Published on 11 July 2025. Downloaded on 5/5/2026 9:15:41 PM.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
12018

Received 16th May 2025,
Accepted 7th July 2025

DOI: 10.1039/d5dt01156f

rsc.li/dalton

Spectroscopic, structural and photophysical
characterization of chloro-bridged iridium(im) and
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1-(2,4-difluorophenyl)-1H-pyrazolet
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This paper deals with the synthesis and spectroscopic characterization of four important precursors,
dinuclear [(CAN),Ir-p-Cll, and [(CAN),Rh-u-Cll, complexes, containing deprotonated 1-phenyl-1H-pyra-
zole or 1-(2,4-difluorophenyl)-1H-pyrazole as cyclometallating (CAN) ligands. The molecular structures
of these p-chloro-bridged complexes were confirmed by X-ray crystallography. These complexes showed
luminescence in 1:1 MeOH/EtOH glasses at 77 K but were non-emissive in dichloromethane solutions at
room temperature. A time-dependent DFT (TDDFT) study was conducted to gain insights into the elec-
tronic structures of these systems.

Introduction

The photophysical properties of iridium(ui) coordination com-
pounds make this class of materials very important among
transition metal complexes used in optoelectronic and photo-
nic applications such as organic light-emitting diodes
(OLEDs)* ™ and light-emitting electrochemical cells (LEECs).>”
Luminescent cyclometallated iridium(m) complexes have also
been applied in different biological studies as biomolecular
probes, cellular imaging agents, and photodynamic
therapeutics.® ™" Ir(m) photoredox catalysts have also found
applications in small-molecule synthesis and integration of
other catalytic technologies,'” as well as in cancer therapy'**
and as catalysts for water oxidation."®™” Cyclometallated
iridium(m) complexes typically exhibit bright emission at room
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temperature, which can be tuned across the visible spectrum
by ligand substitution and combination, display efficient spin—-
orbit coupling (SOC), leading to high emission quantum
yields, possess radiative lifetimes in the microsecond range,
and are thermally and chemically stable. The emission seems
to originate from metal-ligand-to-ligand charge transfer
(®*MLLCT) and triplet ligand-centered (*LC) excited states, or a
combination of *MLLCT/’LC states."®"°

In turn, Rh(u) complexes are mainly biologically important
compounds, as they can act as inhibitors of proteins or modu-
lators of protein-protein interactions and can interact with
specific biomolecular targets.”>*' Complexes of this type show
interesting anticancer activity and inhibit certain enzymes and
non-enzymatic proteins, such as inflammatory mediators, iso-
merases, demethylases, kinases, pyrophosphatases/phosphodi-
esterases, reductases, oxidases, proteases and p-haematin.>*">*
In contrast to Ir(m) complexes, cyclometallated Rh(m) com-
plexes are rather poor emitters with very low emission
quantum yields or are non-emissive at room temperature.**
These complexes show emission in solution glass at 77 K, their
emission spectra exhibit vibrational structures, and their emis-
sion lifetimes at this temperature are long, even up to several
milliseconds.>***?*7** In such a temperature regime, the emis-
sion originates from an excited state of predominant *IL, and
the lowest excited state from which it occurs can be located on
a cyclometallating or an ancillary ligand.

Recently, we have focused on cyclometallated complexes of
the type [M(C*N),(N~N)]", in which the central ion was Ir(m)
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(5d°) or its isoelectronic Rh(m) (4d®) ion, both located in the
same group of the periodic table.**” As C*N ligands, we used
1-phenyl-1H-pyrazole or its analogue containing fluorine sub-
stituents, 1-(2,4-difluorophenyl)-1H-pyrazole, while as ancillary
N”N ligands, we used o-diimines. The photophysical pro-
perties of these complexes have been studied in detail, and the
nature of the excited states from which emission occurs has
been explored. Ir(m) and Rh(ur) complexes, despite their very
similar geometries and other structural features, show very sig-
nificant differences in their emission properties at both room
temperature and 77 K. In contrast to the strongly emissive Ir
(m) complexes, the Rh(u) analogues are almost non-emissive
at room temperature.

The majority of syntheses of these types of mononuclear Ir
(m) and Rh(m) complexes proceed by the formation of a
dichloro-bridged intermediate with the general formula
[(C"N),Ir-p-Cl], or [(C"N),Rh-p-Cl],, where CN is a cyclometal-
lating ligand. These dichloro-bridged dinuclear complexes are
prepared according to the protocol first reported by
Nonoyama.*® Since then, there have been many reports on the
synthesis of these C~N-cyclometallated dinuclear complexes,
and more recently, the positive effect of microwave irradiation
on the formation of dichloro-bridged iridium(m) dinuclear
complexes and the importance of the presence of water in this
process have also been proven.* A search of the Cambridge
Structural Database (CSD, version 2024.3.0)*° for the dichloro-
bridged dinuclear complexes of Ir(m) or Rh(m) metal ions co-
ordinated by cyclometallating ligands revealed more than sixty
and ten structures, respectively. More than one-third of these
are structures of dichloro-bridged dinuclear complexes con-
taining 2-phenylpyridine or its derivatives, and only four are
structures of dinuclear complexes in which the cyclometallat-
ing ligand is 1-phenyl-1H-pyrazole or its derivative (CSD
refcodes: IMIFAM,*" 1QOZJIC,*> TEPSEO* and VIXHEP).**
However, there are not many papers devoted to their photo-
physical properties, which are often overlooked, since
dichloro-bridged dinuclear complexes are only intermediates
in the synthetic route, and the merits of research are the final
mononuclear complexes of these metal ions. However,
recently, interest in the photophysical properties of dinuclear
complexes has increased, as examples of dichloro-bridged
iridium(m) complexes used as emissive dopants in OLEDs have
been reported in the literature.*>*

