#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Crystallization induced room-temperature
phosphorescence and chiral photoluminescence
properties of phosphoramides

{ ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 5893

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry

@ Santosh Kumar Behera, 22 Maho Kitahara,?

*a

Satyam Jena,® Jusaina Eyyathiyil,
Yoshitane Imai & *® and Pakkirisamy Thilagar

We report the design and synthesis of a series of room temperature phosphorescent phosphoramides
TPTZPO, TPTZPS, and TPTZPSe with a donor (phenothiazine)-acceptor (P = X, X = O, S, and Se)
architecture. All the compounds show structureless fluorescence with a nanosecond lifetime in dilute
solutions. However, these compounds show dual fluorescence and room temperature phosphorescence
(RTP) in the solid state. Both the intensity and energy of luminescence depend on the heteroatom
attached to the phosphorus center. For example, compound TPTZPO with the P=O unit exhibits
fluorescence at a higher energy region than TPTZPS and TPTZPSe with the P=S and P=Se groups,
respectively. Crystalline samples of TPTZPO, TPTZPS, and TPTZPSe show stronger RTP than the
amorphous powder of respective compounds. Detailed steady-state, time-resolved photoluminescence

and computational studies established that the n—m* state dominated by the phenothiazine moiety is
Received 16th February 2022

Accepted 6th April 2022 the emissive state of these compounds. Although TPTZPS and TPTZPSe crystallized in the chiral space

group, only TPTZPSe showed chiroptical properties in the solid state. The luminescence dissymmetry

DOI: 10.1039/d2sc00990k factor (gum) value of TPTZPS is small and below the detection limit, and a CPL spectrum could not be
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1. Introduction

Room temperature phosphorescent (RTP) materials have
attracted considerable research attention owing to their
potential applications in organic light-emitting diodes
(OLEDs),"* sensing,’*™ and time-gated bio-imaging applica-
tions."*** Phosphorescence is the spin forbidden radiative
decay of triplet excitons to the ground singlet state (T;—S,).
The efficiency of RTP is dependent on the S,— T, intersystem
crossing (ISC); the efficiency of ISC depends on the spin-orbit
coupling (SOC). Thus, in the past, the development of RTP
materials was mainly limited to only transition metal complexes
(e.g. iridium(m), platinum(u), gold(m), ruthenium(u), and
copper(1)).223*

Recently, enormous research efforts have been devoted to
developing metal-free organic phosphors because of their low
toxicity and environmentally benign nature compared to their
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inorganic counterparts. However, organic phosphors exhibit
weak luminescence with low phosphorescence quantum yield
under ambient conditions due to weak SOC, inefficient inter-
system crossing, and poor radiative T, — S, transition.*** Thus,
developing organic phosphors with improved phosphorescence
quantum yield is an important and challenging area of
research. Innovative techniques such as crystallization-induced
phosphorescence, doping in a rigid host (polymer matrices),
aggregates, and multi-component molecular hybrids have been
successfully explored for developing efficient RTP materials by
reducing the non-radiative deactivation of triplet excitons.***
On the other hand, incorporating main-group elements such
as B, Si, N, P, O, S, and halogens in organic backbones provides
a new strategy to achieve functional molecules.’>**7® Recently,
finetuning the interactions between orbitals of different
symmetry in heteroatom doped organic luminophores has
attracted considerable attention for developing RTP materials.
Not long ago, Huang and co-workers developed strongly emis-
sive RTP materials by finetuning the interactions between sulfur
and oxygen in oxidized phenothiazine derivatives.”” Despite
these developments, bright phosphorescence at room temper-
ature is rarely observed in molecules with lighter elements.
We have been involved in developing multi-functional
molecules by constraining their molecular conformations.”*
During these studies, we observed that the conformation of the
molecule plays a significant role in controlling the energy and
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mixing of the electronically excited states, thereby curbing the
undesirable non-radiative decay channels that are detrimental
to the PL quantum yield.**** As part of the ongoing program, we
designed and synthesized phosphoramides (TPTZPO, TPTZPS
and TPTZPSe), keeping in view that the nonplanar heterocycle
phenothiazine would enhance spin-orbit coupling through the
mixing of molecular orbitals with different symmetry.®***
Further, covalently linking a P = X (X = 0O/S/Se) group to
phenothiazine can enhance the spin-orbit coupling (SOC) and
intersystem crossing via n-m* interactions. We also envisioned
that the nonplanar structure of phenothiazine and the tetra-
hedral geometry imposed by the phosphorus center may curb
the unwarranted intermolecular interactions and lead to
molecules with improved RTP characteristics. As anticipated,
RTP was realized with these compounds. Compounds TPTZPS
and TPTZPSe crystallized in the enantiomerically pure chiral
space group P2;, and their chiroptical properties were
measured. All these results are reported in this article.

