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Unprecedented Ir(i1) cationic complexes based on
tridentate tetrazolate ligands: synthesis,
photophysics and encapsulation in SiO,
nanoparticlesy
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The first examples of luminescence Ir(i) complexes derived from a tridentate tetrazole ligand, 2-(tetrazole-
5-yl)-1,10-phenanthroline (Hphenttz), are reported here. Two cationic complexes, heteroleptic [Ir(tpy)
(phenttz)]?* (1) (tpy = 2,2:6',2" -terpyridine) and homoleptic [Ir(phenttz),]™(2), have been synthesized and fully
characterized from a chemical, structural and photophysical point of view. Both complexes exhibit green
luminescence with a prevalent 3LC (Ligand-Centered) character, which is evidenced by their structured
emission profiles and low , values (of about 10° s7%), and supported by density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) calculations. In air-equilibrated solutions, 1 and 2 show
emission lifetimes (respective values of 1.6 us and 1.2 ps) comparable to that of the reference complex
[Irtpy)oI** (1.0 ps) and quantum vyields slightly lower (1.5% (1), 1.3% (2)) than that obtained for [Ir(tpy).**
(2.5%). Under an oxygen-free atmosphere, the emission lifetimes and quantum yields (c/®) of the complexes
increase significantly up to 5 us/4.2% (1) and 3 ps/3.3% (2). 1 has been embedded within amorphous silica
nanoparticles leading to the hybrid material 1@SiO,. This material shows enhanced photochemical stability
and higher luminescence efficiency compared to the free complex, which demonstrates that silica hampers
the diffusion of O,, restrains the mobility of the complex and stimulates the radiative decay of the

rsc.li/njc excited state.

Introduction

Tetrazole compounds have attracted a lot of attention in the
last few decades. In pharmacy, tetrazoles can replace the
carboxyl group, enhance the lipophilicity and biocompatibility
of drugs and reduce side effects. They have shown biological
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activity as antitubercular, antimalarial or anticancer agents,
and have been used in clinics for the treatment of various
diseases."” In the field of coordination chemistry, these ligands
have also gathered much attention due to their ability to
coordinate metal ions with a wide diversity of coordination
modes.® Their relatively easy synthesis has enabled the pre-
paration of a plethora of 5-substituted tetrazole derivatives that
can act as mono-, bi- or multi-dentate ligands.* ® A vast number
of robust coordination compounds with interesting structural,
luminescence, zeolitic and magnetic properties have been
studied in recent decades.”** In the photochemistry field, 5-
sustituted aryl-, pyridyl- or pyrazine- tetrazolates have been
used profusely as ligands to prepare luminescence complexes
based on lanthanides,">™** Ru(u),**** Re(1),>> >’ Pt(u),**>° and
Ir(m) metal ions, which are particularly interesting in this work.
The 2-pyridyltetrazolate (pytz) anion was first used as an
ancillary ligand to prepare a set of heteroleptic [Ir(C*N)(pytz)]
neutral complexes used as dopants of blue-emitting
OLEDs.>”® Since then, the interest in the design of tetrazole-
based luminiscence Ir(m) complexes has grown considerably
thanks to the easy functionalization of the ligand structure,
which allows tuning of the color emission. Bidentate tetrazolate
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ligands have been used as either cyclometallating or ancillary
moieties to prepare neutral Ir(m) complexes whose color emis-
sion varied from blue to red. The reactivity of the tetrazolate
rings towards electrophilic agents such as H' or CH;" also
contributed to tune their photoluminescent properties and
modify their ionic nature; from neutral emitters used in the
fabrication of OLEDs to cationic complexes used as dopants for
LEECs devices. Additionally, they have been used as lumines-
cent solar concentrators or anionic species to prepare
multicolour-emitting soft salts when combined with lumines-
cent counterions.’*™*>

To date, all the luminescent Ir(m)-tetrazolate complexes
reported in the literature have been prepared exclusively from
mono- or bidentate ligands. Even though the synthesis of Ir(ur)
phosphors based on tridentate azolate chelates has demon-
strated that a higher denticity implies a superior chemical stability
of the complex towards metal-chelate dissociation,**™*” the use of
tridentate tetrazolate ligands has been ignored. In this work, we
report on the synthesis, structure and photophysical properties of
two cationic Ir(m) complexes derived from the tridentate
2-(tetrazol-5-yl}-1,10-phenanthroline (Hphenttz) ligand: the hetero-
leptic complex [Ir(tpy)(phenttz)]** (1) (tpy = 2,2/:6’,2"-terpyridine)
and the homoleptic derivate [Ir(phenttz),]" (2) (Scheme 1). Addi-
tionally, 1 has been embedded within silica nanoparticles leading
to the hybrid material 1@SiO,, whose photophysical properties
have been compared with those of the free complex.

