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Cyclometalated Ir(n) complexes bridged by n-OH
and 1-3,5-bis(4-methoxyphenyl)-pyrazole ligands
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Biplab Kuila, 2 ¢ Sandeep Kumar Singh Patel, 2% Mrituanjay D. Pandey, (¢
Biswaijit Maiti ' © and Bani Mahanti (2 *2

Recent advances of cyclometalated Ir(i1) complexes are due to their varied structural features and rich
photophysical properties. Having this in mind, in the present investigation neutral, cyclometalated
heterobridged Ir(n) dimers [(ppy)slr(n-OH){u-(PhOMe),Pz}r(ppy),] (1) and [(tpy)slr(u-OH)Y{u-(PhOMe),Pz}
Ir(tpy)o] (2) (ppyH = toyH = 2-(p-tolylpyridine; (PhOMe),PzH = 3,5-bis(4-
methoxyphenyl)-pyrazole) are synthesized and characterized by various analytical techniques such as

2-phenylpyridine;

NMR, ESI-MS, UV-Vis, emission and cyclic voltammetric studies. Complex 1, has been also characterized
by single crystal X-ray diffraction analysis. Both complexes are found to be emissive in aerated
dichloromethane solution with emission maxima centered at around 550 nm for complex 1 and 546 nm
for complex 2. Furthermore, density functional theory (DFT) and time-dependent density functional
theory (TDDFT) calculations have been carried out on both complexes 1 and 2 to provide insights into
their photophysical characteristics. The observed photophysical properties align well with the DFT and
TDDFT results. Our electrochemical investigations demonstrate the stability of the complexes and also
the fact that the bridging ligands play an important role in facilitating metal-metal communication within
the dimers. In our important findings, we observe a unique interplay of ligand roles where modifying the
ancillary ligand does not alter the photophysical properties of the resultant Ir(i) complexes, but are
essential for the structural integrity and stability of the complexes. The pyrazole ligand used in the study,
3,5-bis(4-methoxyphenyl)-pyrazole, facilitates the assembly of robust dimeric structures, and the —OH
ligand helps shift the spectral properties towards the red end of the spectrum. This study demonstrates
that steric modulation can be used to significantly improve the synthesis and isolation of dinuclear Ir(in)
complexes without relying on changes in electronic structure. This study provides a clear contrast to
prior electronically driven approaches and establishes steric design as a strategy for the rational
construction of dimeric cyclometalated Ir(n1) complexes. Our results also underscore the significant
impact of the bridging ligand on the electronic structure and spectroscopic properties of the
cyclometalated Ir(n) complexes, potentially augmenting our understanding of the structure—property
variations of such compounds and paving the way for their potential applications.

(in principle).*** This enhanced performance arises from their
ability to harvest both singlet and triplet excitons,’ theoretically

Cyclometalated Ir(m) complexes have been the focus of increasing
interest in recent years because of their remarkable photo-
physical properties, attracting sustained interest from research
groups worldwide.*® This class of complexes serve as efficient
phosphorescence emitters, featuring a luminescence efficiency
four times greater than conventional fluorescence-based emitters
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achieving 100% quantum yield (®;,).**** The quantum yields vary
widely, from less than 1% up to 100%. For example, the complex
fac-tris(2-phenylpyridine) iridium(m) exhibits a quantum yield of
0.97 in dilute 2-MeTHF at room temperature.”® Experimental
yields are often less than 100% because of non-radiative decay,
quenching by oxygen, aggregation, thermal population of non-
emissive states etc.'® The remarkable photophysical attributes
of these complexes are due to spin-orbit coupling (SOC) induced
by the heavy metal center of Ir(m), consequently facilitating an
accelerated rate of intersystem crossing (ISC) between singlet and
triplet excited states.'”

A wide range of experimental and computational studies
have examined cyclometalated Ir(ur) complexes and identified

© 2026 The Author(s). Published by the Royal Society of Chemistry
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important rules for changing emission colour by modifying the
ligands.”>?* Although the use of electron-donating or with-
drawing substituents for tuning phosphorescence has been
well-established,* there is still a significant drive to develop
phosphors whose emission properties can be more readily
tailored by modifying the electronic properties of both cyclo-
metalating and ancillary ligands.**-*

Substituted pyrazole derivatives have played an important
role in the assembly of phosphorescent Ir(im) complexes and
other transition metals due to their ability to display versatile
and adaptable coordination modes.>*?® Previously, Chan-
drasekhar et al. have reported heterobridged cyclometalated
Ir(m) dimers (pyrazolate- and hydroxide-bridged) and investi-
gated their photophysical and electrochemical properties. The
complexes were found to be emissive, with the emission
maxima being red-shifted compared to mononuclear analogues
containing substituted pyrazole ancillary ligands. The hydroxy
group as a bridging ligand also helped in effectively mediating
the metal-metal communications in these systems.*” Liao et al.
reported iridium(m) dimers containing bridging pyrazolate
ligands. The complexes were found to be volatile and suitable
for the fabrication of OLEDs.*® Building on these findings, we
have introduced methoxy substitution (-OMe) into the ancillary
3,5-diphenyl pyrazole ligand backbone to examine its effect on
the geometry and luminescence of the resulting complexes.
Methoxy groups are known to function as an electron-
withdrawing substituent by inductive effect and as an
electron-donating substituent by mesomeric effect.**** Incor-
poration of methoxy (-OMe) groups into the 3,5-diphenyl pyr-
azole backbone is expected to introduce substantial steric bulk
at the periphery of the complex. Consequently, such steric
modulation is anticipated to promote the controlled and
selective assembly of well-defined dinuclear species, while
enhancing their stability and enabling their efficient isolation.
We further anticipated that modulation of the steric bulk of the
ligand would afford dimeric N, N-bridged complexes while
limiting the formation of monomers and product mixtures, as
was observed when 3,5-phenyl methyl pyrazole was employed as
an ancillary ligand.*”

