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Phosphorescent cyclometalated platinum()
complexes with phenyldiazine NAC ligands+
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A series of phosphorescent platinum(i) complexes containing various phenyldiazine-type bidentate NAC
ligands have been successfully synthesized and characterized. Structural modifications have been made
to bidentate cyclometalating ligands regarding the nature of the diazine ring (pyrimidine, pyrazine and
quinazoline), the substituent groups at the C4 position of the pyrimidine ring (OCH3, CFz) and the EDGs at
the para position of the Pt atom (OCHs, Ph, NPh,, carbazol). In addition, the electronic properties of the
azaheterocyclic ancillary ligand have been modulated in this series of complexes (pyridine, 4-methoxy-
pyridine or pyrimidine). X-ray diffraction studies have been performed on three complexes, revealing Pt(i)
ions in a distorted square-planar geometrical environment with no Pt(n)---Pt(n) interactions but with mod-
erate n—x interactions in the solid-state structure. Electrochemical and computational studies suggest a
ligand-centered reduction on the diazine ligands with, in some cases, additional contribution from the
azaheterocyclic ancillary ligand, whereas oxidation occurs on the Pt-phenyl ring substituent moieties. All
complexes exhibit phosphorescence emission ranging from green to red/near-infrared, both in solution
and in the solid state. Complexes bearing a 2-(3-methoxyphenyl)pyrimidine ligand show the best PLQY of
the series, up to 52% in a CH,Cl, solution and 20% in the solid state. Furthermore, the solid state PLQY of
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Introduction

Organic light emitting diodes (OLEDs), initially developed by
Tang and VanSlyke," have been a subject of intensive research
over the last two decades because of their attractive application
in flexible displays.” Due to the spin statistics, excitons are pro-
duced with a triplet: singlet ratio of 3:1, thus limiting the
internal quantum efficiency (IQE) of fluorescent OLEDs to
25%.% A second generation of OLEDs, discovered in 1998,
based on phosphorescent emitters (PhOLEDs) has been exten-
sively developed.’ These materials can harvest both singlet and
triplet excitons through direct trapping or an energy transfer
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one of the near-infrared emitting phenylquinazoline complex has been found to be 6%.

process (intersystem crossing), leading to a theoretical IQE of
100%.° In this context, transition metal-based materials have
been widely studied as phosphorescent emitters for OLEDs
due to the strong spin-orbit coupling exhibited by the metal.
Cyclometalated iridium(u) complexes are the benchmark emit-
ters for PhOLEDs” but cyclometalated Pt(n) complexes have
also been developed for this application.® The distinctive
square-planar geometry of the Pt(i) complexes allows for inti-
mate Pt(un)---Pt(u) contacts and intermolecular n-r stacking
interactions, enabling metal-metal-to-ligand charge transfer
(MMLCT) and excimer n-n* excited states.’ This can have detri-
mental effects on photoluminescence properties, but can also
be used for red or near-infrared emission.’® Cyclometalated Pt
(1) complexes have also been described for their thermally acti-
vated delayed fluorescence (TADF)."!

The main classes of phosphorescent Pt(n) complexes are
based on tridentate N*C*"N or N*N~C ligands, with halogen
and pseudo-halogen or acetylide ancillary ligands."* Platinum
complexes with the bidentate N~C ligand are less in number
and are often based on 2-phenylpyridine (ppy)-type ligands.
They generally contain bidentate coligands such as acetyl-
acetonate (acac).”® Platinum(i) complexes bearing ppy-type
N~C ligands with pyridine and chloride ancillary monodentate
ligands have been frequently used as precursors for other
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luminescent ppy complexes.'**” Recently, Zhao et al. have
studied the photophysical properties of such complexes.'*
The free rotation of the coordinated pyridine ligand reduced
the efficiency of intersystem crossing and the radiative decay of
the first triplet excited state (T,) in solution, leading to low
emission in solution. Nevertheless, the phosphorescence
ability of these complexes was restored in a solid matrix, where
the rotation of the pyridine ring could be restricted.
Aggregation-induced phosphorescence has been demonstrated
in these complexes and analogues bearing an acetylide
ligand instead of chloride.”® The non-planar conformation of
the pyridine ring may prevent excimer formation in the solid
state.

