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A B S T R A C T

In this study, a couple of tetradentate Pt(II) enantiomers ((�)-1 and (þ)-1) and a couple of tetradentate Pt(IV)
enantiomers ((�)-2 and (þ)-2) containing fused 5/6/6 metallocycles have been synthesized by controlling re-
action conditions. Two valence forms could transform into each other through mild chemical oxidants and re-
ductants. Single-crystal X-ray diffraction confirms the structures of (�)-1 and (�)-2. The coordination sphere of
the Pt(II) cation in (�)-1 displays a distorted square-planar geometry and a platinum centroid helix chirality. In
contrast, the structure of (�)-2 reveals a distorted octahedral geometry. The solution and the solid of (�)-1 are
highly luminescent. Complex (�)-1 shows a prominent aggregation-induced emission enhancement (AIEE)
behavior in DMSO/water solution with emission quantum yield (Φem) up to 73.2%. Furthermore, highly phos-
phorescent Pt(II) enantiomers exhibit significant circularly polarized luminescence (CPL) with a dissymmetry
factor (glum) of order 10�3 in CH2Cl2 solutions at room temperature. Symmetrically appreciable CPL signals are
observed for the enantiomers (�)-1 and (þ)-1.
1. Introduction

Circularly polarized luminescent (CPL) Pt(II) complexes have
garnered increasing interest due to their tunable emission wavelengths
and high emission quantum yields (Φem), showing promising potential in
circularly polarized phosphorescent organic light-emitting diodes (CP-
PhOLEDs) [1, 2, 3, 4, 5]. Several strategies have been adopted to develop
CPL phosphorescent Pt(II) complexes. Initially, intrinsic CPL-active chiral
π-systems such as helicene [6, 7, 8] and binaphthyl derivatives [9, 10]
have been decorated on the parent phosphorescent Pt(II) skeletons.
Furthermore, square-planar Pt(II) complexes prefer to assemble into su-
pramolecular helical aggregates, exhibiting chiroptically active 3MMLCT
signals [11, 12, 13, 14, 15, 16, 17, 18, 19]. In addition to the above two
strategies, another method to obtain CPL-active Pt(II) complexes is to
utilize coordination chirality [20, 21, 22, 23]. Through choosing
appropriate chelating ligands such as trans-spanning phenylpyridine,
substituted (2-thienyl)pyridine and trans-bis[(β-iminomethyl)aryloxy],
chiral-at-metal, chiral-at-plane and chiral-at-cluster Pt(II) complexes
with significant CPL response and distinct anisotropic factors glum (glum ¼
hang).
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2ΔI/I ¼ 2(IL–IR)/(IL þ IR), where IL and IR refer, respectively, to the in-
tensity of circularly polarized emissions of left and right) could be suc-
cessfully induced [24, 25, 26, 27, 28, 29]. When these twisted Pt(II)
complexes serve as chiral emitters, low-cost CP-PhOLEDs could be
fabricated through a solution process, achieving competitive luminance
efficiency, external quantum efficiency, and asymmetry factor [30, 31].

Tetradentate Pt(II) complexes feature high thermal stabilities and
emission quantum yields with Φem values of up to 100% so that they can
serve as efficient phosphorescent emitters with high color purity for full-
color display OLED applications [32, 33, 34, 35, 36, 37]. The emission
colors of the tetradentate Pt(II) complexes could be tuned in the entire
visible region by changing the heteroaromatic rings [38, 39, 40].
Six-membered metallocycles occupy more angular space, rendering the
tetradentate complex non-planar [41]. Tetradentate Pt(II) complexes
containing fused 5/6/6 or 6/6/6 metallocycles exhibit a more significant
degree of distortions with bigger dihedrals than those with fused 5/6/5
or 5/5/6 metallocycles [42, 43, 44]. Hence, the molecular geometry of
tetradentate Pt(II) complexes with more six-membered-ring chelates
would be more distorted, which is beneficial for alleviating
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intermolecular Pt⋯Pt interactions. The blue or green luminescence of
tetradentate Pt(II) complexes containing fused 5/6/6 or 6/6/6 metallo-
cycles originates mainly from the monomeric ligand-centered triplet
transition state (3LC), and excimeric emission is scarcely found [45, 46].
On the contrary, the planar complexes with fused 5/6/5 or 5/5/6 met-
allocycles are apt to form excimers; therefore, it is possible to regulate
emission from narrow blue to broad white by managing monomeric and
excimeric states [47, 48, 49].