2. Results and discussion

Compounds TPTZPO, TPTZPS, and TPTZPSe were synthesized
following the literature procedures.®*°>° The addition of n-BuLi
to anhydrous THF solution of phenothiazine under stirring
conditions generated a N-centered anion, and the subsequent
trapping of the anion with phosphorus trichloride gave tris-
phenothiazinephosphine as a colorless solid. Oxidation of
tris-phenothiazinephosphine with H,0,/S-powder/Se-powder
yielded TPTZPO, TPTZPS, and TPTZPSe, respectively (Scheme
1). Analytically pure TPTZPO, TPTZPS and TPTZPSe were ob-
tained by repeated recrystallization in a hexane and ethyl
acetate solvent mixture (95 : 5). All the compounds were stable
under ambient conditions. Compound TPTZPO melts at 192—
195 °C; in contrast, TPTZPS and TPTZPSe decompose at 190 °C.

All compounds were characterized by NMR (‘H, *'P), HRMS,
elemental analysis, and high-performance liquid chromatog-
raphy (HPLC) (Fig. 1 and S1-S8%). The molecular structures of
all the compounds were confirmed by single-crystal X-ray
diffraction studies.

Compounds TPTZPO, TPTZPS, and TPTZPSe show broad 'H
NMR resonance at 25 °C in CDCl;, CD,Cl,, DMSO-d,, and THF-
dg. Upon decreasing the temperature, the 'H resonances are
resolved for compounds TPTZPS and TPTZPSe, while those of

) S

n (i) n-BuLi N_ N (iii) Oxidation
—_— —_—
@ (ii) PCl3 1
S anhydrous THF @:Nm
S

-78°C
TPTZPO: X= 0
30% H,0, in CH,Cl, for TPTZPO

TPTZPS: X= S
TPTZPSe:

Oxidizing agents: S Powder in CH,Cl, for TPTZPS

Se Powder in Toluene for TPTZPSe

Scheme1l Synthesis of TPTZPO, TPTZPS and TPTZPSe. (i) n-BulLi, —78
°C, anhydrous THF, 1 h; (ii) PCls, temperature: 298 K; (iii) 30% H,O, in
dichloromethane for TPTZPO, sulfur powder in dichloromethane for
TPTZPS and selenium powder in toluene for TPTZPSe.
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TPTZPO are not resolved even at —90 °C in CD,Cl,. The two
peaks observed for TPTZPO at 25 °C merged to a single broad
peak at —10 °C, and as temperature decreased further, it started
to split (Fig. S11). In total twelve 'H resonances appeared at —90
°C for TPTZPO, indicating the asymmetry in the system.

However, broad NMR signals started to split at 0 °C, and
a total of thirteen well-resolved peaks appeared at —90 °C for
TPTZPS and TPTZPSe, respectively (Fig. 1 and S27). These
results indicated that the phenothiazine rings in TPTZPO,
TPTZPS, and TPTZPSe undergo dynamic flip-flap motion at the
NMR timescale. The "H resonances are broad peaks even at —90
°C for TPTZPO, indicating the greater extent of phenothiazine
ring dynamics. The shorter P=0 bond distance may be the root
cause for the observed larger ring flipping in TPTZPO. The free
energy of activation for the hindered rotation was calculated
using the Gutowsky-Holm equation. AG* = 0.004577.(9.97 +
log(T./A6)).”” Where A¢ is the maximum difference between the
two peaks at low temperature and 7. is the coalescence
temperature (273 K) (calculation details are given in the ESIT).
The free energy calculated for the rotational barrier in TPTZPS
and TPTZPSe was 16.78 kcal mol™* and 16.50 kcal mol™?,
respectively.

