;CN) 169.7 ppm (CD,CN)
N N - N
wa YN( Y'Y
<N @Y S <N
160.0 ppm 161.4 ppm 162.7 ppm M . 1
(cbcly)  (cbcly)  (CDCly)
<N <N ~'N
0, I:N I:N :N ”\?I/ Nl/ Nl/
o N N N )\"JLN’A )\NJLN’Q )‘NJ’LN{
SRR G R Gy )= )=
T T T T T T T T T T T
159 160 161 162 163 164 165 166 167 168 169 170
S (ppm)

(a) Top: Synthetic pathway starting from the commercial 2,2’-bipyridine, to the desired 4,4’-bis(NHI)-2,2’-bipyridine ligand. Bottom:

two-steps synthetic pathway to obtain the desired heteroleptic iridium(III) complexes. Synthetic details are described in the supporting information in
section 2. (b) Solid-state structure of bpy-NHI (top) and bpy-NHI*3HOTf (bottom) with hydrogen atoms (except the NH atoms) omitted for clarity; For
bpy-NHI*3HOTS the triflate anions are also omitted for clarity. Selected bond lengths of bpy-NHI (A): C1-N1 1.363(2), C3-N1 1.333(2), C3-N2 1.372(2),
C3-N3 1.358(2). Selected bond lengths of bpy-NHI*3HOT{ (A): C1-N11.390(11), N1-C2 1.405(11), C2-N2 1.325(4), C2-N3 1.323(4),C3-N4 1.386(4), N4-C4
1.385(4), C4-N51.327(4), C4-N6 1.342(4). (c) Donor abilities of selected bidentate nitrogen ligands on the 13C NMR spectroscopic scale (Huynh electronic
parameter, HEP2, CDCl; at 77.7 ppm relative to TMS, CD;CN at 118.3 and 1.3 ppm relative to TMS) [36]. Synthetic details and data are described in the

supporting information in section 3.

synthesis of bpy-NHI was only 6% over the 7 steps, limited
primarily by low yields in the 2,2’-bipyridine nitration and
subsequent reduction steps in our laboratory. Notably, higher
yields have been reported for those steps in the literature, which
would raise the overall yield to ~27% over 7 steps (see SI section 2
for details).

The bpy-NHI ligand was then used to synthesize the target
complex [Ir(ppy),(bpy-NHI)](PF;), abbreviated as Ir-NHI here-
after. In the first step, iridium(IIT) chloride hydrate (IrCl;*xH,0)
underwent cyclometallation with 2-phenylpyridine at elevated
temperatures, yielding the chloro-bridged dimer [Ir(ppy),Cl],
[33], which was engaged in the second step to coordinate the

respective bipyridine ligand [20]. To facilitate chloride abstrac-
tion, the Ir(III) dimer was treated with AgPF,. After workup,
the desired complex Ir-NHI was isolated in 73% yield and was
fully characterized by heteronuclear 'H NMR, BC{!H} NMR, 3'P
NMR, “F NMR, 2D NMR spectroscopy (COSY, HSQC, HMBC),
and HRMS (see SI section 2 for details).

Crystals of the free bpy-NHI ligand and of the protonated bpy-
NHI*3HOT( ligand were subjected to SCXRD analyses (Figure 2b
and SI section 5). Notably, the protonated ligand was obtained
by treating bpy-NHI with 2,6-lutidinium triflate, highlighting the
exceptional basicity of the bipyridine ligand, evidenced by its
ability to accept three protons from 2,6-lutidine, an electron-rich

Chemistry — A European Journal, 2025

30f12

85UB0 17 SUOWILLIOD dAIER1D) 3(qed(dde sy Aq pausenoh a.e oo e YO ‘88N JO SaNnJ 10 ARelq1 8UljUQ AB[IM UO (SUO 1} PUOD-PUe-SWLIB) W00 AS 1A ARe.q) 1 Ul UO//:SANY) SUORIPUOD pue SWid | 3U) 885 *[9202/T0/TT] o Arigiauliuo A|IM ‘[I1H BdeyD 1 euljosed YLoN Jo AIseAlun AQ /2TE05202 Weyd/200T OT/I0p/0d A 1M ARelq puluo-adone-Ans e/ sdny wo.j papeoiumod ‘0 ‘G9LETZST