Kamrul Hasan et al. have previously reported on tuning the
emission towards the red in cationic Ir(m) complexes through
methoxy substitution of the cyclometalating ligand.** Davies
et al. have reported tuning of emission wavelength and redox
properties by varying substituents, including the methoxy group
in 3-substituted 1-phenylpyrazoles, where the pyrazole ligand
has been employed as a cyclometalating ligand.** However, to
the best of our knowledge, an investigation into methoxy group
substitution in the ancillary diphenyl pyrazole ligand backbone
has not been undertaken until now. Previous studies on di-
nuclear cyclometalated Ir(i) complexes have mainly focused on
electronic tuning by modifying cyclometalating or ancillary
ligands to adjust emission color or excited state behavior.****
While this strategy has proven effective for adjusting photo-
physical properties, it has comparatively little impact on the
practical aspects of dinuclear complex formation, particularly
with respect to isolation of discrete bimetallic species. In some
cases, low yields, or difficulties in purification have hindered
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systematic exploration of dinuclear species.* Bulky substituents
on ancillary ligands are known to improve photophysical
properties in cyclometalated Ir(ur) complexes by affecting steric
environments, showing the utility of steric design strategies.*®
We propose that judicious steric modification of ligands at
positions remote from the Ir(ur) coordination core could provide
an independent and underexplored strategy to control the
formation of dinuclear cyclometalated Ir(m) complexes.

In this study, we present the synthesis, characterization, and
detailed photophysical and electrochemical investigation of
cyclometalated Ir(u) dimers featuring two different bridging
ligands, [(ppy).Ir(n-OH}p-(PhOMe),Pz}Ir(ppy),] (1) and [(tpy),-
Ir(u-OH){p-(PhOMe),Pz}r(tpy),] (2), where ppyH = 2-phenyl-
pyridine, tpyH = 2-(p-tolyl)pyridine, and (PhOMe),PzH = 3,5-
bis(4-methoxyphenyl)pyrazole. DFT and TDDFT calculations
were carried out to further elucidate the photophysical behav-
iour of these complexes. One of our key findings in this work is
that the introduction of methoxy (-OMe) groups into the 3,5-
diphenyl pyrazole backbone leads to an increase in steric bulk
at positions far from the metal coordination site. This change
strongly affects how the dinuclear complexes form. The added
steric hindrance makes the dimeric complexes easier to isolate,
and directs the reaction toward the formation of a single, well-
defined dimer rather than a mixture of products. Overall, our
findings deepen the understanding of structure-property rela-
tionships and photophysical behaviour in cyclometalated Ir(ui)
systems and provide useful guidance for the rational design of
iridium based phosphorescent materials.

Results and discussion

Synthesis and characterization

The heteroleptic Ir(u) dimers [(ppy),Ir(u-OH){p-(PhOMe),Pz}
1r(ppy)s] (1), [(tpy)aIr(n-OH){u-(PhOMe),Pz}Tr(tpy),] (2) were
isolated as orange solids by following the general two-step
synthetic protocol. The first step involves the synthesis of the
organometallic, cyclometalated chloro-bridged iridium(u)
dimer precursor complexes, which are [(ppy),Ir(pn-Cl)], and
[(tpy)aIr(n-Cl)],, respectively. The Nonoyama protocol was fol-
lowed for the synthesis of the aforementioned precursors.*® The
ancillary ligand (PhOMe),PzH = 3,5-bis(4-methoxyphenyl)-
pyrazole) was synthesized by condensation of 1,3-bis(4-
methoxyphenyl)propane-1,3-dione with hydrazine hydrate in
ethanol as solvent.”” In the second step, the iridium(ur) dimers
underwent a bridge splitting reaction on reaction with sodium
methoxide, followed by 3,5-bis(4-methoxyphenyl)-pyrazole in
dichloromethane solvent, affording the desired asymmetrically
bridged cyclometalated Ir(m) dimers [(ppy).Ir(n-OHKp-
(PhOMe),Pz}Ir(ppy).] (1) and [(tpy).Ir(n-OH}p-(PhOMe),Pz}
Ir(tpy).] (2) with satisfactory yields (Scheme 1).

Single crystals of 1 suitable for X-ray analysis were obtained
by slow evaporation in dichloromethane solution, with a few
drops of methanol added for layering at room temperature. The
ORTEP diagram for the cyclometalated heterobridged Ir(u) di-
nuclear complex 1, which crystallized in the triclinic system
with space group P1, is shown in Fig. 1. Crystallographic data
are presented in Table 1, while some selected bond lengths and
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Scheme 1 Synthesis of complexes 1-2.

Fig.1 ORTEP diagram of complex 1 with thermal ellipsoids at the 20%
probability limit.

Table 1 Crystallographic data of complex 1
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NAN = 3,5-bis(4-methoxyphenyl)-pyrazole
R=-H(1),-CH3(2)

bond angles are listed in Table 2. The geometry around Ir(ui)
metal atom in each monomeric unit is distorted octahedral,
with the cyclometalating ligand arranged in a trans N,N and cis
C-C configuration. The 3,5-bis(4-methoxyphenyl)-pyrazole
ancillary ligand coordinates in p-n':n" fashion. The coordina-
tion of the two iridium centers with the bridging ligands
(substituted pyrazolate and hydroxide) leads to the formation of
a puckered five-membered [Ir,N,O] ring. The puckered confor-
mation of the five-membered ring [Ir,N,O] is reflected in the Ir-
O-Ir bond angle (124.6°), which is considerably larger than the
bond angles O1-Ir1-N5 (81.0°) and O1-Ir2-N6 (81.4°) in the
ring. The Ir-N bond lengths of cyclometalating ligand (1.997-
2.064 A) are slightly shorter compared to the Ir-N distance
(2.187-2.201 A) of the bridging pyrazolate ligand, likely due to
the strong trans influence cyclometalating ligand's C atom. The
Ir-C, Ir-O and non-bonding Ir---Ir bond lengths are 1.993-2.019
A, 2.143-2.147 A and 3.798 A, respectively, which fall within the
typical ranges for similar systems. The trans N-Ir-N and Ir-O-Ir

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

gr°

v/°
Volume/A®
zZ

Peale./g CM™
w/mm™?
F(000)
Crystal size/mm?