According to literature data, most dichloro-bridged Ir(m)
dinuclear complexes are rather poor emitters at room tem-
perature and show very low emission quantum yields not
exceeding a few percent,”>*’! with only a few exceptions,**>*®
and their Rh(m) analogues do not emit at this temperature at
all.>>*”»>> However, at a temperature of 77 K, both [(C"N),Ir-p-
Cl], and [(C*N),Rh-p-Cl], dinuclear complexes show
emission.?>*”*%31:52 The nature of the emissive states in cyclo-
metallated dichloro-bridged Ir(ur) dinuclear complexes is quali-
tatively different from that in structurally similar Rh(ur) com-
plexes. On the basis of previous literature reports, the
[(C"N),Rh-p-Cl], dinuclear complexes (C*N - 2-phenylpyridine
and benzo[k]quinoline,*” 4-(2-pyridyl)benzaldehyde®® and 2-
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(2"-thienyl)-pyridine®?) in glass solution at 77 K display a struc-
tured emission band with peak maxima in the range of
510-530 nm, and emission lifetimes at this temperature are
long, reaching up to several milliseconds. The 77 K glass emis-
sion of these complexes was assigned mainly to an excited
state of ’IL (x — n*)(C~N") character or to this state with some
admixture of *MLCT (d.(Rh) — n*(C"N)) character. In turn,
the photoluminescence of [(C"N),Ir-p-Cl], complexes is charac-
terized by emission from either a predominantly *MLCT state,
a predominantly *LC state or a mixed *LC/*MLCT state.

During our previous studies focused on the structural and
photophysical properties of mononuclear [Ir(C*N),(N*N)]" and
[Rh(CN),(N~N)]" type complexes, we observed that the emis-
sion spectra of dichloro-bridged dinuclear complexes of the
Rh(m) metal ion at 77 K are slightly different from those
reported in the literature and, to our surprise, show a batho-
chromic shift relative to the spectra of their Ir(m) analogues.
Such an effect suggests a different nature of the excited state
from which emission occurs. We therefore decided to investi-
gate the photoluminescence properties of all dichloro-bridged
dinuclear complexes in more detail.

Herein, we report the synthesis, structural, spectroscopic
and photophysical characterization of four dinuclear com-
plexes with a general structure of [(C"N),Ir-p-Cl], or [(C"N),Rh-
p-Cl], by altering the ligand, C-deprotonated 1-phenyl-1H-pyra-
zole or 1-(2,4-difluorophenyl)-1H-pyrazole (L = ppz~ or dfppz™)
(Scheme 1). To determine the emitting state, experimental
studies were carried out together with (TD-)DFT computations.
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Scheme 1 Synthesis conditions and chemical structures of the investi-
gated  [(ppz)lr-p-Cll,,  [(dfppz)alr-p-Cll,,  [(ppz)Rh-p-Cll;  and
[(dfppz),Rh-p-Cll, complexes (Hppz — 1-phenyl-1H-pyrazole, Hdfppz -
1-(2,4-difluorophenyl)-1H-pyrazole).
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Results and discussion

Synthesis and structures of dichloro-bridged [(C*N),Ir-p-Cl],
and [(C*N),Rh-p-Cl], dinuclear complexes

The synthetic routes and structures of the employed dichloro-
bridged [(ppz).Ir-p-Cl],, [(dfppz),Ir-p-Cl],, [(ppz).Rh-p-Cl], and
[(dfppz),Rh-p-Cl], dinuclear complexes are depicted in
Scheme 1. Their 'H and "*C NMR spectra were recorded in
non-polar and non-coordinating CD,Cl, solution to avoid their
cleavage by coordinating solvent and conversion of the dinuc-
lear complexes to the solvated monomer, which is an equili-
brium reaction.*®

From the overall pattern of the 'H NMR spectra, it is
evident that each of the dichloro-bridged dinuclear complexes
possesses similar C, symmetry, and therefore, the four cyclo-
metallating ligands are equivalent. As a result, the presence of
one set of proton signals from the ppz~ (seven signals) or
dfppz™ (five) ligands can be clearly observed in the spectra of
the [(ppz),M-p-Cl], and [(dfppz),M-p-Cl], complexes, respect-
ively (Fig. 1, ¢f. ESI, Fig. S1-S47). In addition to the absence of
the signals of the phenyl protons Hy, and Hy (fluorine substitu-
ents) in the spectra of [(dfppz),Ir-p-Cl], and [(dfppz),Rh-p-Cl],
complexes, the main difference is the value of the chemical
shift of proton H,. The signal corresponding to this proton,
which is attached to the carbon atom of the dfppz™ ligand
adjacent to the cyclometallating one and to the carbon substi-
tuted with a highly electronegative fluorine atom, is shifted
downfield in relation to the corresponding signal of the
[(ppz),Ir-p-Cl], and [(ppz),Rh-p-Cl], spectra, respectively (A5 =
0.55 ppm).

In the "*C{"H} NMR spectra of all dichloro-bridged dinuc-
lear complexes (Fig. 1, c¢f. ESI, Fig. S1-S4}), the number of
signals is adequate to the number of equivalent carbon atoms
contained in the molecules of coordinated ppz~ or dfppz~
ligands. A distinctive feature of the spectra of [(dfppz),Ir-p-Cl],
and [(dfppz),Rh-p-Cl],, complexes with the fluorine-substi-
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Fig.1 H NMR (a) and *C NMR (b) spectra of the dichloro-bridged
[(ppz)2lr-p-Cll, and [(dfppz),lr-p-Cll, dinuclear complexes. The asterisk
* indicates the signals assigned to residual CH,Cl,.
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tuted ligands, is the presence of coupling of the fluorine to the
aromatic carbons. The signals of carbon occurring at the
chemical shift of about ~149 and ~159 ppm with the highest
value of the jo__ coupling constant of ~250 Hz confirm the
presence of fluorine substituents. In turn, a characteristic
doublet in [(ppz),Rh-p-Cl], and [(dfppz),Rh-p-Cl], spectra in
the chemical shift range of 148-151 ppm with a Jc_rn coupling
constant of ~36 Hz confirms the cyclometallation of the
rhodium(m) ion.