On the other hand, diazines are six-membered aromatic
heterocycles with two nitrogen atoms. Depending on the posi-
tion of N atoms, pyridazine (1,2-diazine), pyrimidine (1,3-
diazine) and pyrazine (1,4-diazine) can be distinguished. The
quinazoline ring corresponds to benzo-annulated pyrimidine.
The diazine rings exhibit a stronger n-deficient character than
pyridine due to the presence of a second N atom and have
been used as the attracting part in numerous push-pull
structures."®

For bidentate N~C ligands, the combination of the strong o-
donor effect of phenylate and the n-accepting character of the
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azaheterocyclic ring has been shown to result in a high ligand-
field for the coordinated metal, which increases the energy of
quenching d-d states while reducing emissive metal-to-ligand
charge transfer (MLCT) and ligand-centered excited states.®® In
this context, the replacement of pyridine with diazine rings
appears as an interesting option. Thus, it has been shown that
a 2-(4-N,N-diphenylaminophenyl)pyrimidine Pt(u) complex
bearing pyridine and chloride auxiliary ligands exhibits strong
green phosphorescence emission in a solid matrix and promis-
ing electroluminescent properties.'* We have recently demon-
strated that functionalization of 2-phenylpyrimidine with elec-
tron-donating groups (EDGs) at the meta position of the
phenyl ring induces a bathochromic shift in the emission of
the corresponding Pt(u) complexes associated with a signifi-
cant increase in the intensity of phosphorescence in
solution.”

In this contribution, we have designed a series of 24 Pt(u)
complexes based on N*C phenyldiazine ligands and monoden-
tate ancillary ligands (Chart 1). Various structural modifi-
cations have been made concerning the nature of the diazine
ring (pyrimidine, pyrazine and quinazoline), the substituent
groups at the C4 position of the pyrimidine ring, the EDGs at
the para position of the Pt atom in the phenyldiazine ligand,
and the azaheterocyclic ancillary ligand.
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Chart 1 Chemical structures of the cyclometalated platinum-based complexes 1-24 investigated in this work.
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Results and discussion
Synthesis and characterization

The synthesis of the N*~C ligands 25-38 was easily accom-
plished in good yields from commercially available chlorodia-
zine and the appropriate arylboronate ester derivatives. The
Suzuki-Miyaura cross-coupling reaction was used according to
a method previously reported in the literature (ESI,
Scheme $11)."°7'® The N~C cyclometalated chloro-Pt(i) com-
plexes 1-24 were prepared according to the well-established
method of synthesis for the traditional counterparts, by treat-
ing the Pt(u) p-chloro-bridged dimer complexes with the pyri-
dine, 4-methoxy-pyridine or pyrimidine ancillary ligand, in low
to moderate yields (Schemes 1-4)."* These air-stable com-
pounds were isolated in high purity as solids after column
chromatography on silica gel with the appropriate eluent. It
should be noted that the yields of the complexes with phenyl-
pyrazine ligands are significantly lower than those of their pyr-
imidine and quinazoline analogues due to the electronic effect
of the second N atom in the conjugated position to the Pt
atom. The N~C ligands 25-38 and chloro-platinum complexes
1-24 were characterized by NMR (*H and '*C) and high-resolu-
tion mass spectrometry (HRMS). The characterization data
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were found to be in complete agreement with the proposed
structures as detailed in the ESL.{

X-ray crystal structures

Single crystals of chloro-platinum complexes 7, 12, and 14
were obtained by slow evaporation of a hexane/ethyl acetate
(2/1) solution of the complex at room temperature. Their
molecular structures were determined by X-ray crystallogra-
phy analysis (Fig. 1 and S63, S64f). The crystal data and
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Scheme 2 Synthesis of NAC cyclometalated chloro-Pt(i) complex 16.
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Fig. 1 ORTEP representation of complex 7 (left) with 50% ellipsoid probability. All co-crystallized solvent molecules have been omitted for clarity.
ORTEP representation of the crystal packing structure in the dimeric form: complex 7 (right) showing head-to-tail configuration. Thermal ellipsoids
are set at the 50% probability level. Hydrogen atoms and all co-crystallized solvent molecules have been omitted for clarity.

Table 1 Selected X-ray bond distances (A) and angles (°) of complexes
7. 12, and 14. Corresponding DFT-computed values are given in
brackets

7 12 14
Pt1-C1 1.988(3)[1.983]  1.990(3) [1.982]  1.988(3)[1.982]
Pt1-N1 2.025(3)[2.027]  2.021(3) [2.025]  2.010(3) [2.025]
Pt1-N2 2.028(3) [2.018]  2.017(3) [2.019] 2.017(3) [2.020]
Pt1-Cl1 2.3890(9) [2.421]  2.3952(9) [2.418]  2.3874(9) [2.416]
C1-Pt1-N1 94.66(12)[95.6]  95.33(13)[95.6]  95.38(13) [95.5]
C1-Pt1-N2  81.23(12) [81.1]  81.51(3)[81.1] 81.19(13) [81.1]
N1-Pt1-N2 175.86(10) [176.6] 176.84(11) [176.7] 176.29(12) [176.6]
C1-Pt1-Cl1 176.56(10) [176.3] 175.57(10) [176.3] 177.26(11) [176.4]
N1-Pt1-Cl1 88.70(10) [88.1]  88.62(9)[87.9] 87.17(9) [88.1]
N2-Pt1-Cl1  95.41(8) [95.3] 94.54(9) [95.3] 96.24(9) [95.3]
Pt---Pt 5.144 5.815 10.051
T ~3.40 ~3.51 —