pyridine derivative itself. In the solid-state structure of bpy-
NHI*3HOT{, both NHI substituents and one pyridine ring are
protonated, with all three protons participating in hydrogen-
bonding interactions with the triflate counteranions. The two
pyridine rings adopt a chelating orientation toward the hydrogen
atom, whereas in the case of the neutral bpy-NHI ligand an
anti-parallel arrangement of the pyridine moieties is observed.
The N—C bond lengths of the neutral bpy-NHI ligand (N1—C1:
1363 A. N1—C2: 1.333 A, N2—C2: 1.372 A, N3—C2: 1.358 A) are
comparable and fall between typical single (1.45 A) and double
(1.27 A) bond distances [34, 35], consistent with the presence
of a conjugated 7m-system. However, due to steric effects, the
imidazoline ring and bipyridine units deviate significantly from
planarity, with a dihedral angle of 53°, which reduces overall 7-
conjugation. In contrast, the tricationic bpy-NHI*3HOT( ligand
exhibits significantly elongated exocyclic N—C bond lengths
(1.385-1.405 A) and shortened imidazoline N—C bonds (1.323-
1.342 A), consistent with the formation of cationic imidazolinium
moieties. These imidazolinium groups are nearly orthogonal
to the bipyridine unit, with dihedral angles of 85° and 89°.
This structural arrangement further underscores the impact of
protonation on the electronic and geometric properties of the
ligand. Unfortunately, attempts to crystallize the final complex
Ir-NHI were unsuccessful.

To assess the electronic properties of the bpy-NHI ligand, the
ligand electronic parameter (HEP2) developed by the Huynh
group was determined (Figure 2c) (see SI section 3 for details)
[36, 37]. This parameter ranks the donor strength of bidentate
ligands based on their influence on the C chemical shift of the
carbene carbon in a reporter complex of the type [PdBr(iPr,-
bimy)(X"X)], where X"X represents the bidentate ligand. The
bpy-NHI ligand exhibits an HEP2 value of 169.2 ppm, indicating
significantly stronger donor properties compared to the parent
bipyridine (162.7 ppm). This result underscores the exceptional 7z-
donor ability of the NHI groups, consistent with previous studies
on para-NHI-substituted pyridines [27]. Upon protonation of
the NHI groups, the donor strength of the ligand decreases
progressively with each protonation step. The monocationic
bpy-NHI*H* and dicationic bpy-NHI*2H" species exhibit HEP2
values of 166.7 ppm and 163.4 ppm in acetonitrile, respectively.
These values reflect a stepwise reduction in donor strength, with
the dicationic ligand displaying electronic properties comparable
to those of the parent bipyridine. This trend highlights the sensi-
tivity of the bpy-NHI ligand’s electronic properties to protonation,
as it directly affects the z-donor character of the NHI groups
and thus enables remote tuning of the electronic nature of the
bpy-NHI ligand through interaction with Lewis acids.

2.2 | Ground State Absorption Characterization
and Stability Assessment

Ir-NHI was characterized by UV-visible absorption spectroscopy
and electrochemistry. However, in initial photophysical mea-
surements, data inconsistencies emerged, indicating a degree of
chemical instability of the compound under ambient conditions.
Therefore, the stability of Ir-NHI in solution was first studied
in more detail under different conditions. A pivotal observation
was the alteration of the UV-visible absorption spectra after
exposing sealed vials of Ir-NHI in nondry acetonitrile to natural

sunlight for several hours. In contrast, 72 hours under the
same atmosphere and solvent but kept in the dark showed no
change in the spectra and hence no sign of degradation (see SI
section 6.1 Figure S41). To investigate the origin of this apparent
instability or elevated reactivity, a series of spectroscopic studies
were performed under controlled conditions. Three primary
hypotheses were considered: i) degradation of the complex, ii)
oxidation of the ligand due to the reaction with molecular oxygen
dissolved in the solvent and iii) protonation of the ligand due to
residual water present in the solvent.

A series of UV-visible absorption measurements were conducted
using Ir-NHI in dry acetonitrile using different atmospheric
conditions including argon, air, carbon dioxide, oxygen and nitro-
gen atmospheres, with continuous irradiation using a 447 nm
continuous wave (cw) laser source at an intensity of 200 mW.
Absorption spectra were recorded after different time intervals
of irradiation to monitor changes induced by light exposure
over time. A comparative analysis was carried out between Ir-
NHI and the reference complex Ir-bpy. For Ir-bpy, no changes
were detectable within these measurements (see SI section 6.1
Figure S40 and Table S3 for details) whereas significant changes
were observed for Ir-NHI (Figure 3a and b). To quantify the
modifications observed in the UV-visible absorption spectra, the
halflifetime and the quantum yield of the reaction was calculated
(Table S3) based on the assumption that a sole photoproduct is
cleanly formed and that the same degradation pathway occurs
under all investigated conditions. Under an oxygen atmosphere
or air, a significant change within the first 60 seconds of irra-
diation was observed, indicating a significant photo-instability
under these conditions. Calculation of the quantum yield for
this process indicated values around 1.8% and 3.4% under air
and oxygen atmosphere, respectively (see SI section 6.7). In
addition, analogous experiments were performed in the presence
of ~20 equivalents of triflic acid added prior to irradiation. Under
these conditions a perfect stability of both complexes under
irradiation was observed, with no change of the spectral features
over the investigated irradiation time range. Usually iridium
complexes are considered photostable, while in specific cases also
others have observed instabilities with iridium photosensitizers
[38, 39].