For [(ppz),Ir-p-Cl], and [(dfppz),Rh-p-Cl], dinuclear com-
plexes, the single-crystal X-ray structures were solved. The per-
spective views of these dinuclear compounds are shown in
Fig. 2, and selected bond distances are tabulated in Table 1.
The crystal structure determination revealed that crystals of
[(ppz),Ir-p-Cl], crystallize in the monoclinic space group P2,/n
and crystals of [(dfppz),Rh-p-Cl], crystallize in the monoclinic
space group C2/c. Molecules of these dinuclear complexes
consist of two octahedral iridium(u) or rhodium(u) ions, each
ligated by two cyclometallated ppz~ or dfppz~ and two brid-
ging chlorido ligands. The N-donor atoms in these molecules
occupy the apical positions in the distorted octahedral coordi-
nation sphere, whereas the metal-C bonds of the cyclometa-
lated rings exhibit a mutual cis orientation around both
central metal ions. The chlorido ligands occupy the equatorial
plane in the trans position to the cyclometallated C atoms,
whereas the nitrogen atoms were confirmed to be mutually
trans to each other in this arrangement of ligands. The M-C

[(dfppz).Rh-p-Cl],

Fig. 2 Molecular structures of [(ppz),Ir-p-Cll, (top) and [(dfppz),Rh-p-
Cl], (bottom) with atomic labelling and displacement ellipsoids drawn at
the 30% probability level. Hydrogen atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Metal-ligand bond lengths (A) in the Sg and Ty, states for the investigated [(ppz),M-pu-Cll, and [(dfppz),M-p-Cll, complexes. Data from DFT

computations and X-ray investigations

Metal-ligand bond lengths

Metal-ligand bond type X-ray data CH,Cl, solution S, CH,Cl, solution T, X-ray data CH,Cl, solution S, CH,Cl, solution T,
[(ppz),Ir-p-Cl, [(dfppz),Ir-p-CI],
Ir1-Ceny 1.988(5) 1.991 1.984 1.999(5)* 1.988 1.979
2.019(5) 1.991 2.001 1.982(6) 1.988 1.999
Ir1-Neay 2.025(5) 2.023 2.018 2.028(5) 2.023 2.018
2.027(4) 2.023 2.021 2.032(5) 2.023 2.019
Ir1-Cl 2.4934(12)  2.599 2.526 2.4962(17)  2.584 2.626
2.5188(13) 2.6 2.624 2.4870(15)  2.585 2.509
Ir2-Conn 1.999(5) 1.99 2.032 1.989(5) 1.988 2.031
2.001(5) 1.99 2.033 2.000(6) 1.988 2.033
Ir2-Neay 2.029(4) 2.025 2.026 2.022(5) 2.022 2.025
2.032(5) 2.025 2.029 2.014(5) 2.022 2.028
Ir2-Cl 2.4967(12)  2.603 2.579 2.4951(15)  2.586 2.582
2.5101(13)  2.604 4.298 2.4856(17)  2.587 4.48
[(ppz),Rh-p-Cl], [(dfppz),Rh-p-Cl],
Rh1-Cgny 1.981(9)° 1.984 1.974 1.988(3) 1.983 1.972
1.975(9) 1.984 1.998 1.997(3) 1.983 1.995
Rh1-Ngay 1.995(7) 2.037 2.028 2.016(2) 2.035 2.027
2.018(7) 2.037 2.039 2.021(3) 2.035 2.027
Rh1-Cl 2.548(2) 2.619 2.524 2.4863(7) 2.6 2.509
2.505(3) 2.62 2.667 2.5141(7) 2.601 2.655
Rh2-Cgny 1.991(8) 1.985 2.042 1.983 2.044
1.97(1) 1.985 2.051 1.983 2.053
Rh2-Ngay 2.022(7) 2.034 2.042 2.032 2.0439
2.031(7) 2.035 2.044 2.032 2.044
Rh2-Cl 2.522(3) 2.619 2.606 2.6 2.533
2.514(2) 2.619 4.469 2.601 4.531

“X-ray data taken from ref. 43. ” X-ray data taken from ref. 44.

bond distances (on average, 1.98-2.00 A) are slightly shorter
than the M-N bond distances (on average, 2.02-2.03 A) in the
cyclometallating ligands, and the values are similar to those
found in the literature for (C*N)-cyclometallated complexes.
Considering the Ir---Ir distance of 3.740(1) A and the Rh---Rh
distance of 3.694(1) A with respect to the sum of the two ionic
radii of 1.64 A and 1.61 A, for Ir(i) and Rh(m),”® respectively, it
can be concluded that there is no direct metal-metal bond in
these dinuclear complexes. This result and trend is confirmed
by DFT calculations, in which Ir---Ir and Rh---Rh are computed
at 4.005 and 3.981 A, respectively. The determined molecular
structures of these complexes match the most reported ones of
Rh(m) and Ir(m) compounds of this type.*>**>*>® Qverall, the
computed and experimental data are in good agreement,
giving us confidence in our computational protocol used to
investigate the optoelectronic properties.