“No significant n—r interactions.

structure refinement details are provided in the ESI (Tables
S1-S37), and selected bond lengths and angles are listed in
Table 1. As can be seen from the X-ray structures, the central
platinum ion is coordinated to a bidentate cyclometalating
N~C ligand and two monodentate ligands (chloride and pyri-
dine). The coordination sphere of the Pt(u) cation in all com-
plexes (7, 12, and 14) adopts a distorted square-planar geo-
metry with trans-C,Cl, trans-N,N chelating disposition,
characteristic of d® metal complexes. The C1-Pt1-N2 angles
(81.19-81.51°) are found to deviate from the ideal angle 90°
due to the restricted bite angle of the bidentate C*N ligands.
This is accompanied by a concomitant opening of the C1-
Pt1-N1 (94.66-95.38°) and N1-Pt1-Cl1 (87.17-88.70°) bond

angles. The bonds chelating around the platinum ion
exhibit typical bond lengths compared with some similar
complexes.'*'%19

1930 | Dalton Trans., 2023, 52,1927-1938

Fig. 1 and S64t show that complexes 7 and 12 are packed as
head-to-tail dimers in crystals. The closest Pt-Pt distances
(dpe_py) in the crystals of 7 and 12 are 5.144 A and 5.815 A
respectively, indicating the absence of metal-metal inter-
actions. However, the dimers have slight overlap between the
adjacent [Pt(C*N)] moieties with a vertical plane-to-plane sep-
aration (d,_) of ~3.40 A for 7 and ~3.51 A for 12, indicative of
moderate n-n interactions for these two complexes. Notably,
the molecules of complex 14 are packed as head-to-tail dimers
in the crystal packing with one co-crystallized ethyl acetate
solvent molecule between two Pt complexes. No significant Pt
(u)---Pt(u) or m-m interactions could be detected, since the
closest Pt-Pt distance is 10.051 A with no direct overlap
between adjacent complexes.

Electrochemical properties

Voltammetric studies were carried out in CH,Cl, in order to
decipher the redox properties of the complexes in relation with
their photophysical features. Table 2 gathers the electro-
chemical data using a Pt working electrode. All complexes
show several oxidation peaks above 0.3 V vs. Fc'/Fc and one
reduction peak below ca. —1.6 V (see Fig. 2 and ESI Fig. S65-
S707 for cyclic voltammograms).

As a first observation, it seems clear that the nature of the
diazine ring significantly affects the reduction potential of the
complexes. This is best exemplified by the methoxy series
(complexes 1, 17, 21), which shows reduction peaks at —2.27 V
(pyrimidine), —1.97 V (pyrazine), and —1.67 V (quinazoline)
against Fc'/Fc, respectively. The potential difference of 300 mV
between each of these complexes (Fig. 2A) can be correlated
with the electronic properties of diazine, with the most elec-
tron deficient system (quinazoline) moving the reduction peak
towards the most positive values. Compared to the pyrimidine
derivative, the annulated benzene ring of the quinazoline

This journal is © The Royal Society of Chemistry 2023
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Table 2 Electrochemical data for complexes 1-24 (C = 0.5 mM) using
a Pt working electrode in 0.1 M NBu4PFg in CH,Cl, (E/V vs. Fc, v = 0.1V
s

Complex E°(1) Epa(2) E°(3)

1 0.78% —2.27°
2 0.75% —2.29¢
3 0.75% —2.39°
4 0.70% —2.40°
5 0.83¢ —2.26°
6 0.36 0.58° —2.25%
7 0.35 0.62° —2.21°
8 0.35 0.56° —2.36%
9 0.33 0.63° —2.40°
10 0.39 0.57° —2.24°
11 0.42 1.12¢ -1.84
12 1.01¢ —2.21°
13 0.92° —2.27°
14 0.85% —2.287
15 0.75% —2.24°
16 0.50 —2.27°
17 0.82¢ -1.97
18 0.40 1.05% —1.97%¢
19 1.02¢ —-1.96"
20 0.82° —-1.94°
21 0.82¢ -1.67
22 0.77% -1.69
23 0.42 1.04¢ -1.67
24 0.40 1.00% -1.68

“Irreversible peak (E,, or Ep. value). b Low-intensity wave which
becomes more intense after reduction at —2.3 V. “A supplementary
low-intensity reversible wave is detected at —1.42 V upon reduction.

system probably favors electron delocalization upon electro-
chemical reduction, leading to better stabilization of the
reduced species.’** Another interesting observation is that
both pyrazine and quinazoline complexes exhibit a reversible
reduction process, whereas the pyrimidine complex exhibits a
completely irreversible reduction process. Such irreversibility
may be caused by the reaction between the reduced complex
and the electrolytic solution. The process could also be inter-

View Article Online
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preted as a disproportionation reaction involving the reduced
pyrimidine complex.?°

Voltammetric studies were also carried out with complexes
bearing various substituents at the 4-position of the pyrimidine
ring. A striking result was obtained with the trifluoromethyl sub-
stituted complex 11. Indeed, the reduction process occurs at a
much less negative potential compared to the H-substituted pyr-
imidine complex 6 (410 mV difference) (Fig. 2B).