The results clearly demonstrate that both the simultaneous
presence of oxygen and light are the main contributors to the
degradation of Ir-NHI, as no decomposition occurred under
Argon or carbon dioxide atmosphere or under air in the absence
of irradiation. Consequently, all subsequent experiments were
conducted under an inert atmosphere to prevent oxidative degra-
dation. Additionally, as mentioned earlier, upon protonation of
Ir-NHI to obtain the corresponding Ir-NHI.2H*, the stability
of the complex under combined light and oxygen exposure
is restored (Table S3). This implies that the degradation most
probably occurs on the imine fragment, which is protonated upon
acid addition and consequently the degradation is not occurring
anymore. This aspect will also be discussed below in more detail.

After identifying the key parameters influencing the stability of
Ir-NHI, we then focused on the comprehensive characterization
of the complexes. As discussed previously, a key advantage of
the 4,4’-bis(NHI)-2,2’-bipyridine ligand is its ability to undergo
protonation at the imine position, thereby allowing modulation
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FIGURE 3 | UV-visible absorption spectra (a), difference absorption spectra (inset) under air and concentration changes over time under different

conditions (b) of Ir-NHI (~30 puM) in acetonitrile recorded during continuous irradiation with a 447 nm cw laser with an intensity of 200 mW. For (b)
the conditions are indicated. (c) UV-Visible absorption spectra of Ir-bpy, Ir-NHI and Ir-NHI.2H* recorded in acetonitrile. The inset represents the
reversibility test upon protonation with triflic acid (TfOH) and subsequent deprotonation with excess of base. (d) Stepwise protonation of Ir-NHI by the
stepwise addition of TfOH. (e) UV-visible absorption spectra upon titration of HCI to solutions of Ir-NHI (~20 uM) in acetonitrile, where protonation

effects are highlighted in red. (f) Stepwise titration using separate additions of TfOH (proton source) and TBACI (chloride source), allowing individual

assessment of H* and C1~ effects, alongside a plausible molecular structure illustrating chloride binding.

of their electron-donating properties. However, this tunability
also presents a challenge: the ligands are prone to spontaneous
protonation or hydrogen bonding in the presence of traces of
moisture. Even traces of water in nonanhydrous acetonitrile
induced subtle shifts in the absorption spectra, indicating small
amount of partial protonation. To address this issue, all spec-
troscopic and electrochemical measurements were conducted in
rigorously anhydrous acetonitrile, using flame-dried glassware
operating under an inert argon atmosphere. For experiments
investigating the Ir-NHI complex in the nonprotonated form,
20 eq. of a aqueous solution of sodium hydroxide were added
directly to the dry acetonitrile solutions and the solutions were
filtrated. Upon treatment with hydroxide, slight spectral changes
were observed by UV-visible absorption spectroscopy after the
addition, likely due to residual protonation from traces of HCIl
in dichloromethane, i.e. the solvent used during the synthesis.
Note that the use of alkaline water is only expected to lead to
deprotonation, without introducing similar issues as those noted
previously though the addition of water. The use of organic
bases, such as amines, would have led to excited-state quenching
that is not possible with sodium hydroxide using these type of
photosensitizers.

Across the ultraviolet to visible spectrum of Ir-bpy (Figure 3c),
several distinct absorption bands are observed with global or local
maxima and shoulders centered around 250, 300, 400 nm [8].
Ir-NHI exhibited a similar absorption pattern, but the extended

conjugation introduced by the NHI substituent reduced the
energy gap for the ligand-centered 7-7* transition, increasing the
proportion of LCy-y character relative to charge-transfer transi-
tions and thereby enhancing the molar absorption coefficient (¢)
around 380 nm. Interestingly, the molar absorption coefficient
of the Ir-NHI complex is larger over the full spectral range in
comparison to the reference compound Ir-bpy.

To further explore the influence of the imine protonation on the
photophysical properties, titrations were conducted using various
acids, i.e. aqueous hydrochloric acid (HCl), trifluoroacetic acid
(TFA), triflic acid (TfOH) and ammonium hexafluorophosphate
(NH,PF,). To confirm that the photophysical modifications
were induced by the protonation on the NHI-substituent of the
modified bipyridine, Ir-bpy was also analyzed under the same
conditions. Indeed, for this reference complex no changes upon
addition of acid were detectable (see SI section 6.2 Figure S42).