In both crystal structures of the studied [(dfppz),Rh-p-Cl],
and [(ppz).Ir-p-Cl], complexes, a number of weak inter-
molecular interactions were found: C-H---Cl and C-H:--F non-
classical hydrogen bonds and =---x stacking interactions in the
case of the [(dfppz),Rh-p-Cl], complex, and C-H---Cl non-clas-
sical hydrogen bonds and C-H---x interactions in the case of
the [(ppz),Ir-p-Cl], complex (Fig. 3 and Tables S1, S2 cf. ESIT).
The offset n-stacking between cyclometallated ligands is of par-
ticular interest because this type of interaction is believed to
be responsible for the aggregation-induced phosphorescence
emission of iridium(m) and rhodium(m) complexes.>**”

This journal is © The Royal Society of Chemistry 2025

Electronic absorption spectra

The UV-Vis absorption data of the studied cyclometallated
dichloro-bridged dinuclear complexes in CH,Cl, solutions are
presented in Table 2, and the absorption spectra of these com-
plexes are shown in Fig. 4. The simulated spectra using
TDDFT on top of the relaxed ground-state geometries are given
in Fig. S9 (¢f. ESIt). The absorption spectral profiles of all com-
plexes are quite similar. They contain strong high-energy
absorption bands and shoulders at wavelengths between 225
and 300 nm and low-energy absorption bands within the
range of 300-400 nm of rather low intensities. The same
results are obtained for the simulated spectra. The high energy
bands are attributed to characteristic singlet ligand-centered
('LC) spin-allowed 'm-n* transitions. The high-energy maxima
of [(dfppz),M-p-Cl], dinuclear complexes are shifted hypso-
chromically by a few nanometers in comparison with the
maxima of the bands in the spectra of dinuclear complexes
without fluorine substituents in the cyclometallating ligands.
At lower energies, the absorption spectra of the Ir(m) as well as
Rh(m) dinuclear complexes are dominated by spin-allowed
metal-to-ligand charge transfer ("MLCT) transitions and intra-
ligand charge transfer ('ILCT) transitions, as reported for
similar cyclometallated complexes.”>*®*”°1** By analyzing the
positions of the band maxima, two distinct effects can be
seen. The absorption bands of the rhodium(m) dichloro-
bridged dinuclear complexes (l,ps = 313-331 nm) are blue-

Dalton Trans., 2025, 54,12018-12029 | 12021
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(b)  [(dfppz).Rh-u-Cl],

v A

Fig. 3 C-H---x interactions in crystals of the [(ppz),lr-p-Cll, dinuclear complex (a) and =---n stacking interactions in crystals of the [(dfppz),Rh-p-
Cl], dinuclear complex (b). Interplanar distances between the stacking rings are presented.

Table 2 Absorption maxima and molar extinction coefficients in di-
chloromethane solutions, and emission properties (position of emission
maxima (lem) and emission lifetimes (zem)) of the investigated [(ppz),M-
p-Cll; and [(dfppz),M-pu-Cl]l, complexes; data obtained at 77 K in 1:1
MeOH/EtOH glasses

77K
298 K

Aem/ aTem/

Complex Aabs/NM (£may/10° M~ em™ nm ps

[(ppz)lr(p-Cl)], 241 (5.85), 313 (1.33), 365 (0.30) 633 1.93

[(dfppz),Ir(n—Cl)], 234 (6.65), 298sh (1.46), 352 (0.22) 588 4.31

[(ppz).Rh(p-Cl)], 242 (7.37), 263sh (3.83), 304 (1.68), 705 0.68
331 (0.58)

[(dfppz),Rh(p-Cl)], 238 (7.56), 268sh (2.74), 290sh (1.40), 670 0.84
313 (0.52)

“Marginal contribution (~1-5%) from other components is visible.

shifted with respect to their iridium(ur) counterparts (daps =
352-365 nm). This trend is fully reproduced in the simu-
lations. This hypsochromic shift in absorption bands from
iridium(m) to rhodium(m) is consistent with the assignment of
'MLCT transitions in view of the lower d, orbital energy of the
rhodium(ur) center. Both the band energies of Rh(u) and Ir(m)
dinuclear complexes are very close to the band energies of
other complexes of these metal ions with ppz~ and dfppz~
cyclometallating ligands.*>>® The second effect observed was a
hypsochromic shift of several nanometers in the MLCT bands
of dinuclear complexes containing cyclometallating ligands

12022 | Dalton Trans., 2025, 54, 12018-12029

with fluorine substituents (dfppz~) relative to the bands of
those with non-fluorinated ppz~ ligands (Table 2).

For more detailed information, DFT and TDDFT calcu-
lations were carried out on the optimized ground state geome-
tries of the investigated [(ppz),M-p-Cl], and [(dfppz),M-p-Cl],
dinuclear complexes in the presence of CH,Cl, solvent. The
HOMOs and LUMOs for the dichloro-bridged dinuclear com-
plexes are shown in Fig. 5. In all complexes, the HOMOs are
distributed across the metal centers, the phenyl rings of the
cyclometallating ppz~ or dfppz~ ligands and the chlorine
bridge. The LUMOs are mainly distributed across all of the
cyclometallating ligands, despite a non-negligible contribution
from the M,Cl, moiety. The weak band observed near the
visible region of absorption spectra is contributed by Sq — S;
absorptions, which correspond to the HOMO-LUMO tran-
sitions (with an oscillator strength (f) around 0.15 and 0.05
for Ir(m) and Rh(m) complexes, respectively). These absorp-
tions correspond to mixed MLCT/ILCT character with some
admixture of MC. The topologies for HOMO-1 and LUMO+1
are nearly identical to those of the HOMO and LUMO,
respectively.