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [I = 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

3
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Ce1H471I1,NO3
1400.93
293(2)
Triclinic

P1

11.9421(2)
15.4721(2)

15.7074(2)

86.0060(10)

89.7850(10)

70.5140(10)

2728.78(7)

2

1.705

10.228

1372.0

0.28 x 0.26 x 0.2

Cu Ka. (A = 1.54184)

5.642-136.2
—14=h=14,-18=k=18,-14=[=18
17 624

17624 [Rin; = 2.19, Ryigma = 0.0205]

17 624/1/653

1.076

R, = 0.0615, wR, = 0.1778

R; = 0.0660, wR, = 0.1840

4.27/-1.25
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Table 2 Selected bond lengths (A) and angles (°) of complex 1

Bond length (A)

Ir(1)-0(1) 2.147(6)
Ir(1)-N(5) 2.201(6)
Ir(1)-C(11) 2.011(9)
Ir(1)-C(12) 1.993(9)
N(2)-Ir(1)-N(1) (¢rans bond length) 2.050(6)---2.064(6)
1r(2)-0(1) 2.143(6)
Ir(2)-N(6) 2.187(6)
Ir(2)-C(33) 2.007(9)
Ir(2)-C(44) 2.019(8)
N(4)-Ir(2)- N(3) (trans bond length) 2.038(7)---1.997(8)
Bond angle Q]
N(4)-Ir(2)-N(3) (trans bond angle) 171.3(3)
N(2)-Ir(1)-N(1) (¢rans bond angle) 172.3(3)
1r(1)-0(1)-1r(2) 124.6(3)
N(6)-Ir(2)-0(1) 81.4(2)
N(5)-1r(1)-0(1) 81.0(2)
N(3)-Ir(2)-C(33) 80.1(4)
N(4)-Ir(2)-C(44) 79.9(3)
N(2)-Ir(1)-C(12) 80.2(3)
N(1)-Tr(1)-C(11) 79.9(3)

bond angles are approximately 171.3°-172.3° and 124.6°,
respectively, and are consistent with values reported in previous
studies.’”

Detailed characterization of both complexes 1 and 2 has
been carried out by various analytical techniques such as FT-IR,
"H NMR, ’C NMR, COSY NMR (*H-"H), HSQC NMR (*H-"3C)
and ESI-MS. The "H NMR spectrum of both complexes 1 and 2
shows a sharp singlet peak at 6.00 ppm and 5.97 ppm, respec-
tively, corresponding to the pyrazole (-CH,) proton (Fig. S3 and
S4, SI). The pyrazole (-CHy,) acts as a characteristic peak for the
identification of both compounds. Methoxy substituents in
both 1 and 2 show a singlet with a chemical shift value of
3.65 ppm (Fig. S3 and S4, SI).

In the COSY NMR (*H-"H) for complex 1 (Fig. S5, SI), two
distinct doublets appear at 8.27 ppm and 7.90 ppm in the
downfield region of the spectra attached to electronegative
nitrogen heteroatoms corresponding to (H; and Hy/) and both
the protons cross-couple with (H, and H,) at 6.51 ppm and
6.76 ppm. Two doublets appear in the upfield region at
5.60 ppm and 5.80 ppm, corresponding to protons Hs and Hs
showing cross-coupling with (H¢ and Hg). Aromatic protons of
the phenyl ring H;, and Hy (pyrazole) appear at 6.15 ppm and
6.32 ppm, cross-couple with each other, and split into two
intense doublets. The "H-"H couple NMR spectrum of 2 (Fig. S6,
SI) shows two sharp singlets appearing at 1.83 ppm and
1.88 ppm in the aliphatic region corresponding to CHj(;) and
CH;(;) protons. In the aromatic region, two sharp singlets
appear at 5.62 ppm and 5.45 ppm, and these peaks correspond
to phenyl ring proton Hg and Hg (cyclometalating ligand).
Proton (H; and Hy/) cross couple with (H, and Hy/). Proton Hy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and H,;, cross-couple with each other and show intense
doublets at 6.18 ppm and 6.30 ppm.

Broad band in the IR spectra of 1-2 around 3450 cm™
indicated the presence of the p-OH group.*® However, adventi-
tious moisture in KBr pellets used for IR spectral measurements
can also produce a similar broad O-H stretching band,
rendering IR evidence alone inconclusive. Consequently, 'H
NMR spectroscopy, specifically D,O exchange experiments were
employed to confirm the presence of a bridging hydroxide. In
the "H NMR spectra, the bridging hydroxide protons appear as
distinct sharp singlets in the upfield region at —2.03 ppm for
complex 1 and —2.21 ppm for complex 2.*** This upfield shift is
likely due to the ring current from the metalated ligand,
combined with the use of dry DMSO as the solvent. Upon the
addition of 100 pL of D,O, these resonances disappeared
completely (Fig. S11 and S12, SI). This successful deuterium
exchange confirms the labile nature of the protons and provides
definitive evidence for the bridging hydroxide moiety. The
bridging-OH group arises presumably by hydrolysis of the
bridging-OMe group originating from NaOMe used in the
reaction.