Experimental section
General procedures

The ligand 2,2":6',2"-terpyridine (tpy), IrCl;-xH,O, other reagents
and common solvents were obtained from commercial sources
and used as received. The ligand Hphenttz and Ir(m) precursor
[Ir(tpy)Cl;] were synthetized following classical procedures
described previously.**® The Ir(m) complexes 1 and 2 were

7
N\ I':‘
\ /'
—N,
W/
Hphenttz

Scheme 1 Tridentate ligands and cationic Ir(i) complexes studied in this
work.
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prepared in the dark under an Ar(g) inert atmosphere. Both
complexes were purified by column chromatography using
activated alumina (Brokmann, grade III) as the stationary phase
and a mixture of CH;CN/H,O/saturated KNO; solution as the
eluent, with proportions in volume ranging from 100/0/0 to 70/
28/2. Single crystals were obtained by slow diffusion of Et,O
vapours into CH;CN solutions of the respective complexes.

Syntheses

[Ir(tpy)(phenttz)](PFg), (1). [Ir(tpy)Cl;] (125 mg, 0.235 mmol),
phenttz-H (65 mg, 0.260 mmol) and CH;COONa (21 mg,
0.260 mmol) were mixed in 15 mL of degassed ethylene glycol
and refluxed for 5 h. The resulting solution was cooled down
and added to a water solution containing an excess of KPF,
which afforded an orange-brown precipitate that was purified
by column chromatography. The final orange fraction was
evaporated to dryness, dissolved in water and added to an
aqueous solution of KPF, leading to the desired complex 1 as a
red-brown solid (Yield: 34%). "H NMR (400 MHz, DMSO-d, 6):
9.39 (d,J = 8.7 Hz, 1H), 9.24 (d, J = 8.3 Hz, 2H), 9.12 (d, J = 8.7 Hz,
1H), 8.94 (d, ] = 8.0 Hz, 2H), 8.89 (dd, J = 11.7, 8.3 Hz, 2H), 8.67 (d,
J=8.9 Hz, 1H), 8.49 (d, = 9.0 Hz, 1H), 8.41 (d, J = 5.2 Hz, 1H), 8.27
(td, ] = 7.9, 1.4 Hz, 2H), 7.85 (dd, J = 8.3, 5.3 Hz, 1H), 7.63 (dd, J =
5.7, 1.4 Hz, 2H), 7.41 (ddd, J = 7.4, 5.7, 1.4 Hz, 2H). °C NMR
(400 MHz, DMSO-ds, 9): 154.91, 153.37, 143.08, 142.36, 140.72,
129.60, 129.45, 128.06, 127.37, 126.67, 125.77, 122.72. TOF-MS-
ES+ (m/2): 816.09 (M-PF4"). Anal. calc. for C,gH,gF1,IrNoP,-H,0: C,
34.29; N, 12.85; H, 2.06. Found: C, 34.60; N, 12.69; H, 2.26.

The complex was isolated as a nitrate salt by ion-exchange
chromatography on a strong base anion exchanger type-III in
its nitrate form, and using water as the eluent. The aqueous
solution containing the complex was evaporated to dryness,
dissolved in a minimum water quantity and precipitated with
acetone.

[Ir(phenttz),]PFs (2). IrCl; (403 mg, 1.28 mmol) was mixed
with a slight excess of the ligand phenttz-H (2.2 molar equiv.)
and CH3COONa (2.2 molar equiv.) in 15 mL of ethylene glycol
and refluxed under an inert atmosphere for 6 hours. After this
time, the mixture was cooled to room temperature and added to
an excess of KPF, dissolved in water, which afforded a brownish
yellow product that was purified by column chromatography.
The yellow fraction containing the desired complex was evapo-
rated to dryness, redissolved in water and added to an aqueous
solution of KPF (excess) leading to precipitation of 2 as a pale
yellow solid (Yield: 72%). "H NMR (400 MHz, ppm, DMSO-d,,
d): 9.36 (d, 1H), 9.10 (d, 1H), 8.83 (d, 1H), 8.64 (d, 1H), 8.47
(d, 1H), 8.32 (d, 1H), 7.74 (dd, 1H). **C RMN (400 MHz, ppm,
DMSO-dg, 9): 164.63, 155.40, 149.13, 147.03, 146.20, 142.41,
140.81, 132.21, 130.10, 129.75, 128.20, 127.65, 122.15. TOF-MS-
ES+ (m/z): 687.10 (M"). Anal. calc. for C,gHy4F6IrN;,P-CH;CN-
H,0: C, 37.76; N, 20.44; H, 2.15. Found: C, 37.75; N, 20.26;
H, 2.25.