Emission properties

All investigated Rh(m) and Ir(m) dichloro-bridged dinuclear
complexes do not show any noticeable emission in CH,Cl,
solutions at room temperature. The suppression of light emis-
sion is most likely due to their symmetry.”® Additionally, in the
case of Rh(m) complexes, emission quenching at room temp-
erature can also occur due to a nonradiative deactivation

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Band profiles of UV-Vis absorption spectra for the [(ppz),M-u-
Cl], (top) and [(dfppz),M-p-Cll, dinuclear complexes (bottom) in CH,Cl,
solutions (Rh(m) complexes — black lines, Ir() complexes — red lines,
short dashed lines present the expanded low energy part of the spectra).

pathway by the thermal population of non-luminescent *MC
(d-d) states,®°*°" similar to that in many cyclometallated
monomeric Rh(ir) complexes.?*?”%>

LUMO -1.31 eV

HOMO -5.37 eV

HOMO -5.77eV

[(pp2),Ir-p-Cll, [(dfppz),Ir-pu-Cl,
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At 77 K, these complexes are all emissive in 1:1 MeOH/
EtOH matrices (Table 2, Fig. 6 and Fig. S8t). In their spectra,
broad and structureless emission bands are observed. The
emission spectra of [(C”N),Rh-u-Cl], complexes are clearly
shifted towards lower energies compared to the spectra of
their [(C*N),Ir-p-Cl], analogues (Table 2 and Fig. 6). The exci-
tation spectra of the studied complexes reproduce the global
shape of their absorption spectra recorded at the same concen-
tration and in the same solvent medium (¢f. ESI, Fig. S77).

In the case of the Ir(m) dichloro-bridged dinuclear com-
plexes, it is reasonable to begin a discussion of the observed
luminescence properties with a comparison to the emission pro-
perties of the fac/mer-Ir(ppz); and fac/mer-Ir(dfppz); complexes,
possessing only cyclometallating ligands ppz™~ or dfppz™ in the
coordination sphere of the central metal ion. At 77 K, these
monomeric complexes are characterized by the presence of
structured emission bands with rich vibrational progression
(Aem = 414-430, corresponding to the highest energy peak in the
spectrum), which have been attributed to the phosphorescence
from a mixed ligand-centered-MLCT (LC-MLCT) triplet
state.”®®® Under these experimental conditions, the broad and
structureless emission bands of the studied Ir(ur) dinuclear com-
plexes are clearly bathochromically shifted (Fig. 6 and Table 2).

The situation is similar to the emission properties of the
Rh(m) dichloro-bridged dinuclear complexes. At 77 K, the
shape and position of emission bands in the Rh(u1) complexes
and the emission lifetimes (Fig. 6 and Table 2) are completely
different from those observed in the spectra of other dichloro-
bridged dinuclear complexes (e.g. [(ppy),Rh-p-Cl],),"” in which
highly structured bands with multiple emission maxima with
very long emission lifetimes (several dozen microseconds or
even several milliseconds) are observed.?**”*? For these dinuc-
lear complexes, the **IL (n — n*)(C"N") character of the emis-
sion was mainly postulated with only some admixture of
3*MLCT (d(Rh) — n*(C"N7)) character in some cases.”®

HOMO -5.74 eV
[(ppz),Rh-u-Cll,

HOMO -6.11 eV
[(dfppz),Rh-u-Cl];

Fig. 5 Kohn-Sham HOMOs and LUMOs of all compounds with their energies in eV.
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Fig. 6 Emission spectra for the [(ppz),M-u-Cll; (top) and [(dfppz),M-p-
Cl], dinuclear complexes (bottom) in 1:1 MeOH/EtOH matrices at 77 K
(Rh(m) complexes — black lines, Ir(i) complexes — red lines), ¢ ~ 3-5 x
10™* mol dm=3 (lex = 350 nm for [(ppz)2lr-p-Cllo), Aex = 325 nm for
[(ppz)2Rh-p-Cll,, Aex = 340 nm for [(dfppz),lr-p-Cll; and Aex = 315 nm
for [(dfppz),Rh-u-Cl],.

The emission spectra of the Rh(m) dinuclear complexes
studied here are also different from the emission spectrum of
the free ppz ligand (Aem, = 378 Nm, 7o, > 10° ps).>*** In accord-
ance with the observed differences, it is possible to exclude the
pure **IL (r — n*)(ppz~) nature of the emission in the case of
the studied [(ppz),Rh-p-Cl], and [(dfppz),Rh-p-Cl], dinuclear
complexes. Therefore, the nature of the excited state from
which the emission occurs at 77 K in 1: 1 MeOH/EtOH glasses
must be different, especially since the energy of the phenylpyr-
azole triplet is higher than that of phenylpyridine (430 nm, 7,
>10° ps).®

To further understand the emission properties of the
studied dichloro-bridged dinuclear complexes, DFT compu-
tations were performed to study the triplet states (T,) to esti-
mate the electronic luminescence energy together with the
spin densities (Fig. S10%). It should be mentioned that the
trend, a higher luminescence wavelength, going from “dfppz”
to “ppz” is well reproduced in the simulations. Unfortunately,
since the ground and excited states strongly differ, it is not
possible to simulate the vibronic fine spectrum. However, the
relaxed triplet excited state structures exhibit one broken M-Cl
bond (Table 1 and Fig. S10%), indicating that the excited-state
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geometries strongly distort with respect to the ground state
ones. The cleavage of either an Ir-Cl or Rh—-Cl bond can then
lead to subsequent rearrangement of the complex and explains
the lack of the emission properties.’®®*

The computed electronic vertical emission via DFT are, as
expected, in very good agreement with respect to the experi-
ment in the case of Ir(m) complexes and calculated to be 659
and 591 nm for the [(ppz),Ir-p-Cl], and [(dfppz),Ir-p-Cl], com-
plexes, respectively (deviation < 0.10 €V).®°"*® The shape of the
emission bands and their location in the wavelength range
(633 and 588 nm, respectively) observed at 77 K in 1: 1 MeOH/
EtOH matrices as well as emission lifetimes (Table 2) allow us
to conclude that the emission character is the same upon low-
ering the temperature and strongly suggest that the observed
emission arises from the excited state possessing **MLCT
character.