The *'P NMR chemical shifts for TPTZPO (0.6 ppm), TPTZPS
(54.5 ppm), and TPTZPSe (49.4 ppm) are in the region expected
for compounds with P = X (O, S, and Se) moieties reported in
the literature.”®* Compounds TPTZPO, TPTZPS, and TPTZPSe
show the (M + Na)* peak at 664.0718, 680.0489, and 727.9936,
respectively, under HRMS conditions, and these values are
consistent with their molecular compositions.

2.1 Crystal structure

The molecular structures of TPTZPO, TPTZPS, and TPTZPSe
were confirmed by single-crystal X-ray diffraction (SCXRD)
studies. Compound TPTZPO crystallized in the monoclinic
crystal system with the centrosymmetric C2/c space group, while
TPTZPS and TPTZPSe crystallized in the monoclinic chiral P2,
space group (Table S17). In all the compounds, the phosphorus
centers adopted distorted tetrahedral geometries, and the P =X
(X =0, S or Se) fragment is surrounded by three phenothiazine
units (Fig. 1). The N-P bond lengths are in the range of 1.668-
1.689 A which are longer than the typical N=P bond (1.58 A)
and shorter than the P-N single bond (1.76 A) (Table S21),
a feature typical of P-N resonance double bond distances
observed in phosphoramides.®>391%

Interestingly, compounds TPTZPO, TPTZPS, and TPTZPSe
with nonplanar phenothiazine (PTZ) donors show shorter P-N
bonds than phosphoramides with planar carbazole (CBZ)
donors reported elsewhere.®>*® This can be attributed to the
strong electron-donating capacity of PTZ compared to CBZ. In
all the compounds, the phenothiazine units were nonplanar,
and each phenothiazine moiety was puckered uniquely against
the P = X axis and showed a distinct puckering angle. The P-N
bond distances were influenced by the degree of puckering of
the phenothiazine moiety in these compounds; the more
significant the puckering angle the shorter the P-N bond (Table
S21). Compounds TPTZPO, TPTZPS, and TPTZPSe generate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structures of TPTZPO, TPTZPS and TPTZPSe with
atom colour code (hydrogen atoms are removed for clarity) (top).
Variable temperature 'H NMR spectra of compound TPTZPS in the
range of 25 °C to —90 °C (10 °C interval) recorded in CD,Cl, (bottom).

supramolecular structures facilitated via intermolecular P =
X:--H-C and S---H-C interactions between neighboring mole-
cules in the solid-state. In the case of TPTZPS and TPTZPSe, the
supramolecular structures are further augmented by intermo-
lecular C-H---m interactions between the phenothiazine moie-
ties of the neighboring molecules (Fig. S9-S11}). Such
interactions are absent in TPTZPO. As anticipated, intermolec-
ular face-to-face 7t---7v interactions were not found in TPTZPO,
TPTZPS, and TPTZPSe. Thus, these compounds are expected to
show strong luminescence in the solid state.

2.2 Optical properties

Dichloromethane (DCM) solutions (conc. 10~> M) of TPTZPO,
TPTZPS, and TPTZPSe exhibit a broad absorption band in the
region 250-330 nm (Fig. 2a). No shift in the absorption maxima
concerning P=0, P=S, and P=Se units indicated that the
electronic communication between the phenothiazine and P =
X unit is negligible in the ground state. This observation
parallels the UV-Vis spectra of tris-carbazole phosphoramides
reported by Huang et al.®>*® The absorption process in TPTZPO,
TPTZPS, and TPTZPSe is insensitive to the solvent polarity
indicating the nonpolar electronic ground state in these
compounds.