Tetradentate Pt(II) complexes containing fused 5/6/6 or 6/6/6 met-
allocycles are significantly distorted, and their terminal fragments
deviate from the coordinating plane [41, 42, 43, 44]. Therefore, those
twisted complexes may possess interesting chiral optical properties.
Recently, Zheng et al. developed a series of tetradentate Pt(II) complexes
containing fused 5/6/6 or 6/6/6 metallocycles, demonstrating apparent
circularly polarized luminescence (CPL) properties and exhibiting good
device performances in CP-PhOLEDs [31]. However, the separation of
the enantiomers from racemates through chiral resolution is compli-
cated, and racemization may occur at room temperature. Subsequently,
employing (RR)/(SS)-1,2-diphenylethane-1,2-diamine as the intrinsic
chiral source, Zheng et al. designed and synthesized two pairs of
CPL-active Pt(II) complexes with fused 5/5/5 metallocycles, avoiding
further chiral separation and possible racemization [28]. We have pre-
viously studied the CPL properties of pinene-containing cyclometalated
Pt(II) complexes with chiral-at-metal and helical chirality [50, 51, 52,
53]. Pinenes with defined carbon stereocenters would control the specific
configuration and stacking of Pt(II) complexes [50, 51, 52, 53, 54, 55]. In
this work, a couple of pinene-functionalized phosphorescent tetradentate
Pt(II) complexes ((�)-1 and (þ)-1) with fused 5/6/6 metallocycles have
been prepared under the protection of argon (Scheme 1). Similarly to the
reported results, a couple of novel enantiomeric tetradentate Pt(IV)
complexes ((�)-2 and (þ)-2) were successfully isolated under-reacting in
the air. The phosphorescent tetradentate Pt(II) complex (�)-1 displays
Scheme 1. Synthesis rout
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distinct AIEE behaviors. Significantly, the enantiomers (�)-1 and (þ)-1
show clear and symmetric CPL activities with |glum| of 10�3.

2. Experimental section

2.1. General methods

All reagents were purchased from commercial suppliers and used as
received. High-resolution ESI (HR-ESI) mass spectrometry spectra were
acquired on a Thermo Scientific Q Exactive Mass Spectrometer.
Elemental analysis was performed on a PerkinElmer 240C analyzer. The
samples were dried under vacuum at 50 �C for 24 h to remove solvated
molecules prior to elemental analysis. The 1H and 13C NMR spectra were
obtained on a Bruker DRX-400 spectrometer. Coupling constants are
given in hertz. UV-vis spectra were measured on a UV-3600 spectro-
photometer. Photoluminescence (PL) spectra were measured with the
Hitachi F-4600 PL spectrophotometer (λex¼ 420 nm). Circular dichroism
(CD) spectra in CH2Cl2 solution were recorded on a Jasco J-810 spec-
tropolarimeter at a scan rate of 100 nmmin�1 and a resolution of 1 nm at
room temperature. CPL spectra were recorded using a circularly polarizer
on a Jasco CPL-300 spectrophotometer at a scan rate of 100 nm min�1

and a resolution of 1 nm at room temperature.

2.2. Synthetic procedures

Synthesis of (¡)-L. A 15mL DMSO (pretreated with molecular sieve)
solution of 394 mg (�)-4,5-pinene-3-bromophenyl-pyridine (1.2 mmol,
1.2 eq) and 187 mg 3-(pyridin-2-yloxy)phenol (1.0 mmol, 1.0 eq) was
added into a 25 mL Schlenk flask containing anhydrous potassium
phosphate (2.1 eq), CuI (0.10 eq) and 2-picolinic acid (0.20 eq). The
solution was refluxed at 120 �C under dark in an argon atmosphere for
three days. The solution was cooled to room temperature and extracted
e of (�)-1 and (�)-2.
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with CH2Cl2 3 times. The organic layers were combined and dried over
Na2SO4. The crude product was purified by silica gel flash chromatog-
raphy with an eluent of PE: EA ¼ 5 : 1. 1H NMR (400 MHz, CD2Cl2-d2,
RT): δ 8.33 [s, 1H], 8.25 [d, J¼ 3.2 Hz, 1H], 7.94 [s, 1H], 7.92[d, J¼ 8.0
Hz, 1H], 7.72 [t, J ¼ 7.2 Hz, 1H], 7.64 [s, 1H], 7.54 [t, J ¼ 8.0 Hz, 1H],
7.44 [t, J ¼ 8.0 Hz, 1H], 7.23 [d, J ¼ 7.6 Hz, 1H], 7.00–7.06 [m, 5H],
3.08 [s, 2H], 2.93 [t, J ¼ 5.2 Hz, 1H], 2.75–2.81 [m, 1H], 2.37 [m, 1H],
1.50 [s, 3H], 1.30 [d, J ¼ 9.6 Hz, 1H], 0.75 [s, 3H]. 13C NMR (100 MHz,
CD2Cl2-d2, RT): δ 163.5, 158.8, 157.2, 155.7, 154.4, 147.6, 146.0, 145.3,
142.0, 141.8, 139.6, 130.4, 130.2, 122.1, 120.0, 119.5, 118.9, 117.7,
116.0, 114.5, 111.9, 111.8, 44.5, 40.3, 39.3, 32.9, 32.0, 26.0, 21.4. HR-
MS (ESI) (m/z) [M þ H]þ calcd for C29H27N2O2