However, for the Rh(m) complexes, the computed emission
wavelengths are 615 and 605 nm and fall around 0.2 eV from
experiment but remains in the accepted deviation in DFT. The
emission bands of [(ppz),Rh-p-Cl], and [(dfppz),Rh-p-Cl],
recorded at 77 K are red-shifted relative to the spectra simu-
lated at room temperature by about 90 and 65 nm, respectively.
Furthermore, these bands are also shifted towards longer
wavelengths in comparison with those of Ir(m) analogues by
about 70-80 nm, which is unreasonable if the typical MLCT
nature of emission was assumed for Rh(um) dinuclear com-
plexes at this temperature regime.

Thorough X-ray structural analysis (see above) may be
useful in explaining the obtained results. In the crystal struc-
ture of the [(ppz),Ir-p-Cl] dinuclear complex, short contacts of
C-H---m (point-to-face, edge-on, T-shaped)®® are observed at a
distance of 3.598 A (Fig. 3(a)). Similarly, the crystal structure of
[(dfppz),Rh-p-Cl], revealed m-m stacking (offset n-stacked)®’
interactions at a distance of 3.360 A between pyridyl rings of
the adjacent ppz~ ligands of neighbouring molecules
(Fig. 3(b)). So, it can be suggested that these interactions are
also present to some extent in frozen solutions, which in turn
can give the origin of the aggregation-induced emission (AIE),
in particular, the latter one in the case of Rh(m) dinuclear
complexes.’”””® There are many reports in the literature on
cyclometallated iridium(ur) complexes that have been shown to
be AlE-active.”””> This phenomenon has also recently been
documented for Rh(ir) complexes.>® It has been shown that the
establishment of intermolecular interactions enforces molecular
rigidity in the solid state, enhancing the efficiency of the restric-
tion of internal motion (RIM) processes blocking the non-radia-
tive deactivation of the emitting state with the overall result of a
strong emission in solid and aggregated states.”® These inter-
actions in the frozen solutions presumably reduce the energy of
the n*ppz orbital, lowering the metal-to-ligand charge-transfer
(*MLCT) state from which the emission occurs, resulting in a
red shift of the emission band (Fig. 6).”° This effect is particu-
larly pronounced in the case of Rh(u) complexes, where the
offset m-stacking interactions have been detected and, conse-
quently, the energy decrease of the emitting state and the batho-
chromic shift of the emission band are more significant.
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On the other hand, it should be taken into account that for
Rh(m) dinuclear complexes (4d°), the MLCT and *MC states
have similar energies, and at 77 K, the energy order of the
*MLCT and *MC states may be reversed. Consequently, the
*MC state may lie below the *MLCT state. MC states have been
shown to be non-emissive at room temperature. However, low-
ering the temperature of the solutions to 77 K before excitation
of the complex sample may prevent the strong distortion in
the excited state and it cannot be excluded that the observed
emission in this temperature regime for Rh(ur) dinuclear com-
plexes is MC in nature.

Conclusions

In conclusion, four dichloro-bridged dinuclear iridium(im)
complexes and two of their Rh(m) analogues were synthesized
and characterized experimentally and theoretically. The mole-
cular structures of the studied Rh(mn) and Ir(ur) analogues are
very similar and the complexes adopt a slightly distorted octa-
hedral coordination environment around the metal(u) centres,
with M-N being trans to each other and M-C being cis. In the
crystal structures of the studied [(ppz),Ir-p-Cl], and
[(dfppz),Rh-p-Cl], dinuclear complexes, intermolecular inter-
actions were identified: n---m stacking in the structure of the
former and C-H---n interactions in the structure of the latter.
Although the absorption spectral profiles of the iridium(ir)
and rhodium(m) dinuclear complexes are quite similar, due to
the lower energy of the d, orbitals, a hypsochromic shift of the
lowest energy band ("MLCT) of the [(C*N),Rh-p-Cl], dinuclear
complexes is observed with respect to their [(C"N),Ir-p-Cl],
analogues. The luminescence properties of both types of
dinuclear complexes, Ir(m) and Rh(m), containing the same
cyclometallating ligands were compared. At room temperature,
these dinuclear complexes are non-emissive complexes, while
at 77 K, emission of these complexes is observed, and the
emission bands are broad and structureless. Based on theore-
tical calculations, an analysis of the observed emission pro-
perties was carried out, and the nature of the emitting state
was proposed.

Experimental
Materials

Unless otherwise stated, all chemicals and reagents were
obtained from TCI, Sigma-Aldrich, Alfa Aesar, Fluorochem
and Merck, and used without further purification in the synth-
eses and purification of the investigated complexes. 1-Phenyl-
1H-pyrazole was purchased from TCI, >97%, rhodium(u) chlor-
ide from Sigma-Aldrich, iridium(u) chloride from Alfa Aesar,
and 1,1,3,3-tetraethoxypropan and 2,4-(difluorophenyl)hydra-
zine hydrochloride from Fluorochem, respectively. Solvents
used in UV-VIS absorption and emission studies, such as di-
chloromethane, methanol, and ethanol, specially designed for
spectroscopic studies of the highest spectral purity Uvasol®,
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were purchased from Merck. The Hdfppz cyclometallating
ligand was synthesized according to a reported procedure.®®