On the oxidation side, the presence of a diphenylamino
group on the Pt-bound phenyl moiety (complexes 6-11)
induces the appearance of a reversible wave at ca. E°(1) = 0.35 V,
which can be ascribed to the oxidation of the amine.'* The
different substituents at the para position of the phenyl ring in
relation to the Pt metal center affect the oxidation potential
according to their electron donating properties. Therefore, the
lowest oxidation potential value was obtained for the strongest
electron-donating NPh, group: phenyl (12: 1.07 V); 9H-carbazol-9-
yl (14: 0.90 V); methoxy (1: 0.78 V), and diphenylamino (6: 0.58 V).

The redox properties of the present complexes can be com-
pared with those already reported by Zhao and co-workers'**
for an analogous 2-phenylpyrimidine complex with the diphe-
nylamino group at the meta position of the Pt atom. Although
the voltammetric behavior is similar, the first two oxidation
peaks for complex 6 are found at much less positive values
(approx. 300 mV). This discrepancy may be ascribed to the
difference in the position of the diphenylamino group on the
phenyl ring, which may affect both the amine and Pt(u) oxi-
dation processes. In the cathodic part of the voltammogram,
both complexes show irreversible reduction peaks at around
—2.2 V (170 mV difference). Accordingly, this process was pro-
posed to occur primarily at the pyrimidine and ancillary pyri-
dine groups. Further comparison can be made with tridentate
C~N”N-Pt complexes. For example, complexes 1 and 5 display
oxidation peaks at more positive potential values than the
reported N*C"N-Pt chloro analogue, where N = pyrimidine
and C = methoxybenzene.'® Conversely, the reduction occurs
at more negative values. Even if the comparison is not strictly

A) o] B),
—omert
20 4 —— Complex 17 44 X
—— Complex 21 /& '

104 0+ = ———
< < 4-
3 o 3
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T
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Fig. 2

T
25 20 15 1.0 -05 0.0 0.5 1.0
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(A) Cyclic voltammograms of complexes 1 (black), 17 (blue), and 21 (red). (B) Cyclic voltammograms of complexes 6 (orange) and 11 (blue).

CV obtained by using a Pt working electrode in 0.1 M NBu4PFg in CH,Cl, (E/V vs. Fc*/Fc,v = 0.1V s™!, C = 0.5 mM). The arrow indicates the scanning

direction from the initial potential.

This journal is © The Royal Society of Chemistry 2023
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correct, this difference suggests that the tridentate structure
stabilizes the oxidized and reduced states and lowers the
HOMO-LUMO gap compared to the bidentate case.

Photophysical properties

The UV/vis absorption and photoluminescence properties of
complexes were measured in degassed CH,Cl, solution and in
potassium bromide pellets (2 wt%). The resulting data are
summarized in Table 3.

Several absorption bands at below 400 nm are observed for
all complexes, with the most intense one being attributed to
intraligand n-n* and n-n* transitions.'” Furthermore, one or,
in some cases, two significantly less intense bands appear
between 400 and 570 nm. The absorption spectra of phenylpyr-
imidine complexes 1, 6, 12, and 14 are shown in Fig. 3 (see the
ESI, Fig. S71-S761 for other complexes). These bands have
metal-to-ligand charge transfer (MLCT) and ligand-to-ligand
charge transfer (LLCT) character. In the phenylpyrimidine
series, the less energetic absorption band red-shifts with
increasing the strength of the electron-donating group at the
para position of the Pt atom on the phenyl moiety: from
404 nm for phenyl (12) to 412 nm for 9H-carbazol-9-yl (14),
427 nm for methoxy (1), and 449 nm for diphenylamino (6).
The same trend is observed in the phenylpyrazine and phenyl-
quinazoline series. 9H-carbazol-2-yl-pyrimidine complex 16
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exhibits a less energetic absorption band that is red-shifted
compared to those of all the phenylpyrimidine analogues. In
the phenylpyrimidine series, the presence of an electron-
donating methoxy group on the pyrimidine ring induces a
slight blue-shift of up to 18 nm (1, 2, 6, and 7 vs. 3, 4, 8, and 9
respectively). On the other hand, a strong electron-withdrawing
trifluoromethyl group on the pyrimidine ring (compound 11)
induces a red-shift of 28 nm regarding 6 (Fig. S727).
Meanwhile, in the pyrimidine series, a change in the ancillary
ligand (pyridine with 4-methoxypyridine or pyrimidine) does
not significantly modify the position of the absorption band.