ESI-MS of both the complexes showed molecular ion peaks
as well as [M-OH]'peaks (Fig. S13 and S14, SI). To evaluate the
solution stability of the complexes, we performed 'H NMR
measurements of complex 1 at three different time intervals:
immediately after sample preparation (0 h), after 48 hours, and
after 72 hours in CDCl; at room temperature. The spectra di-
splayed sharp and well-resolved resonances throughout, with
no signs of peak broadening, chemical shift changes, or the
appearance of new signals indicative of decomposition. These
observations confirm that the complex remains intact in solu-
tion over the monitored period, supporting its stability under
these conditions (Fig. S15, SI).

1

Photophysical properties in the solution state

The absorption and steady state emission spectra of complexes
1 and 2 were recorded at room temperature in aerated 107> M
dichloromethane solution (Fig. 2 and 3, Table 3). The absorp-
tion as well as emission spectral profiles for both the complexes
look similar. Both the complexes display intense absorption in
the ultraviolet range, between 260 and 300 nm (with molar
absorptivity exceeding ¢ > 10° M™* ecm ™), attributed to m-7m*
transitions/spin allowed 'LC within the cyclometalating and
ancillary ligand. Additionally, low-energy bands with moderate
intensity extending into the visible region, approximately in the
wavelength range 350-450 nm, arise from spin-allowed charge
transfer transitions. Spin-orbit coupling effects due to the Ir(u)
metal center give rise to spin-forbidden transitions, which
manifest in the range 450-480 nm, albeit with a lower extinction
coefficient. These band assignments were validated through
TDDFT (Time dependent density funactional theory) calcula-
tions conducted on 1 and 2, utilizing ground state optimized
geometry (Tables S2-S5, SI). The absorption spectral profile and
intensity of the bands align with previous findings on bridged
dinuclear complexes.**~>

RSC Adv, 2026, 16, 13358-13368 | 13361
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Fig. 2 Absorption spectra of complexes 1 and 2 in dichloromethane
solution (10™> M) at room temperature.
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Fig. 3 Emission spectra of complexes 1 and 2 in dichloromethane
solution (10~° M) at room temperature (Aexc: 450 nm).

The precursor dimer complex [Ir(ppy).Cl],, (for complex 1)
displays a very weak emission at 520 nm.*® In comparison,
complexes 1 and 2, which are asymmetrically bridged cyclo-
metalated Ir(ur) dimers, [(ppy).Ir(n-OH){p-(PhOMe),Pz}r(ppy),]
and [(tpy).Ir(p-OH){p-(PhOMe),Pz}r(tpy),] respectively, exhibit
single, broad, featureless emission bands centered at 550 nm
and 546 nm (Fig. 3). This represents a red shift in the emission

Table 3 Photophysical properties of 1-2 at 25 °C
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relative to the precursor complex [Ir(ppy).Cl],. Since the
bridging ancillary 3,5-bis(4-methoxyphenyl)-pyrazolate ligand
contributes minimally to the HOMO and LUMO, the observed
red shift is likely attributable to the bridging OH. The photo-
luminescence spectra of diiridium complexes bridged by oxa-
midato ligands reported by Bryce and co-workers display broad,
well-defined, and featureless peaks, resembling those observed
for complexes 1 and 2.** Zysman-Colman and co-workers re-
ported a series of four formyl-substituted p-dichloro bridged
iridium(m) dimers.”® Structurally, however, the complexes re-
ported differ from complexes 1 and 2. Among these, two
complexes displayed emission profiles as single, broad,
featureless bands similar to those of complexes 1 and 2, though
their emission maxima differed. Such emission features are
characteristic of dominant *MLCT (metal to ligand charge
transfer) character with minimal contribution from ligand-
centred *LC (ligand-centred) states. DFT calculations on the
aforementioned formyl-substituted p-dichloro bridged iridiu-
m(m) dimers revealed that the HOMO is distributed across the
iridium dimer with substantial electron density localized on the
iridium centers, the phenyl rings of the cyclometalating ligands,
and the p-Cl bridge. This distribution signifies effective elec-
tronic communication between the two iridium atoms medi-
ated by the u-Cl bridge, analogous to the role of the u-OH bridge
in our complexes. Overall, the emission spectra features corre-
spond well with existing literature observations.***> However,
the modification of the pyrazole ligand backbone by introduc-
tion of a methoxy substituent (-OMe) does not exert any clear
effect on the photophysical properties. The quantum yields of
the complexes are 0.06 to 0.05 for 1 and 2, respectively, which
were determined relative to the complex [Ir(ppy).(bpy)]PFs
(Pcr,cn = 0.0622) in optically dilute solutions.* The chloro-
bridged Ir(m) precursor complexes are known to be poorly
emissive; thus in the current instance, complexes 1 and 2 are
better emitters compared to their parent complex. The quantum
yields observed for 1 and 2 are also comparable with previous
findings in the literature.*”~* Diiridium cyclometalated Ir(m)
complexes are generally characterized by low photoluminescent
quantum yields. Although the complexes presented in this work
show enhanced quantum yields compared to some literature
examples, their values remain in the low range and are still
lower than those observed for mononuclear Ir(u) complexes.
It must be emphasized at this point that even though the
photophysical properties of the resultant complexes could not
be tuned by modification of the ancillary ligand structure, the
overall importance of the ancillary ligand cannot be under-
mined. In our particular case, the steric effect of the ancillary

Complex Absorption® Apa (nm); 107" e (M~ em ™) Emission” Apay (nm) Solid-state emission? Amqx (M) P°
1 265(17.1), 352(1.74), 418(0.89), 473(0.46) 550 564 0.06
2 269(9.41), 354(1.32), 414(0.70), 463(0.40) 546 564 0.05

“ Spectral data for both the complexes were recorded in 107>

M dichloromethane solution at room temperature, for emission (Aexe = 450 nm).