Instrumentation

'H and C NMR spectra were recorded using a VARIAN
400-MR NMR spectrometer. The chemical shifts (5) of "H-NMR
were referenced to the residual solvent shift in the deuterated
solvent. Elemental analysis (CHN) for carbon, hydrogen and
nitrogen was performed on an Elementar Vario Micro Cube
analyzer. UV-Vis absorption spectra were measured with a
Shimadzu UV 3100 spectrometer in the range of 200-600 nm
in spectroscopically pure-grade organic solvent (DCM and 1:1
MeOH/EtOH). Corrected steady-state luminescence spectra
were recorded with a Gilden Photonics FluoroSense fluori-
meter. In the case of emission studies at 298 K, the investi-
gated CH,Cl, solutions of the complexes, placed in fluorimeter
quartz cuvettes (1 x 1 cm), were carefully deaerated before
measurement by prolonged saturation with preliminarily puri-
fied and dried argon. In turn, 77 K measurements were per-
formed in NMR-like fused silica tubes with a 3 mm inner dia-
meter by placing them in a liquid nitrogen-filled Dewar flask
with a bottom transparent finger. Emission decays were
recorded with a FluoroSense-P fluorimeter especially designed
for time-resolved measurements in the microsecond range
with the temporal resolution of 0.01 ps. In the performed life-
time measurements, the investigated samples were excited at
350 nm, whereas emission signals were recorded at the wave-
lengths corresponding to the maxima of steady-state emis-
sions. The experimental decay curves were analyzed by the
single-curve method using the reference convolution based on
the Marquardt algorithm”” with y* values. The distributions of
residuals and the adjusted coefficients of determination R?
values served as the criteria in the evaluation of the fit quality.
Lifetime 7., values were determined with an estimated error
of ca. +10%.

Computational details

All the computations have been performed using the Gaussian
16 package’® using the B3PW917°®' together with the
LANL2DZ basis set, which includes a pseudopotential to
describe core electrons for large atoms, augmented by polariz-
ation functions on all atoms except hydrogens.®®52784
Relativistic effects have not been explicitly taken into account.
The solvent effects (CH,Cl,) have been modelled using the
PCM® solvation regime within the UAKS topological model.
All the ground and excited state structures have been opti-
mized and checked to be at a true minimum on the potential
energy surface by diagonalizing the Hessian (no imaginary fre-
quency), except for [(ppz),Rh-p-Cl],, where a very small (4i)
imaginary frequency at the triplet excited state has been
ignored. The absorption spectra have been simulated with the
Time-Dependent DFT (TDDFT) methodology. Triplet excited
state structures have been relaxed using either the TDDFT or
the unrestricted method.
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X-ray structure determination

The X-ray data were collected on a Bruker D8 FIXEDCHI diffr-
actometer with a microfocus sealed tube using a multilayer
mirror as a monochromator and a PhotonIl_7 CPAD detector.
The diffractometer was equipped with a Cryostream low temp-
erature device and used Mo Ka radiation (1 = 0.71073 A). A
multi-scan absorption correction using SADABS 2016/2 was
applied.’® The structures were solved by intrinsic phasing
methods with SHELXT 2018/2 and refined by full-matrix least-
squares methods against F> using SHELXL-2019/2.2”%% All non-
hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were refined isotropically on
calculated positions using a riding model with their Uy,
values constrained to 1.5 times the Ueq of their pivot atoms for
terminal sp® carbon atoms and 1.2 times for all other carbon
atoms. CCDC 2431406 and 2431407t contain the supplemen-
tary crystallographic data for this paper.

Synthesis of the compounds

Synthesis of [(C*N),Ir-p-Cl], complexes. Both the dichloro-
bridged Ir(m) dinuclear complexes ([(ppz),Ir-p-Cl], and
[(dfppz),Ir-p-Cl],) were obtained using similar synthesis con-
ditions and substrate amounts to those described earlier.*
IrCl;-3H,0 (600 mg, 1.72 mmol) and the appropriate cyclome-
tallating ligand, Hppz or Hdfppz, (~3 equiv.) were heated in a
mixture of 2-ethoxyethanol : water (v/v = 3:1, 36 mL) under an
argon atmosphere at 110 °C for 24 h to form a yellow solution.
After cooling to room temperature, deionized water was added
to the reaction mixture under stirring. The suspension was
then filtered followed by washing with deionized water and
ethanol to afford the corresponding dinuclear dichloro-
bridged complex. The filter residue was dried, giving a light-
yellow powder. In order to obtain spectroscopically pure com-
plexes suitable for photophysical studies, the resulting crude
products were purified by column chromatography using silica
gel 60 (63-200 pm mesh) with CH,Cl, followed by a CH,Cl,/
MeOH (100: 1) mixture as the eluent. The isolated complexes
were then recrystallized from dichloromethane/methanol
giving pale yellow, block-shaped crystals. The NMR spectra are
consistent with the literature data.*3>%°°

[(pp2)aIr-u-Cl],. Yield: 86%. 'H NMR (400 MHz, CD,Cl,,
ppm): § 8.20 (4H, dd, J = 2.9, 0.7 Hz, H, of the pyrazole ring),
7.84 (4H, dd, J = 2.3, 0.7 Hz, H, of the pyrazole ring), 7.20 (4H,
dd, J = 7.9, 1.2 Hz, Hq of the phenyl ring), 6.85 (4H, td, J = 7.6,
1.3 Hz, H, of the phenyl ring), 6.70 (4H, dd, J = 2.9, 2.2 Hz, H;
of the pyrazole ring), 6.58 (4H, td, J = 7.5, 1.3 Hz, H,, of the
phenyl ring), 5.96 (4H, dd, J = 7.7, 1.2 Hz, H, of the phenyl
ring) (28 protons). "*C{'"H} NMR (400 MHz, CD,Cl,, ppm): &
143.50 (C;), 140.85 (Cg), 132.83 (C,), 127.73 (Cp), 126.81 (Ce),
125.57 (Cp), 122.31 (C,), 110.98 (Cg4), 107.08 (C¢) (9 signals).
Anal. calc. (%) for C36H,gNgCl,Ir,: C, 42.06; H, 2.74; N, 10.90.
Found: C, 42.10; H, 2.41; N, 10.87.