As illustrated in Figure 3d, the addition of triflic acid induced
distinct changes in the absorption spectrum of Ir-NHI, more
specifically a decrease in the intensity of the MLCT, LLCT, and
ILCT absorption bands, alongside an increase in absorption in
the m-7* transition region. Stepwise titration of Ir-NHI with
TfOH revealed the absence of spectral changes after the addition
of 3.5 eq. of acid (see SI section 6.2 Figure S44), indicating
full protonation at this point. It appears that protonation of
the bridging nitrogen effectively decouples the 7-system of the
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NHI substituents from the bipyridine ligand and disrupts the
previously discussed LCy~y contribution, leading to an absorption
similar to the parent Ir-bpy complex, although with slightly
larger molar absorption coefficients compared to the reference
(Figure 3c). When aqueous HCI was used as a proton source,
additional spectral changes were detectable in the absorption
spectra as shown in Figure 3e (see SI section 6.2 Figure S45). Upon
the addition of more than three equivalents, a new absorption
band emerged around 360 nm, suggesting further structural or
electronic changes after the initial protonation steps. A possible
role of the water intrinsically present by the addition of this
acid was excluded by reference measurements with addition of
up to 100 equivalents of water without spectral changes (see
SI section 6.2 Figure S43). We hypothesized that the chloride
anion could play a role following protonation by comparison
with similar systems reported by Meyer [40-44] and Beer [45-
47], where chloride binding with transition metal complexes was
investigated. To differentiate the effects of protons and chloride
ions, stepwise titration experiments were carried out for Ir-NHI
using triflic acid as a proton source and subsequent addition of
tetra-N-butylammonium chloride (TBACI) as a chloride source
(Figure 3f). Upon titration of chloride ions to a solution of Ir-
NHI before the addition of the proton source, essentially no
change was observed in the spectral region around 360 nm.
However, upon titration of a saturated solution of TBACI to a
complex already protonated by the presence of 5 equivalents of
triflic acid, the characteristic absorption band centered around
360 nm appeared that was similar to the titration with aqueous
HCI (Figure 3e). This stepwise formation of the chloride-specific
complex confirms the cooperative effect between protonation
and chloride in this complex. From the UV-visible Ir-NHI HCl
titration, a chloride binding constant of 200 M~ was extracted.

2.3 | Electrochemistry

Cyclic voltammetry (CV) was conducted on the free ligands
as well as on the corresponding complexes and the results
are summarized in Table 1. The measurements in acetonitrile
revealed that the bpy-NHI ligand exhibited a more negative
first reduction potential than the unsubstituted 2,2’-bipyridine.
In addition, bpy-NHI exhibited an additional oxidation peak at
0.40 V vs Fc*/Fc whereas no oxidation peak could be observed
for the unsubstituted 2,2’-bipyridine ligand. The oxidation of
the bpy-NHI ligand, which most likely occurs at the exocyclic
nitrogen lone pair, was only partially reversible at high scan
rates (>1 V/s) and was irreversible at slower scan rates (see
SI section 6.4 Figure S48). This lone pair does not participate
in the extended m-conjugation of the ligand. As a result, the
corresponding radical cation lacks efficient charge delocalization,
rendering the oxidized species thermodynamically less stable and
more susceptible to irreversible degradation.

For the complexes, two clear general observations can be outlined
when comparing Ir-bpy with Ir-NHI. First, the introduction of
the bpy-NHI ligand leads to the appearance of a novel irreversible
oxidation peak at 0.4 V vs Fc*/Fc, as discussed earlier. The bpy-
centered reduction at —1.8 V vs Fc*/Fc for Ir-bpy completely
disappeared for Ir-NHI, in line with the more electron-rich
character of the bpy-NHI ligand. In addition, a slight anodic
shift in the Ir(IV)/Ir(III) potential was observed (Figure 4), also

ppy b?y NHI I

Current (nA)

— Ir-bpy
[ —— Ir-NHI
—— |r-NHI.2H*
-3 -2 -1 0 1
E (V vs Fc'/Fc)

FIGURE 4 | Cyclic voltammograms of Ir-bpy (blue), Ir-NHI (red)
and Ir-NHL2H' (green) recorded in acetonitrile in the presence of
100 mM of TBAPF, as electrolyte with a scan rate of 100 mVs™. Ir-
NHI.2H* (green line) was generated upon the addition of 3.0 equivalent
of TfOH.

in line with the increased electron density at the metal center,
rendering its oxidation more easily accessible. However, this shift
is smaller than expected given the substantially greater donor
strength of bpy-NHI ligand. We attribute the attenuated shift to
the initial ligand-centered oxidation on the bpy-NHI scaffold,
which diminishes its electron-donating ability prior to iridium
oxidation, thereby masking the intrinsic impact of bpy-NHI on
the Ir(IV)/Ir(III) potential.