Synthesis of 1@SiO2 nanoparticles. 1 mL of an aqueous
solution of 1 in its nitrate form (15 mM) and 200 pL of tetraethyl
orthosilicate (TEOS) were added to a mixture of Triton X-100
(1.8 mL), hexanol (1.8 mL) and cyclohexane (7.5 mL) that was

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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stirred until a clear microemulsion was formed. Then, 60 uL of
concentrated NH,OH were added to it and the mixture was stirred
vigorously for 24 h. After this time, acetone was added to break the
microemulsion and the nanoparticles were recovered by centrifuga-
tion, washed repeatedly with water, then with ethanol, and dried at
50 °C for 16 h.

X-ray crystallography

Suitable crystals of 1 and 2 were mounted on a Bruker D8
Venture diffractometer. Details of the crystals, data collection
and refinement parameters are given in the ESIt (Table S1).
After data processing (raw data integration, merging of equivalent
reflections and absorption correction), the structures were solved
by direct methods and refined using least squares minimization
with the SHELX suite of programs®’ integrated in OLEX2.*°
Selected bonds and lengths are given in Tables S2 and S3 (ESIY).
CCDC numbers 2221011 (1) and 2221012 (2) contain the supple-
mentary crystallographic data for this article. These data are
provided free of charge by the Cambridge Crystallographic Data
Centre.

Physical measurements

Elemental analyses were carried out on a Fisons-Carlo Erba
analyser model EA1108. NMR characterizations were performed
on a 400 MHz (2 channels) BRUKER Nanobay Advance III.
Emission and excitation spectra were measured using a UV-VIS-
PTI QuantaMaster™ 8000 spectrofluorometer equipped with a
Picosecond Photon Detector (230-850 nm, PPD-850, HORIBA
Scientific) and a continuous Xenon Short Arc Lamp (190-
2000 nm, USHIO). All the spectra (emission and excitation) were
corrected with Real-time corrections function. TCSPC lifetime
measurements were performed using a 375 nm excitation wave-
length provided by a pulsed diode light source NanoLED 375L
(<200ps pulse, HORIBA Scientific). Nanoparticles were charac-
terized by transmission electron microscopy (TEM) using a
LIBRA 120 PLUS Carl Zeiss electron microscope operating at
200 kev. 5 mg of the material was redispersed by sonication
(30 min) in 1 mL of EtOH. Carbon reinforced copper grids
(200 mesh) were submerged into suspension 50 times and then
allowed to dry in air for at least 48 h. The size of the particles was
determined by ‘“manual counting” using ScionImage software
(https://www.scioncorp.com). HAADF-STEM images and EDX
analyses were recorded on a HAADF FEI TITAN G2 instrument
working at an accelerating voltage of 200 kV in the scanning
mode with a probe diameter of 0.5 nm.

All these techniques are available at the Centro de Instru-
mentacion Cientifica (CIC) of the University of Granada.

Computational methodology

DFT (Density Functional Theory) calculations were performed
using the long-range corrected CAM-B3LYP®" and the hybrid
B3LYP*** functionals together with the 6-31G** basis set for
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C, H, and N, and the “double-{” quality LANL2DZ basis set
for 1r.>>™” An effective core potential (ECP) replaces the inner
core electrons of iridium, leaving the outer core (5s)*(5p)°
electrons and the (5d)® valence electrons of Ir(ur). Implicit
solvent (acetonitrile) effects were taken into account using the
IEF-PCM formalism.>® Time-dependent DFT (TD-DFT) calcula-
tions of the lowest-lying 10 singlets and 10 triplets were
performed in the presence of the solvent at the minimum-
energy geometry optimized for the ground states at CAM-B3LYP
and B3LYP. The lowest energy triplet (T,) excited states were
optimized and tested to be real minima by carrying out vibrational
frequency calculations (no imaginary frequency was found).
Mulliken population analysis (MPA) was applied following the
methodology used by Chi et al.*” to obtain the electron density
distribution of each atom in specific molecular orbitals of the
Ir(m) compounds and to calculate the metal-to-ligand charge
transfer (MLCT) character in each assignment of the singlet and
triplet optical transitions. All the calculations were performed
using the B.01 revision of the Gaussian 09 program package®® and
visualization of the orbitals was carried out by Avogadro.®