? Solid state emission recorded at e, = 450 nm. © Quantum yields were determined using [Ir(ppy).(bpy)JPFs (Pcu,cn = 0.0622) as reference in

aerated solution.
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3,5-bis(4-methoxyphenyl)-pyrazole ligand plays an important
role in the overall assembly of the dimeric cyclometalated Ir(m)
complexes. Earlier studies have shown that, using the same
experimental conditions as those employed for the synthesis of
complexes 1 and 2, the reaction of [(ppy).Ir(n-Cl)], with 3(5)-
methyl-5(3)-phenyl pyrazole (PhMePzH) yields a cyclometalated
heterobridged Ir(m) dimer, [(ppy).Ilr(n-OH)(n-PhMePz)ir(ppy)s.],
along with a heteroleptic monomer, [(ppy).lr(PhMePz)Cl].*”
This outcome suggests that reducing the steric bulk of the
ancillary ligand leads to the formation of a product mixture. The
emission spectrum of the aforementioned heterobridged
dimer, which contains a bridging -OH group, exhibits a single
emission band at 550 nm similar to that observed for complexes
1 and 2. In contrast, the heteroleptic mononuclear complex,
which lacks the bridging -OH, shows vibronically structured
emission bands with an emission maximum at 497 nm. This
highlights the influence of the bridging -OH ligand, as evi-
denced by the redshift in the emission spectrum.

Theoretical calculations

DFT and TDDFT calculations on complex 1 and 2 were con-
ducted to probe their observed photophysical properties and
also to understand the impact of methoxy substitution on the
ancillary pyrazole ligand backbone.

The key optimized geometry parameters for 1 and 2 in the
ground state (S0) at the PBEO level, together with the experi-
mental value for 1 is shown in Table S1 (SI). The optimized
structure obtained by DFT calculations of complex 1 is shown in
Fig. 4, which shows that the complex exhibits a distorted octa-
hedral geometry. For complex 1, the calculated Ir-C bond
lengths are 2.000 and 1.999 A, which align closely with the
experimental values of 2.011 and 2.007 A, respectively. The
calculated Ir-N trans bond lengths are 2.032, 2.021, 2.032, and
2.020 A, while the corresponding experimental values are 2.050,
2.064, 2.038, and 1.997 A. For the bridging pyrazolate ligands,
the calculated Ir-N distances are 2.170 and 2.172 A, while the
experimental values are 2.187 and 2.201 A. The Ir-O and non-

Fig. 4 Optimized geometry parameters of complex 1 in the ground
state (Sp) at the PBEO/LANL2TZ/D95V level.
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bonding Ir---Ir distances are calculated as 2.118-2.119 A and
3.782 A, respectively, whereas the experimental measurements
are 2.147-2.143 A and 3.798 A. The calculated bond angles also
show good agreement with experimental data. For complex 2,
no experimental structural data are available. However, its
calculated structural parameters show a strong correlation with
the experimental values observed for complex 1, suggesting an
identical structural arrangement. In complex 2, the calculated
Ir-C bond lengths are 2.000 and 2.001 A, while the Ir-N bond
lengths in the ¢rans positions are 2.033, 2.022, 2.022, and 2.034
A. For the bridging pyrazolate ligands, the Ir-N distances are
calculated to be 2.165 and 2.177 A. The Ir-O bond length and
the non-bonding Ir---Ir separation are determined to be 2.117 A
and 3.781 A, respectively. The trans N-Ir-N and Ir-O-Ir bond
angles are approximately 172.0° and 126.5°, respectively. All
other calculated bond angles also closely match the experi-
mental values of 1, supporting the conclusion that both iridium
centers adopt a distorted octahedral geometry. DFT optimized
structure of 2 is given in Fig. S17.

The frontier molecular orbital compositions of complex 1 are
given in Table 4. Some selected molecular orbitals with the
contour plots are depicted in Fig. 5. The computational results
indicate that HOMO, HOMO—1 and HOMO-2 predominantly
reside on the cyclometalated ligand (2-phenylpyridine) and the
iridium atom, whereas the LUMO, LUMO+1 and LUMO+2
orbitals are primarily concentrated on the cyclometalated
ligand. This orbital distribution aligns well with the anticipated
characteristics of these complexes and also with literature
reports.®®®* The bridging ancillary 3,5-bis(4-methoxyphenyl)-
pyrazolate ligand contributes minimally to both the HOMO
and LUMO. However, the HOMO—2 orbital is significantly
concentrated on the bridging hydroxide ligand (16.1%). Thus,
the use of a methoxy substituent on the pyrazole ligand back-
bone has minimal effect on the tuning of the HOMO-LUMO
gap. The computational results of 2 are given in SI (Fig. S17 and
S18). Frontier molecular orbitals of 2 resemble those of 1. This
indicates that varying the substituents on the cyclometalated
ligand (C”N), such as adding a methyl group in the phenyl ring
of the C*N ligand, does not have any significant effect on the
spectral properties.

TDDFT calculations were also performed for both 1 and 2 by
utilizing the polarizable continuum model (PCM) with di-
chloromethane as the solvent. The results show good correla-
tion with experimentally obtained data, albeit with some

Table 4 Molecular orbital composition (%) in the ground state at the
PBEO/LANL2TZ/D95V level for complex 1

Orbital Energy (eV) Main bond nature

LUMO+3 —-1.137 Lc (92.0%)

LUMO+2 —1.207 L¢ (92.3%)

LUMO+1 —1.306 Lc (93.7%)

LUMO —1.491 Lc (93.8%)

HOMO —4.930 Ir-d (35.3%) + L¢ (51.9%)

HOMO-1 —5.052 Ir-d (38.9%) + Lc (45%)

HOMO—2 —5.091 Ir-d (38.3%) + Lc (38.1%) + Loy (16.1%)
HOMO-3 —5.478 Ir-d (37.3%) + L¢ (27.7%) + L (32.8%)
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HOMO-2

LUMO+2

Fig. 5 Relevant molecular orbitals of complex 1 (iso value = 0.04)
obtained from DFT calculations at the PBEO/LANL2TZ/D95V level.

deviations (Tables S2-S5, SI). The lowest energy singlet
absorption is dominated by Ir(d) + Lo — L¢ transitions, which
can be assigned to mixed MLcCT, IL;CT character. The lowest
singlet-triplet excitation energies exhibit ML:CT, IL:CT, and
LouLcCT  nature. Importantly, the bridging 3,5-bis(4-
methoxyphenyl)-pyrazolate ligand has little involvement in the
lowest-energy excited states, indicating that substituent
changes on this ligand are unlikely to substantially alter the
spectroscopic characteristics of the complexes.