To evaluate the effect of protonation, titrations with triflic acid
were performed, ranging from 0.5 to 10 equivalents in acetonitrile
and subsequently cyclic voltammograms were recorded (see SI
section 6.3 Figure S46 and S47). A parallel experiment was
conducted with the unsubstituted complex to confirm that the
observed changes are specific to the modified ligands. Upon
complete protonation, the first oxidation event associated with
the NHI moiety entirely disappeared (Figure 4). This is in
perfect agreement with the conclusion from absorption and
NMR measurements (see SI section 4.1 Figure S33 and S34).
suggesting a protonation of the NHI moiety, which then prevents
the oxidation of the imine group. On the other hand, the reduction
corresponding to the bipyridine shifts and is located in the
protonated form at around ~—1.8 V vs Fc*/Fc, which is in fact
the same as for the unsubstituted Ir-bpy, indicating that the
protonation removes the effect of the attached NHI and decouples
this structural moiety from the bpy.

2.4 | Excited-State Characterization

To comprehensively investigate the excited-state landscape of
Ir-NHI, three complementary time-resolved spectroscopic tech-
niques were used, namely time-correlated single photon counting
(TCSPC), nanosecond transient-absorption spectroscopy (ns-
TA spectroscopy), and femtosecond transient-absorption spec-
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TABLE 1 | Ground- and Excited state Properties of Ir-bpy, Ir-NHI and Ir-NHIL.2H™.

Ered on A’max, abs, (nm); /‘Lmax, em, A’max, em, 77K (nm);
Compound (VvsFc*/Fc) (VvsFct/Fc) ¢(10°M'cm™) (nm) Eyo (eV) ¢° 7 (ns)®
bpy? —2.67° [48] 2.45 (irr.)? [49] 282 (11) [50] 350 [50] - - -
bpy-NHI® < —2.85(irr.) 0.40 NHI (irr.) 320 (37) 550 495 (2.50) - -
Ir-bpy* —1.80 bpy 0.85 I’V 255 (48) 595 505 (2.46) 0.035[51] 313
(—2.46) 300 (25)
(—2.63) 380 (6)
(-2.89)
Ir-NHI¢ —2.40 ppy 0.44 NHI (irr.) 256 (57) 540 479 (2.59) 0.002 0.3
(0.80 IyV/1T) 308 (39)
385 (13)
Ir-NHI.2H*¢ ~—1.80 bpy 0.85 Ir’V/1m 263 (66) 595 508 (2.44) 0.049 100
(irr.) 380 (10)

Electrochemically irreversible processes are denoted with (irr).

#Measurements performed in DMF containing 0.1 M TBAPF; at a scan rate of 500 mV s™.
YMeasurements performed in THF containing 0.1 M TBAPFj at a scan rate of 100 mV s~

-1

—1

“Measurements performed in acetonitrile containing 0.1 M TBAPF; at a scan rate of 100 mV s,

dMeasurements performed in acetonitrile containing 0.1 M Bu,NClO, at a scan rate of 100 mV s~

—1

®Measurements performed in ACN and Argon atmosphere by relative actinometry using [Ru(bpy);]** in ACN with a 0.095 (argon) and 0.018 (air) as a reference

[52].

troscopy (fs-TA). The following measurements were performed
under argon and in dry acetonitrile to prevent stability issues
during the measurement, as discussed earlier.

The photophysical investigation of Ir-bpy has received significant
attention over the past decade, as researchers aimed to resolve
the distinct excitation and deactivation pathways involved in
the decay of the excite state of heteroleptic iridium complexes
[53, 54]. Based on the extensive literature, some assignments
and rate constants were not investigated herein for Ir-bpy and
solely assigned based on these prior reports. Upon excitation
of Ir-bpy in deaerated acetonitrile at 270, 310, 400, or 450 nm,
identical emission spectra were recorded at room temperature,
only varying in their respective intensity due to the difference
in absorbance at the excitation wavelength and all exhibiting a
maximum emission wavelength at 595 nm as indicated by the
dashed blue line in Figure 5a. This observation is consistent with
the literature [8, 9, 55], as well as with Kasha’s rule, resulting in
a constant 1.,, of emission regardless of the excitation energy.
This photoluminescence decayed mono-exponentially with an
excited-state lifetime of 63 ns under air and 313 ns under argon,
also consistent with the literature [55]. Lastly, photoluminescence
was recorded in a butyronitrile matrix at 77 K, leading to the
triplet excited state energy of the investigated system with a
corresponding value of 2.46 eV (Figure 5a).