Phenylpyrazine and phenylquinazoline analogues have a
less energetic absorption band that is notably red-shifted as
can be seen, for example, in the methoxy series: 427 nm for
the phenylpyrimidine complex 1, 466 nm for the phenylpyra-
zine complex 17, and 504 nm for the phenylquinazoline
complex 21 (Fig. S737). It has been reported that this batho-
chromic shift can be explained by the presence of a second N
atom in the conjugated position to the Pt atom in the pyrazine
complexes,” and by the more pronounced electron-withdraw-
ing character of the quinazoline fragment.'®

Most of the complexes are luminescent in CH,Cl, solutions
with emission lifetimes ranging from 4 to 12 ps and Stokes
shifts between 4700 and 6300 cm™", characteristic of phos-
phorescence. The presence of strong electron-donating diphe-

Table 3 Photophysical characteristics of complexes 1-24 in CH,Cl, and in the solid state (2 wt% in the KBr matrix)

CH,ClL,“ KBr (2 wt%)
PL PL

UV/Vis

Jmax, NM (&, MM ™" em™") Amao DM 7,45 @pr”®, %  Stokes shift’, em™  Apay, NM nus P, %
1 254 (42.3), 294 (14.0), 347 (6.22), 427 (2.95) 556,582 12.9 45 5434 531, 593 14.8 4
2 254 (40.9), 289 (13.9), 351 (5.55), 430 (2.55) 556,582 9.7 54 5553 551, 589 11.6 20
3 253(46.0), 297 (10.8), 341 (5.89), 416 (4.57) 545,575 12.0 47 5404 547,577 132 3
4 252(38.5),288 (18.4), 338 (5.04), 415 (2.99) 545,575 7.7 15 5632 562, 594 9.6 2
5  251(28.8), 285 (14.3), 345 (4.69), 413 (2.49) 543,571 43 9 5797 587 9.6 <1
6 258 (24.4), 293 (35.2), 449 (2.92) 643 89 5 6744 635 9.7 2
7 258(25.0), 294 (35.0), 451 (3.13) 643 74 4 6474 630 156 8
8 259 (30.6), 293 (38.5), (5.71), 437 (1.67) 630 6.8 8 6523 625 136 5
9 262 (33.6), 293 (50.0), 350 (8.24), 433 (2.17) 630 61 6 6422 604 109 3
10 259 (19.9), 292 (28.7), 342 (6.53), 442 (1.74) 630 6.0 3 6498 598, 627 134 5
11 255 (24.1), 299 (44.4), 345 (3.57), 383 (1.45) 477 (0.84) 642 — < —° 691 9.9 2
12 277 (41.3), 346 (3.94), 404 (1.27) 508,538 8.5 5 4705 495,531,566  12.0 7
13 277 (35.1), 348 (4.06), 402 (1.79) 508,538 4.4 7 6253 517n, 555,590 11.5 3
14 241 (68.9), 261 (52.5), 291 (38.7), 341 (10.6), 412 (2.29) 547 4.7 12 5990 517, 568 122 5
15 270 (36.4), 330 (9.11), 342 (10.0), 415 (2.46) 543 39 15 6094 567 132 14
16 271 (26.7), 298 (12.0), 341 (14.1), 379 (8.33), 455 (1.84) 583 7.3 22 5040 630 145 1
17 256 (33.0), 319 (13.1), 357 (7.82), 466 (2.12) 630 6.3 12 5725 634, 699 17.4 4
18 264 (53.5), 283 (60.0), 372 (4.31), 490 (1.57) —° - = —° 684 74 2
19 270 (61.2), 321 (19.6), 347 (11.9), 445 (2.55) 583 7.9 30 6275 652 14.6 3
20 243 (56.8), 267 (53.6), 328 (13.2), 343 (10.6), 452 (1.02) 608 56 9 5928 638 105 2
21 274 (29.4), 351 (10.5), 401 (4.53), 504 (3.32) 671 54 26 4975 728 9.2 3
22 246 (21.3), 259 (23.1), 276 (22.4), 351 (8.05), 367 (7.53), 677 51 16 4776 720 63 6

408 (3.98), 511 (3.13)
23 280 (48.9), 299 (49.8), 345 (24.8), 364 (16.0), 397 (6.71), —° - = —° 795 3.5 <1

546 (2.79), 563 (3.17)

( )’ e e e e e e

24 247 (24.6), 292 (38.9), 364 (12.9), 396 (6.44), 566 (3.23) —*

“ All spectra were recorded at room temperature at ¢ ~ 1.0 x 10™° M. The solutions were deoxygenated by bubbling N,. ® Photoluminescence

quantum yield (+10%) determined in relation to 9,10-bisphenylethynylanthracene in cyclohexane (Ppy, = 1.00).