Electrochemical studies

Electrochemical properties of complexes 1-2 were studied by
cyclic voltammetry (CV), which was conducted in dry di-
chloromethane solvent (Fig. 6, Table 5). The complexes display
two consecutive one-electron steps (redox couple) correspond-
ing to Ir"Ir™/I™ir™ and rVIr™V/ir™Vir™. Complexes 1 and 2
differ in the substitution pattern of the cyclometalating
phenylpyridine ligands. This difference affects their oxidation
potentials: methyl-substituted complex 2 [(tpy),Ir(p-OH){p-
(PhOMe),Pz}Ir(tpy),] is oxidized at a more negative potential
(0.58 V, couple 1 and 0.93 V, couple 2) compared to unsub-
stituted complex 1 [(ppy).Ir(n-OH){p-(PhOMe),Pz}r(ppy).]
(0.64 V, couple 1 and 0.99 V, couple 2) versus Ag'/Ag,
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Fig. 6 Cyclic voltammogram of complexes 1, 2 recorded at room
temperature in dichloromethane (1 mM) containing 0.1 M TBAPFg
electrolyte, with a scan rate of 100 mV s~%, starting from 0.0 V.

Table 5 Half-wave redox potentials (vs. Ag/AgNOs) of 1-2 at 25 °C

Complex E, PNV (AEp/mV)? B, 2OV (AE,/mV)P
1 0.64 (115) 0.99 (120)
2 0.58 (156) 0.93(150)

E° (Fc'/Fc)* 0.50 (120)

¢ Recorded in dichloromethane solution containing 0.001 M iridium
complexes, Ei, = 1/2(Epa + Epc), where E,, and E, are anodic and
cathodic peak potentials, respectively. AE, = E,, — Ep. © The Fc'/Fc
redox couple is used as an internal standard reference.

respectively. For the previously reported heterobridged
complexes lacking methoxy substituents, oxidation peaks were
observed at 0.62 V (couple 1) and 0.95 V (couple 2).*” The cor-
responding methoxy-substituted complex (Complex 1) exhibits
nearly identical redox potentials, indicating that the introduc-
tion of the methoxy group exerts only a minor electronic effect.
Although methoxy substituents are typically electron-donating
through mesomeric effect and are expected to shift the reduc-
tion potential negatively, in this system, the methoxy groups are
pendant and not directly attached to the pyrazole ring. As
a result, their electron-donating contribution is minimal.
Complex 1 exhibit reversible electrochemical behaviour, while
complex 2 displays quasi-reversible behaviour. Within the
accessible potential range of the solvent, no reduction processes
occurred.

Rocha and co-workers reported a mixed p-pyrazolate and p-
alkoxide bridged dimer of Ru(bpy), moiety.*® The cyclic vol-
tammogram of the complex in acetonitrile exhibited two one-
electron oxidation processes at 0.09 and 0.71 V versus Ag'/Ag,
with a large peak separation (AE,) of 620 mV. Large compro-
portionation constant (K.) value of 3.0 x 10" indicated strong
electronic communication between the two redox centers.”®
Chandrasekhar et al. reported heterobridged cyclometalated
Ir(m) dimers featuring substituted pyrazolate and hydroxy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bridges.*” These complexes displayed two sequential one-
electron oxidation steps with moderate peak separations of
332, 338, and 368 mV. Comparable behaviour is observed for
our heterobridged iridium(m) complexes. The separation
between redox couples (AE;,) for complex 1 is 340 mV and for
complex 2 is 350 mV, which gives a comproportionation
constant (K.) of 5.6 x 10° and 8.3 x 10°, respectively. This
indicates a stabilized mixed valence state of Ir'VIr'", which,
according to Robin-Day classification, belongs to class II,
characterised by moderate electronic coupling.**** This also
indicates communication between the two iridium centers,
which may be aided by the presence of a bridging hydroxide
ligand. In contrast, the parent dimer [Ir(ppy),Cl] exhibits two
one-electron oxidation waves with a smaller peak separation of
260 mV, indicating weaker metal-metal interaction mediated by
the p-Cl bridges.>

Conclusions

In this study, we have presented heterobridged cyclometalated
Ir(m) dimers featuring substituted pyrazole and hydroxide
bridges. Introduction of a methoxy substituent in the ancillary
pyrazole ligand backbone affords dimeric complexes as antici-
pated; however, the methoxy substituent does not exert any
significant effect on the photophysical properties.

The emission spectra of the heterobridged dimers 1 and 2,
which feature a bridging ~OH group, display characteristics
similar to those of previously reported heterobridged analogues
such as [(ppy).Ir(n-OH)(u-PhMePz)Ir(ppy),] and [(tpy).Ir(p-
OH)(p-Ph,Pz)Ir(tpy),]. These dimeric complexes show a single
emission peak centered around 550 nm. In contrast, reported
heteroleptic mononuclear complexes like [(ppy),Ir(PhMePz)Cl]
and [(ppy).Ir(PhMePz)OH], which contain terminal chloride
and hydroxide groups, exhibit vibronically structured emission
bands with maxima at 497 nm and 513 nm, respectively. This
indicates that incorporating a hydroxide bridge leads to
a bathochromic shift in the emission bands.

Theoretical DFT and TDDFT calculations provided addi-
tional insights into the photophysical properties of these
compounds, confirming that only the pu-OH bridge influences
the HOMO levels in the diiridium complexes.