Ir-bpy was also analyzed by femtosecond transient absorp-
tion spectroscopy with an excitation at 343 nm in anhydrous
acetonitrile under argon. The results from a global fitting of
the spectroscopic data with a sequential model utilizing one
excited state and a corresponding hot state is represented in
Figure 5d, where an excited-state absorption band with a global
maximum around 500 nm and a broad side band above 650 nm
are clearly detectable. The relative population from the global
analysis is presented as inset. Chergui and co-workers previously

used ultrafast transient absorption spectroscopy to disentangle
the different short-lived nonemissive processes, corresponding
to the formation of the *MLCT,,, state from the *MLCT,,,
and our lifetime of 1 ps is in line with the reported lifetime
of 1.5 ps [54]. Hence, it can be concluded that all processes
populating the *MLCT,,,, state like the *MLCT,,, are occurring
within fs and early ps timescale and the *MLCT,,, has a life-
time of several hundred nanoseconds under argon, as discussed
below.

Nanosecond transient absorption spectroscopy of Ir-bpy in
acetonitrile upon excitation at 420 nm revealed a positive excited-
state absorption band around 380 nm together with a broad
absorption with a maximum around 500 nm, indicative of
absorption from the triplet excited state (Figure 5g). In line
with other iridium complexes, a ground-state bleach is not
visible due to the new excited-state absorption outcompeting this
spectral feature, which should cause a negative signal in the
differential absorbance spectrum [56, 57]. Spectroelectrochemical
measurements were performed to attempt to model the tran-
sient absorption signature (see SI section 6.5 Figure S49). The
electrochemical reduction of the bipyridine ligand, achieved by
applying a potential of -1.6 V vs Fc*/Fc, produced an absorption
band centered around 380 nm as well as a gradually increasing
absorption band with a local maximum around 530 nm, which
is in good agreement with the transient absorption spectrum
(Figure 5g). In contrast, the oxidation of the iridium center was
not distinctly observed in the visible region, where signals are
typically expected above 600 nm. These spectroelectrochemical
observations support the assignment of the excited state as a
*MLCT,,, state, characterized by a reduced bipyridine moiety
and an oxidized iridium center and the (small) differences
are likely caused by more delocalized HOMO and LUMO
in the excited state compared to the spectroelectrochemical
measurements.
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FIGURE 5 | UV-vis absorption (solid line) and emission (dashed line) in acetonitrile and frozen matrix (77 K) emission in butyronitrile (filled

grey area) of Ir-bpy (a, blue), Ir-NHI (b, red) and Ir-NHI.2H™ (c, green). (d-f) Species-associated decay spectra and relative population (inset) for the

evolution over time based on fitting by target analysis of the spectroscopic data obtained by femtosecond TA-spectroscopy of Ir-bpy (d), Ir-NHI (e)
and Ir-NHI.2H™ (f) in acetonitrile excited at 343 nm (300 nJ). (g) Transient absorption (TA) spectrum of Ir-bpy (20 uM) detected 10 ns after the laser
pulse at 420 nm, time-integrated over 200 ns. For comparison to the long-lived component from target analysis with fs-TAS is provided as a orange

line and the kinetic trace on the ps timescale is shown as an inset. (h) Global analysis results of kinetic emission map for Ir-NHI recorded by time-

resolved emission spectroscopy (TRES) with 5 nm steps between the kinetic traces analyzed with a parallel model. The traces at the emission maximum
of the two components are shown as inset. (i) Global analysis result for the time-resolved kinetic absorption between 450 and 650 nm by ns-TAS with
a monoexponential decay model for Ir-NHI.2H* in ACN under air. For comparison to the long-lived component from target analysis with fs-TAS is

provided as an orange line. Further details are discussed in the main text and further figures are presented in the SI section 6.6 and 6.8.

Ir-NHI was also photophysically characterized in dry acetoni-
trile, and the absorption and emission spectra are summarized
in Figure 5b. Due to the efficient protonation (see Figure 3d)
the samples were pretreated with base to ensure deprotonation.
The limited photostability under air made some of the mea-
surements challenging. The steady state emission clearly shows
an emission with a maximum centered around 540 nm, which
is weaker and significantly blue-shifted compared to the Ir-
bpy. Emission kinetics at different detection wavelengths for a
sample pretreated with NaOH were measured and highlighted a
biexponential emission, with two components that have different
contributions depending on the wavelength. Closer analysis of
the wavelength-dependent emission kinetics under Argon by
time-resolved spectroscopy revealed a short component (<~5 ns)
centered around 540 nm together with a red-shifted emission
centered around 580 nm with a lifetime of ~380 ns (Figure 5h)