DCM solutions of these compounds showed a structureless
broad peak in the region 330-500 nm (Fig. 2b). Compounds
TPTZPS (Aemm = ~470 nm) and TPTZPSe (ie,, = ~470 nm)
showed red-shifted emission compared to TPTZPO (A, = ~380
nm). The PL peak position in these compounds is independent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Normalized UV-visible absorption spectra (conc. 10> M). (b)
Normalized photoluminescence spectra of TPTZPO, TPTZPS, and
TPTZPSe in dichloromethane (conc. 1074 M), Aex = 280 nm. (c)
Normalized photoluminescence spectra of pristine solids of these
compounds (Aex = 360 nm). (d) Solid-state photoluminescence decay
plot (Aex = 375 nm and A¢ = 550 nm) of these compounds. The
incomplete decay of TPTZPS and TPTZPSe indicates the existence of
a long-lived species.

of the excitation wavelength; in contrast, the PL intensity
depends on the excitation wavelength, and the maximum
intensity was observed for A, = 280 nm (Fig. S12t). The exci-
tation spectra of these compounds reproduced the corre-
sponding absorption spectra (Fig. S13t). Furthermore, the PL
peak maxima of these compounds are unchanged as the
concentration of the solutions increased from 10~° molar to
10~* molar (Fig. S141), and the maximum intensity was
observed for 10~* molar solutions. Like absorption spectra, the
emission spectrum of TPTZPO was insensitive to the solvent
polarity (Fig. S15t). However, the A, values of TPTZPS and
TPTZPSe are sensitive to the dielectrics of the solvent medium;
as the solvent polarity increased from hexane to methanol, the
emission peaks were red-shifted (Fig. S151). All the compounds
showed single exponential decay with nanosecond lifetime in
the solution state, confirming the emission originating from the
singlet excited state (Table S3t). In the case of TPTZPO, the
lifetime of the species is insensitive to the polarity of the solvent
matrix as observed in the solvent dielectric dependent PL
spectrum (Fig. S16t). However, the PL lifetimes of TPTZPS and
TPTZPSe increased with increasing solvent polarity, and
a longer lifetime was observed for DCM solutions (Table S37).
Based on these results, we concluded that these compounds are
weakly emissive in solutions and the PL features of these
compounds have their origin from single molecular species.
Further, the excited state of TPTZPO is nonpolar, while TPTZPS
and TPTZPSe emit from a polar excited state. TD-DFT results are
also supportive of these claims (vide infra).

Like in the solution state, the pristine solids of TPTZPO,
TPTZPS, and TPTZPSe showed a broad PL with A, at 424, 476,
and 463 nm, respectively. In contrast, the solid-state PL spectra
of TPTZPO and TPTZPS red-shifted compared to their respective

Chem. Sci., 2022, 13, 5893-5901 | 5895
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Fig. 3 Photoluminescence spectra (dex = 360 nm) of crystals, ground samples, and pristine samples of (a) TPTZPO, (b) TPTZPS and (c) TPTZPSe
(Ground 1 indicates grinding with a mortar and pestle for 5 minutes, and Ground 2 indicates heavy grinding for 15 minutes). Prompt and
phosphorescence spectra of pristine solids of (d) TPTZPO, (e) TPTZPS, and (f) TPTZPSe, Aex = 360 nm with 30 pus delay time.

solution spectra except for TPTZPSe, in which the PL maximum
is blue-shifted compared to its solution spectra. Compounds
TPTZPS and TPTZPSe show larger Stokes shift than TPTZPO,
which can be attributed to the greater P = X (X = S and Se)
resonance length in the former than that in the latter (P=0)
(Fig. 2c). The excitation spectra of these compounds show
a band at ~360 nm, which is ~60 nm red-shifted compared to
the solution absorption maxima (Fig. S17t), indicating that the
emissive species in the solid-state is different from that in
solution.

Crystalline solids of these compounds showed two PL bands,
one at the blue end of the spectra as observed in the pristine
solid and a new strong band at the green end of the spectrum
(Fig. 3a-c and S187). The lower energy bands of TPTZPS and
TPTZPSe are red-shifted compared to those of TPTZPO. The
ground solids of these compounds did not show the lower
energy band at the green end of the spectrum and showed the
PL band corresponding to their pristine solids. Higher PL
quantum yield (PLQY) was measured for the crystals of TPTZPS
(19.14%) and TPTZPSe (7.51%) compared to their pristine
solids (TPTZPS, 6.53% and TPTZPSe, 0.60%). Surprisingly,
TPTZPO crystals (PLQY = 0.01%) and pristine solids (PLQY =
0.57%) are less emissive than TPTZPS and TPTZPSe. Further,
TPTZPS and TPTZPSe exhibited considerably higher PLQY than
previously reported RTP co-crystals.'*>'