21 ¢ Calculated using the less ener-

getic absorption and the more energetic emission bands. ¢ Absolute value measured with an integrating sphere (powder). ° Emission too low to

permit accurate measurement.
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Fig. 3 (A) UV-Vis absorption spectra of phenylpyrimidine complexes 1, 6, 12, and 14 in CH,Cl, solution (C ~ 107> M). (B) TD-DFT-simulated UV-vis

absorption spectra of complexes 1, 6, 12, and 14.

nylamino groups on the phenylpyrazine/phenylquinazoline
ligands (complexes 18, 23, and 24) leads to non-emissive com-
plexes. The latter may be explained by a too strong charge
transfer that disfavors the radiative return to the ground
state.”® The position of the emission band in the phenylpyri-
midine complexes follows the same trend as that in the less
energetic absorption band; a red-shift is observed as the
strength of the electron-donating substituent increases: green
emission for phenyl (12, 508/538 nm), yellow-green for 9H-car-
bazol-9-yl (14, 547 nm), yellow for methoxy (1, 556/582 nm),
and red for diphenylamino group (6, 644 nm) (Fig. 4). In this
series, the highest PLQY is observed for the methoxy complex
1 (45%). Complex 16 with the 9H-carbazol-2-yl-pyrimidine N~C
ligand shows yellow-orange emission with a PLQY of 22%. The
presence of a methoxy substituent on the pyrimidine ring
induces a slight blue-shift (8-17 nm) of the emission (com-
plexes 1, 2, 6, and 7 vs. 3, 4, 8, and 9, respectively) due to the
reduction of the electron-withdrawing character of the hetero-
cyclic part of the N~C ligand. In the phenylpyrimidine series,

A

) —12 —14 —1 —6
1

z

5 08

£ 06

= 04
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&g : , : , : =
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—1 —17 —21
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zZ 0 T T T
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Fig. 5 Normalized emission spectra of methoxy-substituted complexes
1, 17, and 21 in deoxygenated CH,Cl, solution (C ~ 107> M). deye = 4225

max
of the lowest energy band. Inset: Picture of the CH,Cl, solutions taken

under UV irradiation (from left to right: 1, 17, and 21).

B)

—12 —14

Normalized Emission Intensity

450 550 650 750 850

Wavelength, nm

Fig. 4 (A) Normalized emission spectra of phenylpyrimidine complexes 1, 6, 12, and 14 in deoxygenated CH,Cl, solution (C ~ 107> M). deyc = 4255 of

max

the lowest energy band. Inset: Pictures of the CH,Cl, solutions taken under UV irradiation (from left to right: 12, 14, 1, and 6). (B) DFT-simulated

phosphorescence spectra of complexes 12, 14, 1, and 6.
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Fig. 6 Solid state emission (2 wt% in the KBr matrix) of complexes 1, 6,
12, and 14. Jec = 2255 of the lowest energy band in CH,Cl, solution.

max
Inset: Pictures of the KBr pellets taken under UV irradiation (from left to

right: 12, 14, 1, and 6).

the modification of the azaheterocyclic ancillary ligand does
not appreciably change the emission maxima (2, 4/5, 7, and 9/
10 vs. 1, 3, 6, and 8, respectively), although the pyrimidine
ligands (complexes 5 and 10) significantly decrease the PLQY.
Phenylpyrazine complexes 17, 19, and 20 exhibit a red-shift
of around 60 nm in relation to their phenylpyrimidine ana-
logues and exhibit lower PLQY. As for the methoxy-substituted
complex 17, the emission is shifted to the orange-red region of
the spectrum (Fig. 5). The emission of the methoxy-substituted

View Article Online
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phenylquinazoline complex 22 is the most red-shifted in the
series (Aem = 678 nm).

Emission can also be detected for all complexes in the solid
state (2 wt% in the KBr matrix), except for 24. Emission life-
times are higher than those in CH,Cl, solution (up to 17.4 ps
for 17). As an example, the emission spectra of complexes 1, 6,
13, and 14 are shown in Fig. 6. As in solution, the solid-state
emission depends on the substituents on the phenyl ring and
the nature of the diazine ring. No particular red-shift or broad-
ening of the emission band is observed, which could indicate
aggregation or excimer formation, probably because the out-of-
plane azaheterocyclic ancillary ligand hinders Pt(u)---Pt(u) and
n-n interactions. Nevertheless, the emission from the pyrazine
and quinazoline complexes 17-22 is red-shifted for up to
80 nm in relation to the emission in solution.

The position of emission maxima globally follows the same
rules as that in CH,Cl, solution. The highest PLQYs are
measured for complexes 2 (20%), 15 (14%), and 7 (8%), all of
them bearing the 4-methoxypyrimidine ancillary ligand.
Phenylquinazoline complexes 21-23 exhibit emission in the
near-infrared region and the PLQY of complex 22 (6%) is par-
ticularly appealing for such emission.