based on the global analysis with a parallel fitting model. Based
on these spectral features, the short-lived emission is assigned
to the Ir-NHI, while the long-lived component is tentatively
assigned to traces of protonated Ir-NHI.H™* or Ir-NHI.2H". This
protonated state is expected to have a minor contribution, which
is in line with the fact that its contribution is hardly visible
by steady-state emission spectroscopy (Figure 5b) and that the
decay associated spectrum is significantly smaller than the short-
lived component (Figure 5h), despite a significant drop in the
general emission intensity of the signals, indicating much smaller
emission quantum yield for the Ir-NHI compared to Ir-bpy or Ir-
NHI.2H". An additional short-lived species cannot be reasonably
well resolved by either the time-correlated single photon counting
TCSPC technique under conditions for the TRES (Figure 5h)
nor the nanosecond laser setup, where a kinetic map in the
visible range was unsuccessful. Indeed, the short lifetime falls
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FIGURE 6 | Proposed photophysical scheme of Ir-bpy (left), Ir-NHI (middle) and Ir-NHL2H* (right) following visible light excitation.

within the instrument response function (IRF) of the nanosecond
transient absorption setup and the combination of a very short
and long lifetime under Argon prevents deconvolution on the
TCSPC instrument on the two-microsecond-window. Under air,
the lifetimes are shorter and when focusing on a 50 ns time
window (see SI section 6.6 Figure S53) a short-lived component
with a lifetime of 0.3 ns can be detected together with long-
lived components of ~10 ns and ~80 ns, with the longest
component being again assigned to traces of the protonated
version, as discussed before. Due to the very mild conditions of
the excitation light source, photoinstability is expected here to
have a negligible role under these specific conditions. In fact,
the early nanosecond emissive lifetimes are unusually short for
an iridium-based complex, which typically exhibits microsecond-
scale lifetimes due to the spin forbitten transition from the SMLCT
to the ground state after efficient intersystem crossing facilitated
by the heavy metal center. The relative amplitude (Figure 5h)
of emission intensity in the parallel model used to fit the TRES
dataset indicated a much larger relative intensity of the short-
lived component despite the significantly shorter lifetime and
about 25 times smaller emission quantum yield (0.002) compared
to the emission of the protonated form (0.049), indicating a
very minor amount of protonated complex, being in perfect
agreement with the steady-state measurements (Figure 5b) that
are dominated by the emission centered around 540 nm. No
pretreatment of a solution of Ir-NHI in acetonitrile with NaOH
resulted in a larger contribution of the red-shifted component
in TCSPC measurements of the long-lived emissive excited state
compared to the short-lived one. However, a complete shut-
down of the red-shifted emission was not achieved even with
the pretreatment with base. Spectral differentiation between the
0.3 ns and ~5-10 ns component was not successful by TCSPC
techniques. Gratefully, ultrafast transient absorption measure-
ments provided the resolution to successfully further disentangle
the short-lived processes, although the stability of the sample
under these conditions asks for an interpretation with some care.
The best fit was obtained by target analysis with a branched
deactivation pathway, resulting in one final longer-lived excited
state (Figure 5e and Figure 6b). Both branches have a short-lived
(~1 ps) hot state and the second branch [58], with an excited-state
lifetime of ~250 ps, has a weak relative contribution of around
30% (orange color in Figure 5e). This lifetime is in reasonable
agreement with the short-lived emission observed by TCSPC. In

addition, the spectral feature, with a maximum centered around
500 nm and a broad tailing absorbance above ~600 nm, closely
resembles the long-lived *MLCT from the Ir-bpy (as shown as
blue trace in Figure 5g) and is thus reasonably assigned to an
MLCT,,, state. This intermediate excited state populates the
longer-lived (>10 ns) component, which is assigned to a MLCT,, -
type excited state as the lowest emissive state [59]. This is in
agreement with the first reduction in Ir-NHI, which is a ppy-
centered reduction as the NHI moiety significantly influences the
bpy reduction due to the strong electron donating character of
the NHI moiety. Contributions from protonated complex were
not identified within this analysis, highlighting again its very
minor proportion. Focusing on ns-TAS, a weak, 20 ns long-lived
signal is detectable (see SI section 6.6 Figure S52) which is in
reasonable agreement with the fs-TA dataset, despite the fact that
the nanosecond transient absorption spectrum tails less far into
the red region (up to ~600 nm) compared to the long-lived species
obtained by fs-TAS (up to ~650 nm). We assign this difference
in the variation of concentration between the different species
and the high sensitivity on the presence of traces of protons (as
discussed below).