þ, 435.2067; found,
435.2231. Anal. Calcd for C29H26N2O2: C, 80.16; H, 6.03; N, 6.45%.
Found: C, 80.18; H, 6.01; N, 6.47%.

Synthesis of (¡)-1. A 50 mL eggplant-shaped bottle was charged
with (�)-L (434 mg, 1 mmol), K2PtCl4 (415 mg, 1 mmol) and tetrabu-
tylammonium bromide (644 mg, 2 mmol) in AcOH (25 mL) at 77 K and
was degassed and refilled with argon three times. The reaction mixture
was refluxed at 115 �C for three days under argon. After the reaction
finished, the residue was filtered and washed with water. The crude
product was purified by silica gel flash chromatography with an eluent of
CH2Cl2. A green-yellow powder was obtained finally. 1H NMR (400MHz,
CD2Cl2-d2, RT): δ 8.55 [dd, J1 ¼ 5.2 Hz, J2 ¼ 1.6 Hz, 1H], 7.91 [m, 2H],
7.67 [s, 1H], 7.39 [d, J ¼ 7.6 Hz, 1H], 7.32 [d, J¼ 8.4 Hz, 1H], 7.17 [d, J
¼ 6.4 Hz, 1H], 7.11 [d, J ¼ 7.6 Hz, 1H], 6.97–7.03 [m, 2H], 6.93–6.96
[tt, J1¼ 8.0 Hz, J2¼ 1.6 Hz, 1H], 6.84 [dd, J1¼ 7.6 Hz, J2¼ 1.2 Hz, 1H],
3.03 [d, J ¼ 2.4 Hz, 2H], 2.73 [t, J ¼ 5.6 Hz, 1H], 2.64–2.70 [m, 1H],
2.27 [m, 1H], 1.34 [s, 3H], 1.21 [d, J ¼ 9.6 Hz, 1H], 0.62 [s, 3H]. 13C
NMR (100 MHz, CD2Cl2-d2, RT): δ 163.2, 160.5, 156.0, 154.3, 152.4,
148.5, 148.0, 147.7, 143.2, 142.5, 140.4, 124.6, 124.3, 120.4, 119.3,
117.7, 116.9, 116.0, 112.6, 109.7, 105.6, 44.7, 39.9, 39.4, 33.2, 31.7,
25.6, 21.2. HR-MS (ESI) (m/z) [M þ H]þ calcd for C29H25N2O2Ptþ,
628.1564; found, 628.1542. Anal. Calcd for C29H24N2O2Pt: C, 55.50; H,
3.85; N, 4.46%. Found: C, 55.53; H, 3.86; N, 4.45%.

Synthesis of (¡)-2. A mixture of (�)-L (434 mg, 1 mmol), K2PtCl4
(415 mg, 1 mmol) and tetrabutylammonium bromide (644 mg, 2 mmol)
in AcOH (25 mL) was allowed to reflux at 115 �C for three days under air.
After the reaction finished, the residue was filtered and washed with
water. The crude product was purified by silica gel flash chromatography
with a CH2Cl2 eluent. A pale-yellow powder was obtained. 1H NMR (400
MHz, CD2Cl2-d2, RT): δ 8.74–8.86 [m, 1H], 8.14 [s, 1H], 8.00 [t, J ¼ 4.0
Hz, 1H], 7.86 [s, 1H], 7.54 [d, J ¼ 8.0 Hz, 1H], 7.36–7.41 [m, 2H],
7.17–7.25 [m, 1H], 7.05–7.13 [m, 2H], 6.99–7.00 [m, 1H], 6.91 [d, J ¼
8.0 Hz, 1H], 3,16 [s, 2H], 2.84 [t, J ¼ 4.0 Hz, 1H], 2.67–2.73 [m, 1H],
2.30 [m, 1H], 1.36 [s, 3H], 1.23 [d, J ¼ 8.0 Hz, 1H], 0.64 [s, 3H]. 13C
NMR (100 MHz, CD2Cl2-d2, RT): δ 161.0, 159.1, 152.2, 151.9, 151.6,
149.9, 148.0, 147.5, 143.9, 143.5, 142.8, 142.2, 127.7, 127.3, 121.3,
121.0, 119.3, 119.2, 116.7, 115.1, 114.1, 112.7, 45.0, 39.8, 39.2, 33.1,
31.5, 25.5, 21.2. HR-MS (ESI) (m/z) [M þ Na]þ calcd for
C29H24Cl2N2NaO2Ptþ, 721.4863; found, 721.0714. Anal. Calcd for
C29H24Cl2N2O2Pt: C, 49.87; H, 3.46; N, 4.01%. Found: C, 49.88; H, 3.47;
N, 4.00%.