Powder X-ray diffraction (PXRD) traces of these compounds
before and after grinding were recorded (Fig. S191). The crystals
of these compounds showed strong peaks, while the ground
samples showed few diffused diffraction peaks. Based on the PL
spectra, PLQY, and PXRD studies, it is appropriate to say that
the phase change from crystalline to amorphous is responsible
for the emission color changes in these compounds.

5896 | Chem. Sci.,, 2022, 13, 5893-5901

The fluorescence and phosphorescence spectra of all the
compounds were recorded at both ambient and low tempera-
ture. DCM solutions of these compounds did not show delayed
spectra under ambient conditions. However, the pristine solids,
crystals, ground samples, and thin films of these compounds
showed distinct prompt and delayed spectra under ambient
conditions. The delayed spectra of these compounds are
100 nm red-shifted compared to their fluorescence spectra
(Fig. 3d-f, 5 and S267%). The delayed peak position of these
compounds smoothly overlapped with the intense lower energy
band of the respective crystals.

Nanosecond lifetime was obtained for the higher energy
fluorescence bands (Fig. S20, Table S4f). In contrast, incom-
plete decay was observed for the lower energy band, suggesting
long-lived emissive species (Fig. 2d). Furthermore, under an O,
atmosphere, the delayed emission band nearly vanished, and
the prompt spectra remains unchanged. The delayed PL band
was restored when the oxygenated samples were purged with N,
for 5 minutes (Fig. 4b, ¢ and S21t). Furthermore, the delayed
emission band decays much faster under an oxygen atmosphere
than under a N, atmosphere (Fig. S22, Table S5f). However, the
fluorescence lifetime showed little change under N, and O,
conditions (Fig. S24, Table S671). These results indicated that the
triplet excited state is involved in the radiative process of these
compounds.

To get further insight into the nature of the excited electronic
states, the PL spectra of these compounds were collected in the
temperature range from 77 K to 298 K. The PL intensity of these
compounds progressively increased with lowering the sample
temperature from 298 to 77 K. The PL lifetime of these
compounds increased significantly at 77 K compared to that at
298 K, which directly corroborates the strong luminescence
observed for these compounds at low temperature (Fig. 5b-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Prompt spectra, Aex = 360 nm and (b) phosphorescence
spectra of the thin film of TPTZPS, with 30 ps delay obtained using
a microsecond flash lamp, Aex = 360 nm. (c) Digital photographs of the
thin film of TPTZPS under N, and O, atmospheres under a 365 nm UV
lamp. (d) Digital photographs of crystals of TPTZPS under 365 nm UV
light under on and off conditions (photographs are extracted from
a video recorded in a REDMI NOTE 8 PRO mobile).

d and Table S77). The crystalline solids showed a longer lifetime
than the corresponding pristine solids (Fig. 5 and S257).
However, the triplet excited state lifetimes for these phosphor-
amides are found to be less than those of the previously re-
ported RTP co-crystals.'*1>

The crystalline solid of TPTZPS showed yellowish-green
fluorescence under 365 nm UV light illumination followed by
green phosphorescence emission after removing the light
source, as shown in Fig. 4d. The following conclusions were
drawn based on the steady-state and time-resolved emission
studies. In the solution state, these compounds exhibit only
fluorescence. In the solid-state (both pristine and crystalline
solids), they exhibit dual fluorescence and phosphorescence at
room temperature.