Results and discussion
Synthesis and structural characterization

Heteroleptic complex 1 was prepared by reaction of the neutral
precursor [Ir(tpy)Cl;] with a slight excess of the deprotonated
tetrazolate ligand phenttz in ethylene glycol at 180 °C. The
complex was purified by column chromatography and isolated
as the hexafluorophosphate salt by anion exchange with KPFg.
The addition of NaOAc helps to deprotonate the tetrazol ligand
and improve the yield of the reaction.**

Single crystals were obtained by slow diffusion of Et,O in
CH;CN solutions of the complexes (Fig. 1). 1 crystallizes in the
monoclinic P2,/c space group. The asymmetric unit shows one
cationic [Ir(tpy)(phenttz)”* (1) unit, the corresponding hexafluoro-
phosphate counter-ions and an acetonitrile solvent molecule.
Within the mononuclear unit, the Ir(u) centre exhibits a slightly
distorted octahedral geometry. Tpy and the tetrazolate phenttz
ligands act, as expected, as tridentate quelates adopting an
orthogonal disposition (mer- isomers). The terpyridine chelate
shows Ir-Ng,, bond distances between 1.972 and 2.060 A, bite
angles (N1-Ir-N2 and N2-Ir-N3) close to 80° and a trans N1-Ir-N3

Fig. 1 X-Ray structures of complexes 1 (left) and 2 (right). ORTEP ellip-
soids are at 50% probability. H atoms have been omitted for the sake
of clarity.

New J. Chem., 2023, 47, 4577-4585 | 4579
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angle of 159.63° (Table S2, ESIt). These values are almost identical
to those reported for the homoleptic complex [Ir(tpy),](PFe)s.*"
With respect to the anionic tetrazolate moiety, the Ir-Ntrazolate
bond distance (2.047 (2) A) is noticeably shorter than those found
for Ir(m) complexes based on bidentate 2-piridyl- and 2-pyrazine-
tetrazolate ligands (2.137(15) A - 2.147(3)).*”*° Intermolecular n-t
interactions compatible with “terpyridine embrace” are detected
between neighbouring mononuclear units, with interplanar dis-
tances of about 3.8 A (Fig. S1, ESIY).

Complex 2 was prepared by reaction of IrCl; with 2.2 molar
equivalents of Hphenttz in hot ethylene glycol in the presence
of sodium acetate. The complex crystallizes in the monoclinic
space group C2/c and the asymmetric unit contains half of the
metallic unit, with the other half generated by rotation about
the C, axis that runs parallel to the b axis of the unit cell. The
asymmetric unit also contains one hexafluorophosphate
counter-ion with half occupancy and two solvated acetonitrile
molecules. Bond distances and angles between the Ir(mr) centre
and the N atoms of the phenttz chelate are similar to those
observed in 1 (Table S3, ESIT). Within the unit cell, intermole-
cular n-m stacking interactions are observed between the cen-
tral rings of the phenanthroline units with an inter-centroid
distance of 3.58 A (Fig. S1, ESI¥).

In both complexes, a notable pincer effect imposed by the
five membered tetrazolate rings is observed, with bite
and trans- angles less than 90° and 180°, respectively. This is
the main factor accounting for the distorted octahedral coordi-
nation sphere around the Ir(m) centres. According to the
continuous-shape-measures (CShMs) method,®* the IrNg coor-
dination spheres show a deviation parameter of 2.394 (1) and
2.570 (2) from the ideal Oy, octahedral geometry, significantly
higher than the deviation of 2.032 observed for the homoleptic
[Ir(tpy).](PFe)s complex (Table S4, ESIT).