Electrochemical investigations further highlight that only
the p-OH bridge plays an important role in facilitating metal-
metal communication within the diiridium complexes.
Although the ancillary pyrazole ligand does not significantly
affect the photophysical properties, it remains an important
component of the complexes. These ligands are essential for the
stability and formation of the overall structure of the complexes.
Since the methoxy groups are located at the para positions of
the peripheral phenyl rings rather than directly on the pyr-
azolate scaffold, their electronic impact on the complex is ex-
pected to be minimal. These substituents were mainly
introduced at this position to facilitate the formation of dimeric
complexes, as the less bulky groups tends to yield monomeric
complexes and product mixtures. The added steric hindrance
improves the ease of isolation of diiridium species, and directs
the reaction towards the formation of a single, well defined

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dimer instead of a mixture of products. Incorporating substit-
uents with greater ability to influence electronic properties such
as CgH4-4-NO, (0 = 0.25), could result in more significant
changes in the photophysical properties. Exploring such elec-
tronically tuned systems is a promising direction, and we intend
to pursue this in future studies.

Overall, our findings underscore the significant impact of
the bridging ligand on the electronic structure and spectro-
scopic properties of these Ir(m) dimers, offering new perspec-
tives for the basic understanding of structure and photophysical
properties of this emerging class of compounds and might steer
further direction for their potential applications in various
fields.

Experimental section
General

2-Phenylpyridine was purchased from Sigma Aldrich, while 2-(p-
tolyl)pyridine, 3,5-bis(4-methoxyphenyl)-pyrazole, hydrazine
hydrate, and iridium trichloride hydrate were obtained
commercially from TCI and were used as such without further
purification. Solvents were purified using standard methods
and freshly distilled under an inert atmosphere before use,
following established procedures. Freshly prepared sodium
methoxide was used in the reactions.

Instrumentation

For complex 1, '"H NMR was recorded at 600 MHz (Bruker
Avance neo). °C spectra for both 1 and 2 were obtained at 150
MHz. Tetramethylsilane [Si(CH;),] was used as the reference.
ESI-HR mass analyses were performed on a Waters Micromass
Quattro Micro triple quadrupole mass spectrometer in solu-
tions of compounds 1 and 2 in acetonitrile with 20% formic
acid. IR spectra (range 4000-400 cm ') were recorded on
a Bruker FT-IR spectrometer as KBr pellets. UV-visible spectra
were recorded at room temperature in a Shimadzu UV-1900i UV-
vis spectrophotometer in a Shimadzu Eco Cell 10 mm quartz
cuvette. C, H and N analyses were carried out in a Euro EA 3000
CHNS-O analyzer. A Cary Eclipse spectrophotometer was used
for the measurement of steady-state emission spectra. Quantum
yields were determined using [Ir(ppy).(bpy)]PFs (Pch,en =
0.0622) as the reference compound. Solvents used were all of
spectroscopic grade. Cyclic voltammetry studies were per-
formed at room temperature in Palmsens 4 electrochemical
workstation using a standard three-electrode electrochemical
cell. Platinum electrode (size 3 mm) was used as a working
electrode, Ag/AgNO; as reference electrode (3 M KNOj3), and
a platinum-wire as counter electrode. The studies were carried
out using 0.1 M [n-BuyN][PF] in dichloromethane solutions
(dry) of the complexes (1 mM) under nitrogen atmosphere.*
Ferrocene (Fc'/Fc) was used as an internal standard (E° = 0.50 V
in dichloromethane).

Computational details

Complex 1 was modelled using Gaussian 03.** Geometry opti-
mization in the ground state was performed in the gas phase
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considering the singlet ground state (S,) by the PBEO density
functional theory (DFT) method.***® Further, vibrational
frequency calculation was carried out at the optimized geometry
so as to confirm potential energy minima. Frequency calcula-
tions showed the absence of imaginary frequencies. The
pseudopotential of LANL2TZ basis set and a triple zeta quality
basis set LANL2TZ was taken for iridium atoms,®” D95V basis set
was used on all the non-metal atoms.®® Gauss view was used for
the visualization of orbital surfaces. Vmodes was used to
determine the percentage contributions of the iridium center
and ligands (cyclometalating, ancillary, and -OH) to the
respective orbitals.®® TDDFT calculations were performed with
the optimized geometry at the PBEO/LANL2DZ/D95V level of
theory by means of the PCM (Polarizable Continuum Model)
solvation model in dichloromethane solution.” Similar calcu-
lations were performed for complex 2 as well.

X-ray crystallography

X-ray diffraction data were collected at 293 K on an XtaLAB
Synergy Dualflex diffractometer equipped with a HyPix3000
detector, using Cu Ko, radiation (1 = 1.54184 A). The crystal
structure was solved by direct methods using Olex 2 (v2.0).”
Full-matrix least-squares refinement on F* was performed, with
all non-hydrogen atoms refined anisotropically. Hydrogen
atoms bonded to carbon were placed in geometrically calcu-
lated positions and refined using a riding model with default
parameters in SHELXL.” The structure was solved and refined
as a two component twin, with 12380 and 4156 reflections
respectively. The remaining residual electron density corre-
sponds to Fourier ripples, with two residual peaks located at
equal distances from each iridium centers. The hydrogen atom
bonded to the bridging oxygen could not be located in the
Fourier difference map, most likely due to the dominance of the
heavy iridium atoms, which limits the detection of light atoms.
Attempts to include this hydrogen atom using restraints (DFIX,
DANG) did not result in a stable refinement and were therefore
omitted. The presence of a bridging -OH group is, however,
supported by "H NMR studies. Disordered solvent molecules
could not be modelled directly. Therefore ‘mask’ was used for
modelling. The suggested cavity and number of electrons
indicated the presence of one dichloromethane and two meth-
anol molecules. The crystallographic data for complex 1 have
been submitted to the Cambridge Crystallographic Data Centre
via CCDC number 2415220.