Intuitively, we would have assumed that in the case of Ir-NHI,
based on the redox potential and more particularly the low
oxidation potential of the NHI moiety, rapid quenching of the
SMLCT by intramolecular electron transfer could occur, which
provides an alternative nonradiative deactivation pathway, but
we could not find a spectroscopic proof for this. Hence, either
this process is not occurring at all or only in a very minor
overall contribution and/or the occurrence of this intermediate
is too short to be detected with our spectroscopic methods. Due
to the significantly shorter lifetime of the Ir-NHI a reactiv-
ity with a fast-intramolecular electron transfer from the NHI
moiety and subsequent unproductive recombination escaping a
spectroscopic detection cannot be excluded.

Spectroscopic analysis of the protonated Ir-NHI.2H*, clearly
indicates that upon protonation the influence of the NHI moiety
can largely be suppressed. The absorption spectrum is providing
weaker extinction coefficients in the UV range of the spectrum,
which are significantly different from Ir-NHI and much closer to
the unmodified Ir-bpy (Figure 5a-c). Similarly, the emission max-
imum is red-shifted compared to the Ir-NHI and significantly
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prolonged, resulting in a maximum at 595 nm and a lifetime of
100 ns (Figure 5a-c and Table 1) close to the unmodified Ir-bpy.

Investigation by fs-TAS revealed that multiple processes are
occurring and the seemingly monoexponential decay detectable
by TCSPC method shows different intermediates to reach the
final long-lived emissive MLCT,,, state (Figure 5f). Target anal-
ysis of the dataset indicates again two parallel deactivation
pathways; a first one with a short-lived hot state of ~10 ps and
around ~650 ps for the corresponding excited state, which is
attributed to a MLCT,,, by comparison with the dataset from
the Ir-NHI based on the broad absorption band up to 600 nm.
Opposite to the Ir-NHI, in the protonated version the MLCT,,
state is again the lowest excited state and best fits were obtained
with a model using the intermediate MLCT,,, with a lifetime of
~650 ps. Interestingly, while in the Ir-bpy the final MLCT,,-
state is reached within the femtosecond time-scale, here this
intermediate state has a longer lifetime. Analyzing the protonated
complex by a kinetic map on the nanosecond timescale, a clean
monoexponential decay is visible with absorption maximum in
the UV around 380 nm and in the visible range around 500 nm
with a lifetime of 100 ns (Figure 5i) (see SI section 6.6 Figure S55)
which is in very good agreement with the long-lived component of
the femtosecond dataset (Figure 5f) as well as the parent complex
Ir-bpy (Figure 5d).

While the analysis is not straightforward between the different
datasets and instruments with different detection methods and
spectral ranges, a reasonable proposal for the different photophys-
ical schemes is shown in Figure 6. For the case of Ir-bpy, the
long-lived excited state is reached within the early picosecond
timescale and the bpy-based MLCT has a long lifetime of several
hundred nanoseconds under argon. In contrast, for Ir-NHI both
bpy- and ppy-based MLCT states result in the long-lived MLCT,,,,,,
although presumably with much larger contributions from other
deactivation pathways and thus a significantly smaller overall
efficiency (Figure 6b). Pronating the NHI moiety again inverts
the excited-state energies and the lowest excited state has again
a MLCT,,, character.

In summary, by the combination of different spectroscopic tech-
niques a change in the lowest excited state between Ir-bpy and
Ir-NHI was identified, which could be inverted upon protonation
of the NHI moiety. Plausible schemes for the excited-state
deactivations based on the spectroscopic findings are presented
in Figure 6.

3 | Conclusion

In this work, we introduced the novel N-heterocyclic imine
(NHI)-functionalized bipyridine ligands as a new class of strongly
electron-donating scaffold for the formation of Ir(III) complexes
with switchable excited-state properties. This novel class of
ligand could be straightforwardly obtained on a multi-gram scale.
Electrochemical and spectroscopic studies revealed that NHI
substitution destabilizes the LUMO and suppressed the classi-
cal bpy reduction. Steady-state and time-resolved spectroscopic
titrations, carried out at very early time-scale, demonstrated the
possibility to reversibly modulate the ground and excited-state
properties of Ir-NHI through the addition of protons. The change

in the excited-state nature with contributions from the ppy and
bpy ligand indicates potentially new tuning possibilities with
similar systems and changes on the ppy ligand scaffold. Our
results demonstrate both the potential and challenges of lever-
aging strongly donating ligands in photoredox catalyst designs.
Indeed, while NHI substitution allowed to tune the excited-state
properties and pH switching abilities, it also introduced a sensi-
tivity to dissolved oxygen upon exposure to light. Nevertheless,
this novel ligand design opens the door for targeted photoredox
applications, such as photodynamic therapy as cancerous cells
operate in more acidic conditions as well as in the development
of novel sensors.
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