Computational investigations

Density functional theory (DFT) calculations at the PBE0/Def2-
TZVP level were performed to optimize the geometries of com-
pounds 1-24, except for complex 16. Solvent (CH,Cl,) effect
corrections were included (see the Computational details in
the ESIt). The optimized structures are shown in Fig. S91 and
S92.7 The optimized geometries of 6, 12, and 14 are in a very
good agreement with their experimental X-ray results (see

Table 4 Relevant computed data for complexes 1-15 and 17-23. The reported Anax Values are taken from the simulated spectra

Complex # (D) AEy 1, (eV) IE® (eV) EA? (eV) Amax (Nm) absorption Amax (NM) emission
1 5.94 3.86 5.54 —2.30 265, 372, 418 538
2 6.90 3.87 5.51 —2.27 304, 275, 418 540
3 7.04 3.95 5.50 —2.24 249, 306, 406 533
4 7.45 3.95 5.47 —-2.21 263, 312, 408 571
5 7.99 3.86 5.56 —-2.29 246, 309, 408 567
6 4.07 3.36 5.10 —-2.35 306, 417, 472 664
7 5.82 3.38 5.08 —-2.33 305, 409, 472 651
8 5.18 3.47 5.09 —-2.29 269, 306, 459 692
9 6.56 3.48 5.07 —2.27 307, 356, 457 607
10 6.44 3.36 5.13 —-2.35 309, 353, 465 678
11 6.99 3.05 5.16 —-2.74 376, 461, 526 682
12 4.11 4.02 5.75 —-2.33 275, 355, 400 522
13 5.29 4.02 5.72 —-2.30 279, 353, 402 496
14 3.58 3.76 5.56 —-2.41 240, 270, 413 526
15 5.48 3.79 5.55 —-2.39 308, 355, 412 550
17 9.04 3.60 5.57 —-2.59 249, 294, 465 590
18 8.85 3.21 5.16 —2.56 305, 370, 503 713
19 7.26 3.76 6.20 —2.62 283, 441 538
20 6.33 3.50 5.60 —2.69 241, 279, 452 571
21 10.87 3.28 5.58 —-2.92 274, 326, 513 672
22 10.95 3.28 5.55 —-2.90 327,357,515 729
23 9.36 2.80 5.15 —-2.95 353, 410, 595 805
24 10.22 2.82 5.14 —-2.93 317, 412, 592 951

“ Electron affinity. ? Tonization energy.
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Table 1 and compare Fig. 1 with Fig. S91 and S927). Relevant
computed data are provided in Table 4. The largest HOMO-
LUMO gaps (AEy_r = 4.02 eV) are found for complexes with
phenyl-substituted pyrimidine ligands 12 and 13, whereas the
smallest HOMO-LUMO gap (3.05 eV) corresponds to 11, which
bears both donor (diphenylamino) and acceptor (trifluoro-
methyl) substituents. The HOMOs of all the complexes are
similar (see selected examples in Fig. 7). They show little or no
involvement of the pyridine and pyrimidine heterocycles.
Assuming that the C-Pt-Cl axis is the x axis and z is perpen-
dicular to the Pt coordination plane, they all consist of some
5d,.(Pt) atomic orbitals (AOs) (typically between 7 and 30%)
antibondingly mixed with n-type orbitals of the ligands co-

View Article Online
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ordinated along the x axis. This ligand contribution to the
HOMOs is predominant. The HOMOs of the complexes that
bear a diphenylamino substituent on the phenyl ring show a
large participation of this substituent, which explains their
peculiar oxidation behavior (see above). For all complexes,
there is only one occupied orbital with dominant metal partici-
pation. It is 5d,” in nature and, depending on the complexes,
corresponds to the HOMO—-1, HOMO—-2 or HOMO-3 (see the
selected MO diagrams in Fig. S100-S1047}). The formally occu-
pied 5d,, 5d,, and 5d,, AOs are in fact diluted in a large
number of the occupied molecular orbitals (down to the
HOMO-10/HOMO-14), in which the ligand character always
dominates. The LUMOs of all the complexes are derived from

14

Fig. 7 Plots of the HOMO (below) and LUMO (above) of complexes 1, 6, 12, 14, and 17.
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the LUMOs of the diazine ligands, with a small percentage of
metal participation, and, in some cases, additional contri-
bution from the azaheterocyclic ancillary ligands (Fig. 7).

The computed ionization energies correlate linearly with
the first recorded oxidation peak (see above), except for com-
pounds 12, 14, and 19, for which the match is more approxi-
mate (see Fig. S931). In the case of these three compounds, a
peculiarly explicit role of the electrolyte or solvent in the cat-
ionic form, not considered in the calculations, could be tenta-
tively predicted. There is also a slightly lower correlation
between the computed electron affinities and the recorded E°
(3) potentials (Fig. S941). It should be noted that most of the
electrochemical potentials considered in Fig. S93 and S94F
correspond to the irreversible peaks (see Table 2), which could
be the reason for the appearance of some (small) deviations
away from the root-mean-square line.