Photophysical properties
Absorption spectra

Room-temperature absorption spectra of complexes 1 and 2
measured in acetonitrile are shown in Fig. 2, and the photo-
physical data are reported in Table 1. For each complex, the
spectrum displays intense absorption bands in the UV spectral
window (200-330 nm), which are attributed to ligand centred
(LC) 't — m* transitions. The weaker bands tailing off above
330 nm are likely due to the charge transfer transition from
Metal-to-Ligand (MLCT), with their nature being both spin
allowed (singlet to singlet, "MLCT) and spin forbidden (singlet-
to-triplet, >MLCT), as well as ligand-to-ligand and intra-ligand
charge transfer transitions (*LLCT and *ILCT). The spin forbid-
den transitions are enabled by the high spin-orbit coupling
effect induced by the heavy Ir(i) metal centre.

Emission spectra

Fig. 3 shows the emission spectra of complexes 1, 2 and the
reference complex [Ir(tpy),](PFs)s.°" For the latter, the highest
energy band appears at A = 458 nm, and its luminescence was
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Fig. 2 Absorption spectra of complexes 1 (black) and 2 (red) (solvent:
CHsCN, T = 298 K).

T
250

ascribed mainly to *LC excited states with some minor con-
tribution from *MLCT excited states.®’ Complexes 1 and 2
exhibit green luminescence at room temperature in acetonitrile
solutions. Both spectra are almost superimposable and display
a vibrationally resolved profile quite similar to that shown by
[Ir(tpy).](PFs)s, although in these cases, the highest energy
band maximum appears red shifted at 4 = 495 nm. Their
emissions show a monoexponential decay with lifetimes about
1.6 ps (1) and 1.2 ps (2), which increase to 5 pus and 3 ps,
respectively, under an inert atmosphere. The emission quantum
yields follow a similar trend, with values close to 1.5% in aerated
solutions that rise by a factor of ca. 2.6 under oxygen-free
conditions. For both complexes, the radiative (k) decay rate is
close to 1 10* s7%, smaller than the 2.5 10* s~* rate calculated
for [Ir(tpy),](PFs)s;. These features indicate that the emission
properties of both compounds arise from excited states with a
prevalent LC character, even if some *MLCT contribution
cannot be ruled out.

Theoretical calculations

Time-dependent density functional theory (TD-DFT) was per-
formed to gain further insight into the experimental absorption
and emission properties described above. First, the molecular
structures of complexes 1 and 2 were taken from the experi-
mental X-ray crystal data and optimized by density functional
theory (DFT) calculations using the CAM-B3LYP and B3LYP
functionals with the 6-31G** + LANL2DZ basis sets and con-
sidering the solvent (acetonitrile) effects through the IEF-PCM
formalism. From a structural point of view, the optimized
geometries of the complexes in the ground state (S,) fit well
with those obtained from X-Ray data (Tables S2 and S3 in the
ESIY). In particular, an excellent agreement between the experi-
mental (RX) and computed bond distances involving the Ir(u)
coordination sphere is found, with differences of just a few
picometers in complexes 1 and 2.

Second, the lowest singlet and triplet excited states were
calculated at the optimized geometries of the ground states (S)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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1 2 1@8i0, [tx(tpy).]**

Absorption

Jmaxnm (10'e/M 'em™") 230 (5.21), 244 (5.73), 232 (5.32), 241 (5.73), 210 (2.14), 221 (1.85),
276 (4.41), 287 (3.98), 294 (3.52), 337 (1.54), 251 (2.76), 277 (2.22),
310 (3.04), 328 (2.35), 373 (0.78), 398 (0.68) 313 (1.14), 325 (1.18),
348 (1.02), 369 (0.53), 390 (0.36) 336 (0.85), 352 (0.58), 374 (0.13)

Emission (CH3;CN solutions, 7 = 298 K)

Jmax/nmM® 495, 531, 567(sh) 495, 532 498, 534, 570(sh) 458, 491, 523

Tair/HS 1.6 1.2 9.7 (99%), 40 (1%) 1.0

Tdear/HS 5 3 10.2 (98.5%), 42 (1.5%) 1.2

Dyir 0.015 0.013 0.097 0.025

Dgear 0.042 0.033 0.093 —

10 2k2 (5710 5 ky (s7)  8.4/1.92 11.0/3.22 9.12/0.89 25/9.75¢

Emission (CH3;CN rigid matrix, T = 77 K)