[(Afppz)sIr-u-Cl],. Yield: 83%. '"H NMR (400 MHz, CD,Cl,,
ppm): & 8.47 (4H, d, J = 2.9 Hz, H, of the pyrazole ring), 7.77
(4H, d, J = 2.3 Hz, H, of the pyrazole ring), 6.75 (4H, dd, J =
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2.9, 2.3 Hz, H; of the pyrazole ring), 6.50 (4H, ddd, J = 12.0,
8.9, 2.5 Hz, H, of the phenyl ring), 5.39 (4H, ddd, J = 8.6, 2.5,
0.9 Hz, H, of the phenyl ring) (20 protons). “C{"H} NMR
(400 MHz, CD,Cl,, ppm): § 159.31 (dd, Jc_¢ = 250.0, 10.9 Hz,
Cp), 148.62 (dd, Jcr = 252.2, 13.2 Hz, Cg), 140.53 (C,), 131.72
(d, Jo_r = 14.8 Hz, C;), 131.41 (d, Jo_r = 6.6 Hz, C.), 127.78 (dd,
Jor = 5.0, 3.0 Hz, Cp), 114.66 (dd, Jo_r = 19.7, 2.5 Hz, C,),
107.97 (d, Jo_r = 2.2 Hz, Cy), 98.63 (dd, Jo_p = 28.1, 23.7 Hz, C,)
(9 signals). Anal. calc. (%) for C3¢HyoNgFgClyIr,: C, 36.895; H,
1.72; N, 9.56. Found: C, 37.18; H, 1.56; N, 9.74.

Synthesis of [(C*N),Rh-p-Cl], complexes. The dichloro-
bridged [(ppz),Rh-p-Cl], and [(dfppz),Rh-p-Cl], complexes were
obtained using the synthetic route described earlier.>” RhCl;-H,0
(409 mg, 1.80 mmol) and Hppz or Hdfppz (~4 equiv.) were
heated in a mixture of ethanol-water (v/v = 3:1, 60 mL) under an
argon atmosphere at 80 °C for 24 h. After cooling down the reac-
tion mixture to room temperature, the precipitate was filtered off
and washed with diethyl ether. The crude product was purified
by column chromatography on silica gel 60 (63-200 pm mesh)
with CH,Cl, as the eluent. The elution of the complexes was con-
trolled by analytical thin-layer-chromatography with TLC silica gel
60 on aluminium sheets (F-254 indicator). TLC visualization was
accomplished using a 254/365 nm UV lamp. The eluted dichloro-
bridged complexes were recrystallized from dichloromethane/
ethanol giving colourless, block-shaped crystals.

[(ppz):Rh-u-Cl],. Yield: 55%. 'H NMR (400 MHz, CD,Cl,,
ppm): 6 8.24 (4H, d, J = 2.9 Hz, H, of the pyrazole ring), 7.87
(4H, d, J 2.2 Hz, H, of the pyrazole ring), 7.22 (4H, dd, J = 7.9,
1.3 Hz, Hy of the phenyl ring), 6.93 (4H, td, J = 7.6, 1.3 Hz, H,
of the phenyl ring), 6.67 (4H, td, J = 7.5, 1.3 Hz, Hy, of the
phenyl ring), 6.59 (4H, dd, J = 2.8, 2.2 Hz, H; of the pyrazole
ring), 5.98 (4H, dt, J = 7.7, 1.3 Hz, H, of the phenyl ring) (28
protons). ">C{"H} NMR (400 MHz, CD,Cl,, ppm): § 147.70 (d,
Jorn = 35.7 Hz, Cj), 142.53 (Cp), 141.60 (GCg), 133.97 (Ca),
126.27 (Ce), 125.75 (Cp), 123.19 (C.), 111.62 (Cq), 107.58 (C¢) (9
signals). Anal. calc. (%) for C3¢H,sNgCl,Rh,: C, 50.91; H, 3.32;
N, 13.19. Found: C, 50.80; H, 3.03; N, 13.34.

[(@fopz),Rh-u-Cl],. Yield: 48%. 'H NMR (400 MHz, CD,Cl,,
ppm): 6 8.49 (4H, d, J = 2.9 Hz, H, of the pyrazole ring), 7.80
(4H, d, J = 2.3 Hz, H, of the pyrazole ring), 6.65 (4H, dd, J =
2.9, 2.3 Hz, H¢ of the pyrazole ring), 6.54 (4H, ddd, J = 11.9,
8.7, 2.5 Hz, H, of the phenyl ring), 5.44 (4H, ddt, J = 8.3, 2.7,
1.3 Hz, Ha of the phenyl ring) (20 protons). "*C{"H} NMR
(400 MHz, CD,Cl,, ppm): § 158.82 (ddd, Jc_r = 251.1, 10.3, 3.1
Hz, Cy,), 151.32 (ddd, Jo_grn = 35.7 Hz, Jor = 6.2, 2.2 Hz, C)),
148.92 (dd, Jcr = 253.3, 12.5 Hz, Cg), 141.25 (C,), 131.32 (d,
Jo-r = 14.9 Hz, C.), 126.78 (Cy), 115.61 (dd, Jo_p = 20.3, 2.9 Hz,
C.), 108.46 (d, Jo_r = 1.8 Hz, C¢), 99.69 (dd, Jc_p = 28.2, 23.6 Hz,
C.) (9 signals). Anal. calc. (%) for C36H,oNgFgClRh,: C, 43.53;
H, 2.03; N, 11.28. Found: C, 43.77; H, 1.81; N, 11.37.
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