Transformation from (¡)-2 to (¡)-1. Complex (�)-2 can be suc-
cessfully transformed to (�)-1 by a heterogeneous reduction with Zn0.
Under an argon atmosphere, a mixture of (�)-2 (698 mg, 1 mmol),
activated Zn0 dust (130 mg, 2 mmol) and 15 mL anhydrous CH2Cl2 in a
25 mL Schlenk flask was heated to 40 �C for 2 days. After cooling down,
the solution was filtered through Celite and the filtrate was concentrated
by rotary evaporation. The crude product was purified by silica gel flash
chromatography eluting with CH2Cl2 to give (�)-1 as a green-yellow
solid.

Transformation from (¡)-1 to (¡)-2. Tetrabutyl ammonium chlo-
ride (834 mg, 3 mmol in 5 mL CH2Cl2) was added dropwise to a stirred
CH2Cl2 solution of (�)-1 (314 mg, 0.5 mmol). And the yellow solution
3

was heated to 40 �C for 24 h in air. After the solvent was removed in
vacuo, the pale-yellow powder (�)-2 was washed with methanol.
2.3. Single crystal X-ray structure determination

Single-crystal X-ray diffraction measurements were performed on a
Bruker SMART APEX CCD and Xcalibur Atlas Gemini ultra. Intensities
were collected with graphite monochromatized Mo Kα radiation (λ ¼
0.71073 Å) or Ga Kα radiation (λ¼ 1.34139 Å) operating at 50 kV and 30
mA, using ω/2θ scan mode. The data reduction was made with the Bruker
SAINT package [56]. Absorption corrections were performed using the
SADABS program [57]. The structures were solved by direct methods and
refined on F2 by full-matrix least-squares using SHELXL-2018/3 (Shel-
drick, 2018) with anisotropic displacement parameters for all
non-hydrogen atoms in the two structures. Hydrogen atoms bonded to
carbon atoms were placed in calculated positions and refined as riding
mode, with C–H ¼ 0.93 Å (methane) or 0.96 Å (methyl) and Uiso(H) ¼
1.2 Ueq (Cmethane) or Uiso(H) ¼ 1.5 Ueq (Cmethyl). All computations were
carried out using the SHELXL-2018/3 program package [58]. CCDC
numbers 2206659–2206660 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
2.4. Calculation methods

The crystal structures of (�)-1 and (�)-2 were used as starting ge-
ometries, and calculations were performedwith the Gaussian 09 program
[59]. Geometry optimizations of ground states were simulated with
density functional theory (DFT) at the hybrid functional
PBE1PBE-D3/LANL2DZ (Pt) and PBE1PBE-D3/6-31g(d,p) (H, C, N, Cl)
levels using CH2Cl2 as solvent. The solvent effect is based on the polar-
izable continuum model (PCM). The optimized structures of (�)-1 and
(�)-2were used to calculate the lowest singlet electronic transition using
the time-dependent density functional theory (TDDFT) method. The ge-
ometry of the first triplet state (T1) was optimized and the analysis of the
natural transition orbital (NTO) was carried out for the excitation of S0→
T1 [40,44-46]. Mulliken population analysis (MPA) was utilized to obtain
the electron density distribution of each atom in the specific molecular
orbital of the Pt(II) complexes using the Multiwfn program [60].