Jmax (nm) 495, 532 495, 532 496, 534, 574 458

Tair*/1S 13 (98%), 66 (2%) 26 (98%), 94 (2%) 16 (99%), 66 (1%) 26

% Jexe = 375 nm. © Radiative constant (deareated solutions): k, = ®/7. © Non radiative constant: ky, = 1/t - k;. 4 k. and kn, calculated from t,;; and @,
values. ¢ For the biexponential excited-state lifetimes, the relative weights of the exponential curves are indicated in parentheses.

using the TD-DFT approach and both CAM-B3LYP and B3LYP
functionals. The computed T; geometries of both 1 and 2 are
very similar to their respective S, geometries (Tables S2 and S3,
ESIt). In addition, similar S, and T; geometries were obtained
using CAM-B3LYP and B3LYP. The calculated CAM-B3LYP and
B3LYP vertical electronic transitions and assignments of the
complexes 1 and 2 are shown in Table 2 and Tables S5-S8
(ESIT). The frontier molecular orbitals involved in the dominant
transitions are displayed in Fig. 4 and Fig. S8 (ESIf). The
computed CAM-B3LYP wavelengths of the S, — S; transitions
for 1:319 nm and 2: 321 nm are close to those observed in their
experimental absorption spectra (Fig. 2 and Tables 1, 2),
whereas those calculated with B3LYP are predicted to be red
shifted at 380 nm and 382 nm for 1 and 2, respectively
(Tables S6 and S8, ESIt). We focus on the CAM-B3LYP assign-
ments from now on for the sake of clarity (further details on the
B3LYP results are shown in the ESIt). The S, — S; optical transition
for complex 2 is mainly assigned to the HOMO — LUMO

1,01

—1
—_—2
[Ir(tpy),1(PF,),

0,8

0,64

0,44

0,2+

Emission intensity / a.u.

0,0+

T T T T
550 600 650 700

Al nm
Fig. 3 Normalized emission spectra of complexes 1 (black) and 2 (red) in
acetonitrile at 298 K. For comparative purposes, the emission spectrum of

the reference complex [Ir(tpy),l(PFg)s measured in the same conditions is
also displayed (blue).

T T
450 500
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Table 2 Calculated wavelengths and orbital transition analyses of the
lowest energy absorption bands of complexes 1 and 2 at the CAM-B3LYP/
6-31G** + LANL2DZ level of theory (only the electronic transitions invol-
ving the largest contribution percentages are listed)

Excited 4 E MLCT
Complex state  (nm) (eV) f Main assignments (%)
1 So — T; 471 2.63 0 HOMO — LUMO+3 (27%) 7.11
HOMO — LUMO+1 (15%)
HOMO-2 — LUMO+1 (14%)
So — S; 319 3.89 0.0542 HOMO — LUMO+1 (86%) 8.17
2 So = T; 473 2,620 HOMO — LUMO+3 (21%) 8.18
HOMO-1 — LUMO+2 (19%)
HOMO-2 — LUMO (13%)
So — S; 321 3.87 0.0458 HOMO — LUMO (64%)  10.36

transition, whereas in the case of complex 1 it is assigned to
HOMO — LUMO+1 for symmetry reasons. Fig. 4 shows the energy
and the atomic orbital composition calculated for the HOMO and
LUMO of complexes 1 and 2, together with those computed with
CAM-B3LYP for the reference complex [Ir(tpy),|(PFe); for compar-
ison purposes. The HOMO of 1 is mainly localized on the Ir centre
(11% of relative density distribution at the Ir atom) and the
phenttz ligand. In the case of the homoleptic complexes, i.e. the
reference complex and complex 2, the HOMO is localized in
the two respective tpy and phenttz ligands and the Ir centre
(17% for 2). However, the LUMO of 1 resides in its tpy ligand,
occupying also only one of the two tpy ligands in the reference
complex, whereas for 2 it is mainly located in the benzene and
pyridine rings of its two phenttz ligands. The LUMO+1 of 1, which
is close in energy to the LUMO (—2.02 eV), is located in its phenttz
ligand. Additionally, minor contributions from the central Ir(m)
metal atoms to these LUMOs are found in 1 and 2 (3 and 2%,
respectively). As a result, the S, — S; absorptions can be mainly
assigned to intraligand charge transfer (ILCT) for both com-
pounds, together with a reduced MLCT character (8-10%).