Synthesis

Synthesis of [(ppy).Ir(n-OH)Y{p-(PhOMe),Pz}Ir(ppy)] (1)

Procedure. The diiridium complex [(ppy).Ir(n-CD)], (0.10 g,
0.093 mmol) was dissolved in 30 mL of dichloromethane, fol-
lowed by the addition of sodium methoxide (0.025 g, 0.47
mmol). The reaction mixture was stirred under a nitrogen
atmosphere at room temperature for 2 hours, during which the
color of the reaction mixture changed from yellow to orange.
Subsequently, the ancillary ligand 3,5-bis(4-methoxyphenyl)
pyrazole (0.031 g, 0.11 mmol) was added, and the mixture was
stirred for further 12 hours at room temperature. After

13366 | RSC Adv, 2026, 16, 13358-13368

View Article Online

Paper

completion, the solvent was removed under reduced pressure,
yielding an oily residue. The addition of diethyl ether induced
precipitation of a yellow solid, which was collected by filtration,
washed with methanol, and dried. The yield was found to be
0.082 g, 68%.

Characterization data. "H NMR (600 MHz, DMSO-d): 6 8.21
(d, J = 8.1 Hz, 2H), 7.99 (d, J = 5.3 Hz, 2H), 7.88 (t,/ = 7.6 Hz,
2H), 7.81 (d,J = 8.1 Hz, 2H), 7.73 (t,] = 7.5 Hz, 2H), 7.68 (d, ] =
7.6 Hz, 2H), 7.05-6.97 (m, 4H), 6.69 (dd, J = 14.2, 6.5 Hz, 4H),
6.63 (t,J] = 6.2 Hz, 2H), 6.43 (t,] = 7.3 Hz, 2H), 6.26 (t,] = 7.2 Hz,
2H), 6.18 (t,] = 8.1 Hz, 6H), 6.11 (d, ] = 8.5 Hz, 4H), 6.00 (s, 1H),
5.71 (d, J = 7.6 Hz, 2H), 5.51 (d, J = 7.6 Hz, 2H), 3.65 (s, 6H),
—2.03 (s, 1H). *C NMR (150 MHz, DMSO) 4: 169.36, 168.44,
159.54, 157.71, 152.72, 152.30, 152.05, 146.84, 145.54, 144.76,
137.73, 136.29, 131.24, 130.62, 128.93, 128.39, 127.84, 124.39,
124.30, 122.68, 120.99, 120.49, 119.33, 119.04, 118.30, 113.04,
55.25. ESI-HRMS: m/z 1298.3318, [M]"; m/z 1281.3353, [M-OH]".
IR (KBr, cm ') 3435(br), 3051(w), 2918(m), 2843(w), 1652(w),
1602(s), 1535(s), 1494(vs), 1427(s), 1393(s), 1301(w), 1218(m),
1177(s), 1102(w), 1027(s), 835(w), 760(m), 627(w). CHN
analysis: mol. formula: Cg,H,gIr,N¢O3; calculated: C, 56.47; H,
3.73; N, 6.48. Found: C, 56.83; H, 4.18; N, 6.92.

Synthesis of [(tpy).Ir(n-OH)Y{p-(PhOMe),Pz}Ir(tpy),] (2). The
synthetic procedure followed was analogous to that of complex
1 with 2-(p-tolyl) pyridine as the cyclometalating ligand instead
of 2-phenyl pyridine. Quantities involved were as follows:

[(tpy)> Ir(u-Cl)],. (0.100 g, 0.088 mmol), sodium methoxide
(0.023 g, 0.44 mmol), 3,5-bis(4-methoxyphenyl)-pyrazole
(0.029 g 0.10 mmol). The yield was found to be 0.079 g, 67%.

’H NMR (600 MHz, DMSO-dg). 6 8.12 (d, J = 8.1 Hz, 2H), 7.92
(d,J=5.2 Hz, 2H), 7.82 (t,/ = 7.6 Hz, 2H), 7.71 (t,] = 9.8 Hz, 2H),
7.67 (t,/=7.5 Hz, 2H), 7.55 (d, ] = 7.8 Hz, 2H), 6.95 (t,/ = 6.3 Hz,
2H), 6.90 (d,J = 7.8 Hz, 2H), 6.65 (d, ] = 5.3 Hz, 2H), 6.56 (t, ] =
6.1 Hz, 2H), 6.50 (d, ] = 7.6 Hz, 2H), 6.16 (t,] = 14.9 Hz, 4H), 6.10
(d,J = 8.2 Hz, 4H), 6.06 (d, J = 7.7 Hz, 2H), 5.97 (s, 1H), 5.52 (s,
2H), 5.29 (s, 2H), 3.65 (s, 6H), 1.78 (s, 6H), 1.75 (s, 6H), —2.21 (s,
1H). *C NMR (150 MHz, CDCl;) é: 170.19, 169.60, 159.86,
157.91, 153.26, 152.76, 147.91, 142.56, 142.10, 139.25, 137.87,
136.32, 135.05, 133.06, 132.30, 129.60, 129.44, 124.36, 123.73,
122.26, 121.60, 120.17, 119.45, 118.23, 117.68, 113.08, 111.73,
55.66, 22.18, 22.08. ESI-HRMS: m/z 1354.3696, [M]’; m/z
1337.3612, [M-OH]". IR (KBr, cm ') 3435(br), 3018(w), 2918(w),
2842(w), 1744(w), 1602(m), 1527(s), 1485(vs), 1427(s), 1310(w),
1218(m), 1168(m), 1027(w), 1127(w), 1018(m), 835(w), 767(m),
618(w). CHN analysis: mol. formula: C¢sHs6lr,NgO3; calculated:
C, 57.68; H, 4.17; N, 6.21; found: C, 57.94; H, 4.72; N, 6.85.
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