TD-DFT calculations were performed for complexes 1-24
(except for 16) to better understand their optical behavior. The
simulated spectra (singlet — singlet transitions) satisfactorily
reproduce the shape of the experimental spectra and their A,,ax
values (Table 4) match reasonably well with their recorded
counterparts (Table 3). The simulated spectra of 1, 6, 12, and
14 are illustrated in Fig. 3 and those of the other complexes
are shown in Fig. $95-S97.1 For all of them, the weak band of
the lowest energy with A,,.x > 400 nm is associated with a
HOMO-LUMO transition. The higher energy bands are
majorly LLCT in nature (mainly with L = substituted diazine)
with some MLCT contribution, owing to the (minor but signifi-
cant) metallic admixture of most of the highest occupied mole-
cular orbitals (MOs). It should be noted that the occupied MO,
mostly of 5d,? in nature, is not involved in these transitions.

It was found that the fully optimized lowest triplet state
simply results from a HOMO — LUMO excitation. The vibra-
tionally resolved simulated phosphorescence spectra were
computed by assuming emission from this excited state (see
the Computational details). The simulated spectra of com-
plexes 1, 6, 12, and 14 match quite well with their experimental
counterparts recorded in solution (Fig. 4). The A. values
obtained from the simulated spectra are listed in Table 4
where a fairly good agreement can be observed between most
of these values and the corresponding experimental ones
(Table 3 and Fig. S105%). It can also be noted that the com-
puted values for the experimentally non-emissive complexes
19, 23, and 24 fall in the near-infrared region. The value corres-
ponding to 11 (also non-emissive) is slightly smaller (682 nm).

The charge transfers associated with the triplet — singlet
emission were calculated from TD-DFT calculations by using
the method developed by Adamo and coworkers®® (see the
Computational details). They are quantified by their corres-
ponding transferred fractions of electron ¢°* over associated
spatial extends d°". They are illustrated as the plots of the differ-
ences between the densities of the two states involved in the
emission process, which are shown along with their associated
q“" and d°" in Fig. $98 and $99.f Their main features indicate a
charge transfer from the substituted phenyl ring to the diazine
heterocycle. The non-emissive compounds 11, 18, 23, and 24 are

1936 | Dalton Trans., 2023, 52, 1927-1938
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still different from the other complexes with their larger ¢°T and
d°T values. It is noteworthy that the complexes having the
largest PLQY in CH,Cl, solution (namely 1, 2, and 3) are among
those with the lowest ¢°" and d“", which is surprising at the
first glance. Nevertheless, it should be considered that impor-
tant charge reorganisations are also associated with non-negli-
gible structural changes upon de-excitation, which in turn tend
to favor non-radiative processes. Compounds 1-3 appear to
satisfy the best balance between such conflicting parameters.

Conclusion

In summary, we have designed a series of 24 Pt(u) complexes
bearing phenyldiazine N~C ligands as well as chloride and aza-
heterocyclic ancillary ligands. The remarkable feature of the here
presented material is that a rather simple structural motif of the
Pt(n) complex was successfully modified, yielding interesting
luminophores. Various structural modifications have been made
in this series of complexes: the substituent on the phenyl ring at
the para position to the metal center (methoxy, diphenylamino,
phenyl, and 9H-carbazol-9-yl), the nature of the diazine fragment
(pyrimidine, pyrazine, and quinazoline), the substituents at the
C4 position of the pyrimidine ring (OMe and CF;), and the
nature of the azaheterocyclic ancillary ligand (pyridine, 4-methox-
ypyridine and pyrimidine). The structural modifications have a
significant effect on the optical properties of the complexes,
which exhibit green to red/near-infrared phosphorescence emis-
sion both in CH,Cl, solution and in the solid state. The following
structure-property relationships can be highlighted:

- The strength of the EDG on the phenyl ring tunes the oxi-
dation potential, the HOMO energy and emission wavelength.
The stronger the EDG, the more red-shifted the emission.

« The nature of the diazine fragment affects the reduction
potential and the emission wavelength, with a red-shift in the
following order: pyrimidine < pyrazine < quinazoline. For pyri-
midine complexes, both the reduction potential and the emis-
sion wavelength can be modulated by introducing an EDG/
EWG at the C4 position of the pyrimidine ring.

« The ancillary ligand has a moderate influence on the elec-
tronic properties but plays a significant role in the PLQY. In
the solid state, the 4-methoxypyridine ligand has a beneficial
effect.

Complexes 1-3 with a 2-(3-methoxyphenyl)pyrimidine
ligand exhibit the best compromise in terms of charge trans-
fer, leading to the best PLQY (up to 52% in CH,Cl, solution).
On the other hand, phenylquinazoline complexes 21-23
exhibit emissions in the near-infrared region. The solid-state
PLQY of complex 22 (6%) is particularly appealing for such
red-shifted emissions. In the near future, more attractive com-
plexes will be incorporated in PhOLED devices.
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