-
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Fig. 5 (a) Phosphorescence spectra of crystals of TPTZPO, TPTZPS
and TPTZPSe, Ao, = 360 nm with 30 ps delay obtained using
a microsecond flash lamp. Phosphorescence decay profiles of (b)
TPTZPO, (c) TPTZPS and (d) TPTZPSe in the crystalline state at different
temperatures with 30 ps delay (Aex = 360 Nnm and Aepy = 550 nm). The
lifetimes obtained for crystals of TPTZPO, TPTZPS, and TPTZPSe are
61.03, 53.33, and 58.38 ms, respectively, at 77 K. The lifetime at
different temperatures are listed in the ESI, Table S6.}
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The phosphorescence lifetime and the PL intensity observed
for crystalline solids are significantly larger than those of the
corresponding pristine samples (Fig. 5 and S257). Furthermore,
for the crystalline solids, both the lifetime and intensity of the
phosphorescence decreased significantly upon ball-milling
(Fig. S26 and S277). These results suggest that the intermolec-
ular interactions in the solid-state effectively inhibit the vibra-
tional deactivation of triplet states; consequently, intense
phosphorescence was observed for crystalline solids (Fig. S9-
S11t). These characteristics of TPTZPO, TPTZPS and TPTZPSe
are in line with the crystallization-induced phosphorescence
observed for organic/organometallic compounds reported in
the literature.?»'*1%

It is imperative to note that the positions of the phospho-
rescence band for the crystals of TPTZPO, TPTZPS, and TPTZPSe
are the same, except for a higher energy shoulder band of
TPTZPO (Fig. 5a). These results indicate that the luminescence
of these compounds is centered on the phenothiazine moiety.
The shoulder band decays much faster than the phosphores-
cence band in the lower energy region. The most rapid decay of
the blue shoulder phosphorescence of TPTZPO may be attrib-
uted to the TTA (triplet-triplet annihilation) emission.'** %
These observations are in line with the PL characteristics of
other phenothiazine derivatives reported by Dias et al.***’

2.3 Circularly polarized luminescence (CPL) studies

Circularly polarized luminescent (CPL) materials have attracted
much attention in recent years because of their potential
applications in niche technologies such as 3D displays, infor-
mation storage, spintronics devices, biological probes, etc.*”**?
Compounds TPTZPS and TPTZPSe crystallized in enantiomeri-
cally pure form, and their CPL characteristics were studied. The
CPL spectra of these compounds were collected in the fluores-
cence mode. Upon excitation with 360 nm light, solids of
TPTZPO show no CPL signals as it is crystallized in the
centrosymmetric crystal lattice. However, ground samples of
TPTZPSe exhibit strong CPL bands at ~460 nm under identical
conditions (Fig. S281). The luminescence dissymmetry factor
(g1um) values obtained for TPTZPSe (2.7 x 10~ %) are comparable
to those obtained for CPL active organic luminophores reported
elsewhere.

The crystalline solids of TPTZPSe (g, value = 3.4 x 107°)
showed the CPL band; surprisingly, no CPL signal was observed
for the crystals and ground samples of TPTZPS (Fig. 6).

1= @ 19 (b) 49 (c)
o4
R 2 Wﬂm g CW
° £
S s 0s £ . s o~ ® 0s
7 = 3 "
S > g o > K Z
s = » 5 15 [
ri* ;i rie r
PR g g Tt i g s T % e e 700

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 6 Circularly polarized luminescence (CPL) spectra and the cor-
responding photoluminescence spectra of crystals of TPTZPO (a),
TPTZPS (b), and TPTZPSe (c), Aex = 360 nm (CPL spectra — top, PL
spectra — bottom) (gcp = 3.4 x 1073 for TPTZPSe).
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Theoretically, both TPTZPS and TPTZPSe should exhibit CPL
properties. However, as the gj,, value of TPTZPS is small and
below the detection limit, a CPL spectrum could not be
observed for this compound. In crystalline form, both TPTZPS
and TPTZPSe show intense phosphorescence, while the ground
samples of these compounds show strong fluorescence. As the
CPL spectra were collected in the fluorescence mode, no CPL
signal was observed for strongly phosphorescent crystalline
solids of TPTZPS. Intense CPL activity was observed for the
ground sample of TPTZPSe, which was strongly fluorescent.
However, phosphorescence emission being inherently weak
could not be detected in the CPL. No CPL signal was observed
for the solutions of these compounds due to fast racemization.