3. Results and discussion

3.1. Synthesis and characterization

The preparation of tetradentate Pt(II) complexes (�)-1 and (�)-2 is
illustrated in Scheme 1. The tetradentate ligand consists of two moieties
that one is phenyl-pyridine and another is phenoxyl-pyridine. An oxygen
atom bridges the two segments mentioned above. Based on our familiar
procedures, the precursor (�)-4,5-pinene-2-(5-bromophenyl) pyridine
was prepared via the Kr€ohnke strategy [61]. The reactant 3-(pyr-
idin-2-yloxy)phenol was synthesized according to reference [41]. A
copper(I)-catalyzed C–O cross-coupling reaction of (�)-4,5-pine-
ne-2-(5-bromophenyl) pyridine and 3-(pyridin-2-yloxy)phenol in the
presence of K3PO4 give the tetradentate ligand (�)-L. Under strictly
argon, tetradentate Pt(II) complex (�)-1 was obtained by the direct
metalation between (�)-L and K2PtCl4 in acetic acid media. Under the
same conditions, tetradentate Pt(IV) complex (�)-2 could be synthesized
in the air. Two oxidation forms Pt(II)/(IV) remained stable in the solution
and solid state, and the oxidation and reduction of the platinum center
were reversible. The enantiomers (þ)-1 and (þ)-2 were also prepared
through the samemethod. The structures of tetradentate Pt(II) and Pt(IV)
complexes have been determined by X-ray diffraction, 1H and 13C NMR
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Table 1.Molecular structures, selected bond lengths (Å), and angles (�) for (�)-1

H.-H. Zhang et al. Heliyon 8 (2022) e11358
spectroscopy (Figures S1-S6), and high-resolution mass spectrometry
(HRMS).
and (�)-2.

(�)-1 y (�)-2

Bond Length (Å)

Pt1–C1 1.941(15) 1.992(12)

Pt1–C2 1.999(15) 2.016(12)

Pt1–N1 2.110(11) 2.153(10)

Pt1–N2 2.123(12) 2.191(11)

Pt2–C3 1.984(15) 1.993(11)

Pt2–C4 1.972(15) 2.009(12)

Pt2–N3 2.093(12) 2.160(10)

Pt2–N4 2.117(12) 2.181(10)

Bond Angle (�)

C1–Pt1–C2 90.2(7) 92.1(5)

C1–Pt1–N1 80.9(6) 80.4(5)

C1–Pt1–N2 168.0(5) 173.1(4)

C2–Pt1–N1 166.9(5) 170.9(4)

C2–Pt1–N2 90.4(6) 87.8(4)

N1–Pt1–N2 100.4(5) 100.2(4)

C3–Pt2–C4 90.8(7) 92.2(5)

C3–Pt2–N3 81.7(6) 80.0(4)

C3–Pt2–N4 166.8(5) 174.2(4)

C4–Pt2–N3 169.6(5) 170.2(4)

C4–Pt2–N4 90.5(5) 87.9(4)

N3–Pt2–N4 98.5(5) 100.5(4)
3.2. Crystal structures

Single crystals of (�)-1 and (�)-2 suitable for X-ray determination
could be obtained. Through the slow evaporation in CH2Cl2/acetone (v/v
¼ 1:1) solution at 0 �C, (�)-1 crystallized as yellow blocks emitting
green-yellow luminescence under UV radiation (λ ¼ 365 nm). Non-
emissive pale-yellow needles of (�)-2 could be separated by the recrys-
tallization in CH2Cl2/acetone (v/v¼ 1:1) solution at RT. Both complexes
(�)-1 and (�)-2 crystallize in the same chiral space group, P21 of the
monoclinic system, with two complex molecules per asymmetrical unit.
The related crystallographic data are summarized in Table S1.

In the crystal structures of (�)-1 and (�)-2, fused 5/6/6 metallocycles
are expected to be formed after coordination (Figure 1). Metal-ligand
Pt–C bond lengths range from 1.94 to 2.02 Å. In contrast, Pt–N coordi-
nate bonds are slightly longer within 2.09–2.19 Å, demonstrating
stronger Pt–C bonding interactions [40, 41, 42, 43, 44, 45, 46, 47, 48].
The coordination sphere of the Pt(II) cation in (�)-1 displays a distorted
square-planar geometry attributable to the boatlike conformation of two
six-membered rings [40, 41, 42, 43]. The bite angles around Pt(II) center
C1–Pt1–N2, C2–Pt1–N1, C3–Pt2–N4, and C4–Pt2–N3 (166.8–169.6�)
significantly deviate from linearity. As revealed in Table 1, the dihedral
angles between the terminal pyridine planes of two crystallographically
independent molecules in (�)-1 are 54.186� and 42.270�, affirming the
intramolecular distortion and suggesting a platinum centroid helix
chirality [28, 31].