If we compare the HOMO of the reference complex and that
of 1, the main effect of the additional tpy ligand in the reference

New J. Chem., 2023, 47, 4577-4585 | 4581
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Fig. 4 Energy diagram showing the HOMO and LUMO frontier orbitals for
the Ir(n) complexes 1 and 2 and the reference complex in acetonitrile
solution at the CAM-B3LYP/6-31G** + LANL2DZ level of theory.

complex is the stabilization of its HOMO by 0.51 eV. The
replacement of tpy (1) with phenttz (2) on going from 1
(—8.52 €V) to 2 (—8.28 €V) results in a destabilization of the
HOMO by 0.24 eV. The LUMO of these complexes also follows
the energy ordering of the reference complex (—2.20 eV) < 1
(—2.02 eV) < 2 (—1.76 eV), and presents identical molecular
orbital topologies for 1 and the reference complex. Thus,
theoretical calculations predict a higher HOMO-LUMO gap
for the reference complex (—6.827 eV) with respect to 1
(—6.50 eV) and 2 (—6.52 eV), which is in agreement with the
observation of a blue shift in the emission properties of the
reference complex (Fig. 3), and the lack of observation of any
shifts among the absorption and emission spectra of 1 and 2.

Additionally, the phosphorescence wavelengths for T; — S,
after geometry optimization of the T; states of complexes 1 and
2 were computed using the vertical method and the CAM-
B3LYP and B3LYP functionals with the 6-31G** + LANL2DZ
basis sets (Table 3 and Table S9 and S10, ESIt). The former
functional predicts the wavelengths for the T; — S, emission
transitions at 1017 nm and 486 nm for 1 and 2, respectively.
This method overestimates significantly the experimentally
observed wavelength for T; — S, in the case of 1, which was
associated to the stabilization of an artificial “ghost state”.®®
Actually, B3LYP predicts this T; — S, transition at 664 nm for 1,
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which supports that statement, and at 482 nm for 2, in good
agreement with their experimental wavelengths (deviations in
the range of 0.3-0.4 eV for 1 and 2). Thus, the CAM-B3LYP
computed absorption wavelengths for the lowest-energy transi-
tions of 1 and 2 agreed better with the experimental absorption
data than those obtained with B3LYP; whereas the latter func-
tional reproduced better the experimental emission wavelengths.
The T; — S, emission of complexes 1 and 2 are assigned to
HOMO — LUMO transitions and incorporates *ILCT and a
reduced *MLCT character (3-4%, Fig. S9 (ESIt) and Table 3).
The HOMO and LUMO of the T, states of 1 and 2 are located on
the phenttz ligand, that is, the only phenttz ligand in 1 and one
of the two phenttz ligands in 2 (Fig. S9, ESIY).

Encapsulation of 1 in SiO,
nanoparticles (1@SiO,)

We and others have demonstrated previously how the encapsu-
lation of Ir(m) phosphors within amorphous silica nanoparticles
serves to improve their photoluminescence properties. The silica
matrix acts as a shelter protecting the complex from environmen-
tal quenchers such as oxygen and reduces its mobility, penalizing
non-radiative deactivation pathways and leading to higher quan-
tum efficiencies and longer emission lifetimes.*®%*%” Within this
framework, we have prepared hybrid 1@SiO, following the reverse
micelle protocol that we established previously to prepare
[Ix(tpy)]@8Si0,."® First, PF,~ counterions in 1 were replaced with
NO;~ by anion exchange chromatography in order to make the
complex soluble in water. A water solution of this complex was
added to a mixture of a surfactant in an organic solvent, leading to
the formation of a water-in-oil microemulsion. Then, the hydro-
philic silica precursor TEOS and a catalytic amount of ammonia
were added, causing the hydrolysis and polymerization of TEOS
inside the aqueous nuclei of the micelle containing the [Ir(tpy)
(phenttz)”* complex. Thus, the cationic complex is embedded
within the silica matrix and retained through strong electrostatic
interactions with the negatively charged siloxyl groups of the silica.
Following this procedure, we also tried to prepare the analogous
sample 2@Si0,, however, in this case a severe leakage of the
[ir(phenttz),]" complex out of the silica matrix was evidenced
during the synthetic washing and purification steps. This was
probably due to the fact that the electrostatic interactions between
the monocationic complex and the siloxyl groups were not strong
enough to retain the complex in the silica matrix. In the case of
1@Si0,, release of dicationic complex 1 in the washing solvents
was negligible and allowed a full characterization of the sample.