2.4 Theoretical calculations

Computational studies were carried out to gain further insight
into the electronic structure and the observed optical properties
of these compounds. Both ground (S,) and excited state (S; and
T;) geometries of TPTZPO, TPTZPS, and TPTZPSe were opti-
mized using DFT (B3LYP, 6-31G (d,p)) and TDDFT (CAM-B3LYP
and 6-31G(d,p)), respectively. Frontier molecular orbital (HOMO
and LUMO) pictures suggested that n-m* and w-m* are the
major transitions in these compounds (n orbital of phenothia-
zine sulfur and heteroatom (O/S/Se) attached to the P center to
the m* orbital of phenothiazine) (Fig. 7a). Geometries and
bonding parameters of these molecules in the S, and S; states
are very similar to those of the structure obtained by single-
crystal X-ray diffraction studies. The T; state geometries of

View Article Online
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TPTZPO and TPTZPSe molecules are very different from the S,
and S; state geometries (Table S8-S10, Fig. S297).

In S, and S; all the phenothiazine units are symmetrically
puckered, however, in the T, state, one of the three phenothi-
azines is unsymmetrically puckered; in contrast, the geometry
of the other two rings remains unchanged. To accommodate
these conformational changes, the P-N bond length is elon-
gated in the T, state (Tables S8-S1071) compared to that in S, and
S;. However, in the case of TPTZPS, the geometries of all three
phenothiazine moieties remain unchanged when it goes from
the S, to T, state.

The computed AEgy, values match well with the experi-
mental AEgy, values calculated from the maxima of fluores-
cence and phosphorescence spectra (Table S111). Furthermore,
high AEs 1, values (0.66-0.76 eV) rule out the S; <~ T; RISC and
TADF (Fig. 7b, Table S12+). To get insight into the possible ISC
pathways, S,—T, vertical transitions were calculated. The
results showed that higher triplet states are placed close to the
S, state. Moreover, the commonality of the orbitals involved in
the So—S; and S,—T, TPTZPO (S,—T;, So—Ty;), TPTZPS
(So— T4, So—T11), and TPTZPSe (So,— T,) transitions suggests
that the ISC transition occurs via higher triplet states (Tables
S13-S15%). Frontier molecular orbital pictures indicated that
both S; and T, states are of n-m* nature (Fig. S30-31%).

To investigate more about excited state dynamics, we
calculated the spin density of these molecules in the ground,
singlet, and triplet excited states. The spin density pictures of S
and S; look similar for all three compounds, but the scenario is
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Fig. 7

TPTZPSe (ISC: S,-T,)

(a) Frontier molecular orbital energy level diagrams of TPTZPO, TPTZPS, and TPTZPSe (DFT, B3LYP functional with 6-31G (d,p) basis set).

(b) Energy level diagram showing the singlet—triplet gap and possible ISC channel of TPTZPO, TPTZPS and TPTZPSe (energy levels in the diagram

are not up to scale).
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different in the triplet state (T;) (Fig. S32-S34t). In the triplet
state, for TPTZPO, the spin density is localized on one of the
three phenothiazine moieties (the ring distorted in the triplet
state). However, the spin density is delocalized over both
phenothiazine and P = X (X = S and Se) in TPTZPS and
TPTZPSe. Thus, TPTZPS and TPTZPSe show similar phospho-
rescence features involving n-m* triplet states. However, in
TPTZPO, the localization of spin density on a single phenothi-
azine unit and the types of orbitals involved in Sy-T; transitions
indicate that the phosphorescence is from the triplet having
hybridized LE and n-m* states. Thus, TPTZPO shows a struc-
tured phosphorescence band at a lower wavelength than
TPTZPS and TPTZPSe.

3. Conclusions

In summary, we have designed and synthesized three phos-
phoramides, TPTZPO, TPTZPS, and TPTZPSe. These
compounds show fluorescence in solution and dual fluores-
cence and RTP in the solid-state (crystalline and amorphous
solids). Detailed experimental and computational studies
demonstrate that the phosphorescence of these compounds
originates from the triplet n-m* state dominated by the
phenothiazine moiety. All the compounds exhibit
crystallization-induced room-temperature phosphorescence,
a phenomenon quite rarely observed for this class of
compounds. Moreover, both TPTZPS and TPTZPSe crystallized
in the chiral space group; however, only TPTZPSe showed CPL
signals in the solid-state.
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