The Pt nuclei in the crystal structure of (�)-2 present an octahedral
geometry with phenyl-pyridine and phenoxyl-pyridine moieties coordi-
nating equatorially and two Cl� occupying the axial positions (Figure 1)
[62, 63]. Bite angles C1–Pt1–N2, C2–Pt1–N1, C3–Pt2–N4, and
C4–Pt2–N3 (170.2–174.2�) in (�)-2 are more linear relative to those
angles of (�)-1, implying a slight distortion in octahedral geometry
(Table 1). Given the twisted flexibility of the six-membered ring and
Figure 1. Crystal structure and crystal packing of (�)-1 (a, b), and crystal
structure of (�)-2.

Dihedral Angle (�)

A�B (Pt1) 54.186 33.683

A�C (Pt1) 21.097 4.151

B–C (Pt1) 34.923 30.568

A�B (Pt2) 42.270 42.939

A�C (Pt2) 7.740 13.415

B–C (Pt2) 34.536 29.624

4

steric hindrance of pinenes groups, intermolecular Pt⋯Pt and π�π in-
teractions are not involved in the crystal packing of all crystal forms
(Figure 1).

3.3. Absorption and emission spectra

The UV-vis absorption and emission spectra (�)-1 in CH2Cl2 are
revealed in Figures 2 and 3. The strong, high-energy absorption bands of
complexes (�)-1 below 330 nm with ε exceeding 104 L mol�1⋅cm�1 are
ascribed to ligand-centered (LC) 1π-π* transitions. The moderately
intense bands at a longer wavelength of 350–440 nm (ε > 103 L
mol�1⋅cm�1) are mainly identified as 1ILCT (intraligand charge transfer)
and 1MLCT (metal-to-ligand charge transfer) [40, 41, 42, 43, 44, 45, 46,
47, 48]. In contrast, relatively intense bands at a longer wavelength in
Pt(IV) complex (�)-2 are negligible (Figure S7), which is attributed to the
absence of 1MLCT transitions in high valence state Pt(IV) complexes [62,
63].

The CH2Cl2 solution of complex (�)-1 is highly emissive, dominated
by a green phosphorescence in the 475–650 nm (Figure 3). The emission
maximum is 501 nm, accompanied by a shoulder peak at 530 nm at low



Figure 2. Absorption spectra of (�)-1 and (þ)-1 in CH2Cl2 (5 � 10�5 mol L�1)
at T ¼ 298 K; ECD spectra of (�)-1 and (þ)-1 in CH2Cl2 (5 � 10�5 mol L�1) at T
¼ 298 K (middle); gabs factors of (�)-1 and (þ)-1 (bottom).

Figure 3. Emission spectra of complex (�)-1 in CH2Cl2 with different concen-
trations (λex ¼ 420 nm).
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concentrations (<5000 μM). According to the reported studies [40, 41,
42, 43, 44, 45, 46, 47, 48], the emission arises mostly from a 3LC (3π,π)
state mixed with some 3MLCT characters. The peak at 501 nm mainly
derives from the 3LC state (3π,π) state, and the peak at 530 nm involves
some 3MLCT characters. Further increasing the concentration, the
shoulder peak evolves to the emission maximum. However, a lower en-
ergy emission corresponding to 3MMLCT or excimer emissive state could
not be detected at high concentrations. By examining the crystal struc-
ture, none of the effective intermolecular Pt⋯Pt and π�π interactions are
involved in (�)-1, and any molecular aggregates could not form.
Therefore, the emission is almost concentration-independent. Upon
increasing concentration, we tentatively figured out that molecular
conformations would vary in concentrated solutions. The geometry
would change to maximize the conjugation of 5/6/6 metallocycles,
leading to more charge-transfer (CT) character involvement in the
emissive state [64]. Accordingly, the emission maximum is bath-
ochromically shifted to 530 nm at high concentrations.

Solvent effects on the absorption and emission of (�)-1 are also
examined (Figure S8). The lowest-energy absorption band is hyp-
sochromically shifted with the increased polarity of the solvents, from
381 nm in toluene to 360 nm in methanol, verifying the character of a CT
transition [65, 66, 67]. However, only minimal change (Δλ ¼ 5 nm) of
emission maximum can be perceived upon variation of the solvent po-
larity. The insignificant shift of emission spectra supports the origin of
the lowest triplet state from a predominant 3LC state with limited 3MLCT
characters [40, 41, 42, 43]. In addition, the solid-state emission spectrum
of (�)-1 shows the maximum at 537 nm and two shoulders at 509 and
569 nm (Figure S9).
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3.4. Theoretical investigation

Time-dependent density functional theory (TD-DFT) calculations
have been performed to interpret the nature of the transitions [35, 40, 44,
45, 46]. The calculated S0 geometry of (�)-1 agrees well with the one
determined by the X-ray crystallography, showing a significant distortion
from square planarity with a large dihedral angle (37.09�) between the
terminal pyridine planes (Figure S10). The optimized S0 geometry of
(�)-2 exhibits a distorted octahedral geometry, and the tetradentate
ligand is curved, which is also comparable to the results in the crystal
structure (Table 1).