Table 3 Calculated wavelengths and orbital transition analyses of the lowest energy emission bands of complexes 1 and 2 at the CAM-B3LYP/6-31G** +
LANL2DZ level of theory. B3LYP computed wavelengths are also given. Only the electronic transitions involving the largest contribution percentages are
listed

Complex Excited state 2 (nm) CAM-B3LYP/B3LYP E (eV) CAM-B3LYP/B3LYP f Main assignments MLCT (%)
1 T = So 1017/664 1.22/1.87 0 HOMO — LUMO (79%) 3.21
2 T, = So 486/482 2.55/2.57 0 HOMO — LUMO (79%) 4.01
4582 | New J Chem., 2023, 47, 4577-4585 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 5 (a) TEM image of 1@SiO, and size distribution histogram. (b) HAADF-STEM image and EDX compositional maps of 1@SiO,.

The morphology, size and composition of sample 1@8SiO,
were characterized by electron microscopy techniques. Fig. 5a
and Fig. S8 (ESIT) show representative Transmission Electron
Microscopy (TEM) images of the sample. The nanoparticles are
spherical and monodisperse with an average size of 26.8 +
2.9 nm. High-angle annular dark-field-scanning transmission
electron microscopy (HAADF-STEM) and Energy Dispersive
X-Ray (EDX) analysis confirm the encapsulation of the Ir(i)
complex into the silica matrix.

Regarding the photophysical properties, the emission
profiles of 1 and 1@SiO, are practically superimposable and
no rigidochromic effect is observed, in accordance with a
dominant *LC character of the emissive excited state, which
is not very sensitive to changes in the chemical environment
around the Ir(u) complex. Conversely, significant differences in
the emission intensity of both samples were observed. Com-
pared to 1, 1@SiO,, is brighter and shows quantum yields and
emission lifetimes that increase by factors of ~6.5 and ~2.2 in
aerated and deaerated atmospheres, respectively. These facts
indicate that the limited mobility of complex 1 in the rigid silica
matrix restricts the vibrational motions and inhibits the non-
radiative deactivation pathways of the excited state. This effect
is clearly illustrated when the radiative (k) and non-radiative
(knr) decay rates of 1 and 1@8Si0, are compared (Table 1). k; sl
and kn,rei are defined by eqn (1) and (2), respectively,

ks
krﬁrel = ﬁ (1)
T,
km’.s
knrﬁrel = A ’f’ (2)
nr,

where the subscripts fand s refer to free and silica encapsulated
complex 1, respectively. We observe that the radiative decay
constants for 1 and 1@SiO, are almost identical (ks = 1.09),
whereas the non-radiative rate of 1@8SiO, decreases by a factor
of ca. 2.15 compared to the free complex (kyy re; = 0.46). Finally,
it is also important to highlight that silica prevents the quench-
ing of the luminescence emission from environmental oxygen.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Whereas differences between the quantum yields and emission
lifetimes for the free complex 1 in O,/N, atmospheres are
notable, these parameters remain almost identical for the
encapsulated 1@SiO, sample.

Conclusions

In conclusion, two new cationic Ir(ur) complexes derived from a
tridentate tetrazole ligand, 2-(tetrazol-5-yl)-1,10-phenanthroline,
have been prepared and fully characterized. Compared to the
parent complex [Ir(tpy),]**, a bathochromic shift of the emission
is observed for 1 and 2. TD-DFT calculations reveal that in both
cases the emission is centred in the phenanthroline-tetrazolate
moiety and exhibits a prominent *ILCT character and a minor
*MLCT. Both complexes are robust enough to be embedded into
silica nanoparticles, although only the dicationic complex 1
remains inside the nanoparticles when in contact with water.
This is due to strong electrostatic interactions with the negatively
charged silanol groups of the nanoparticles. The rigid silica
matrix serves to improve the emission yield and extend the
emission lifetime of 1, as the mobility of the complex is
restricted. Considering the wide variety of tridentate tetrazole-
based ligands already described in the literature, a vast family of
homo- and/or heteroleptic Ir(m) complexes with color emissions
ranging in the whole visible spectral window can be prepared.
These Ir(m) compounds could be used as neutral emitters for
OLEDs, cationic luminophores for LEEC devices or biocompa-
tible silica-based biomarkers. Some of these possibilities are
currently under investigation in our laboratory.
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