As depicted in Table S2, the lowest-energy absorption of (�)-1mainly
derives from the S0→S1 transition involving HOMO→LUMO (93.0%) and
HOMO-2→LUMO (4.5%). According to molecular orbital (MO) patterns
and orbital composition analysis (Figure 4 and Table S2), the HOMO is
delocalized on the benzene ring of phenyl-pyridine (Ring D), benzene
ring of phenoxyl-pyridine (Ring E), and bridging O atom between
phenyl-pyridine and phenoxyl-pyridine, and the rest on central Pt atom
(24.02%). In contrast, the LUMO is spread over phenyl-pyridine (Ring A
and Ring D), the pyridine ring of phenoxyl-pyridine (Ring B), and the Pt
nucleus (6.11%).

For high valence state Pt(IV) complex (�)-2, the lowest-energy ab-
sorption at 330 nm comes from the S0→S6 transition concerning
HOMO→LUMOþ1 (94.3%) and HOMO-1→LUMOþ1 (2.43%). The
HOMO of (�)-2 is mainly distributed on the benzene ring of phenyl-
pyridine (Ring D), benzene ring of phenoxyl-pyridine (Ring E), and
bridging O atom between phenyl-pyridine and phenoxyl-pyridine,
resembling the one of (�)-1. The phenyl-pyridine moiety (Ring A and
Ring D) gives a dominant contribution (>90%) to the LUMOþ1 of (�)-2.
Therefore, mixed 1ILCT (tetradentate ligand) and 1MLCT (from Pt(II)
atom to tetradentate ligand) transitions should be responsible for the
lowest-energy absorption band in the UV-Vis spectrum of (�)-1. In
contrast, only 1ILCT transitions establish the lowest-energy absorption of
(�)-2.

Natural transition orbital (NTO) analysis has been executed to
investigate the S0→T1 excitation based on optimized T1 geometry [44,
45, 46]. As shown in Figure 5 and Table S3, both hole (H) and particle
(P) orbitals are resident in phenyl-pyridine moiety (Ring A and Ring
D). In addition, the central Pt atom holds some distributions of both H
and P orbitals. Accordingly, it is confirmed that the luminescence of
(�)-1 is ascribed to a primarily ligand-centered (LC) triplet state (3π,π*)
with some 3MLCT (from Pt(II) atom to phenyl-pyridine moiety)
admixture.



Figure 4. Molecular orbital (MO) patterns of (‒)-1 and (‒)-2 on the basis of their optimized S0 geometries.
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3.5. AIEE properties

Because of solvatochromic behaviors of tetradentate phosphorescent
Pt(II) complexes in the solid-state, MacLachlan et al. investigated solvent-
and temperature-induced change of emissions in mixed DMSO/water
solvents [62]. The continuous addition of water into the DMSO solution
of tetradentate phosphorescent Pt(II) complexes caused a transformation
from monomeric green emission to excimeric orange emission. Herein,
we imagine whether this emission variation exists in pinene-modified
tetradentate Pt(II) complex (�)-1. However, we failed to observe the
change of luminescence from green to orange due to the impossible
Pt⋯Pt interactions between neighboring molecules.

Notably, the luminescence of the DMSO solution of (�)-1 is negligible
with Φem below 1% (Figure 6 and Figure S11). Improving the water
content (fw) from 0 to 40%, we find that the emission intensity has a
progressive rise with Φem attaining 15.92% at fw ¼ 40%, concomitantly
the emission outline stays unchanged with λem at 501 nm and a shoulder
peak at 530 nm, emitting light in green color. Once the proportion of
water in DMSO attained 50%, the shoulder peak at 530 nm in pure DMSO
solution evolves to the maximum. The solution luminescence appears
yellow under UV radiation. Significantly, the emission is intensified
sharply, with Φem reaching the maximum (73.2 %) at fw ¼ 70%,
demonstrating a distinct aggregation-induced emission enhancement
(AIEE) behavior.

As a six-membered metallacycle is more flexible than a
five-membered metallacycle, the aromatic planes forming the
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six-membered metallacycle undergo a vibration up and down sup-
ported by the big dihedral angles in the crystal structure (Table 1),
which would favor non-radiative decay, inducing relatively weak
emissions [64]. In pure DMSO solution, the non-radiative vibration is
continual, leading to an extremely low Φem. Continuous addition of
water to the DMSO solution causes the formation of aggregates. On
the basis of the RIR and RIV mechanisms, the intramolecular vibration
and rotation can be efficiently suppressed in aggregates, restraining
non-radiative decay and promoting radiative decay processes [68, 69,
70]. When the water content increases to a critical value of 50%, many
aggregates form in a mixed solution, resulting in a dramatic increase
in emission intensity. Concurrently, the geometrical change to maxi-
mize conjugation of 5/6/6 metallocycles occurs in the aggregates,
leading to more 3MLCT transitions in the emissive state [64, 71].
Consequently, the shoulder peak at 530 nm develops to the emission
maximum.

3.6. Chiroptical properties

Electronic circular dichroism (ECD) and circularly polarized lumi-
nescence (CPL) spectra have been recorded to explore the chiroptical
properties of (�)-1, (þ)-1 (�)-2, and (þ)-2 (Figures 2 and 7). Complex
(�)-1 presents two negative Cotton effects at 290 and 390 nm with ab-
sorption dissymmetry ratio |gabs| 5 � 10�4 and 4 � 10�4. In addition, a
weak positive Cotton effect at 310 nm can be recognized. Meanwhile, the
enantiomer (þ)-1 shows approximately opposite signals with a



Figure 5. Natural transition orbital pattern for S0-T1 excitation of (‒)-1 on the
basis of its optimized T1 geometry.

Figure 6. Emission spectra (λex ¼ 420 nm) of (‒)-1 (5 � 10�5 mol L�1) in
DMSO/water mixed solvent. Inset page: the luminescent photos of (‒)-1 (5 �
10�5 mol L�1) in DMSO/water mixed solvent under irradiation with 365
nm light.

Figure 7. Emission, CPL and glum spectra of (�)-1 and (þ)-1 in CH2Cl2 solution
at RT (10�3 mol L�1).
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comparable magnitude of |gabs| at the same wavelengths. A series of
negative Cotton effects in the region of 280–330 nm and a positive Cotton
effect at 255 nm are observed for (�)-2. A mirror-symmetric ECD spec-
trum is revealed for the enantiomer (þ)-2. No Cotton effects originating
from 1MLCT processes are found above 350 nm for Pt(IV) complexes
(�)-2 and (þ)-2 [62-63].

As tetradentate Pt(II) enantiomer (�)-1 is strongly emissive and ex-
hibits a platinum centroid helix chirality, we further measure its CPL
activity. Complexes (�)-1 and (þ)-1 show symmetrically appreciable
7

CPL signals at 480–620 nm with the glum factors on the order of 10�3

(þ1.05 � 10�3 for (�)-1 and -0.93 � 10�3 for (þ)-1 at 530 nm)
(Figure 7). The dissymmetric factor is comparable to the CPL signals for
the reported phosphorescent CPL-active Pt(II) complexes with helicene,
axial chirality, helical chirality, and chiral-at-metal [7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].

4. Conclusion

In summary, two valence forms of tetradentate platinum complexes,
Pt(II) enantiomers ((�)-1 and (þ)-1) and tetradentate Pt(IV) enantiomers
((�)-2 and (þ)-2), have been prepared and characterized. Fused 5/6/6
metallocycles are generated after tetradentate coordination. The solution
and solid of (�)-1 are strongly emissive, whereas the luminescence of
(�)-2 is silent. The emission of (�)-1 is mainly ascribed to a 3LC state
(3π,π) mixed with some 3MLCT characters, further verified by the NTO
analysis. The DMSO/water solution of (�)-1 demonstrates a distinct
aggregation-induced emission enhancement (AIEE) behavior, with
emission quantum yield (Φem) intensifying sharply upon increasing the
water content. In addition, the continuous addition of water to the DMSO
solution causes a geometrical change to maximize the conjugation of 5/
6/6 metallocycles, leading to more 3MLCT transitions in the emissive
state. Benefiting a distorted square-planar geometry and a platinum
centroid helix chirality of (�)-1 as revealed in the structure, symmetri-
cally distinct CPL activities with the glum factors on the order of 10�3

(þ1.05 � 10�3 for (�)-1 and -0.93 � 10�3 for (þ)-1 at 530 nm) have
been observed for highly phosphorescent Pt(II) enantiomers. This work
provides a strategy for developing multi-dentate coordinated CPL-active
complexes based on chiral-at-metal.
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