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ABSTRACT

The construction of small molecule host-guest room temperature phosphorescence (RTP) systems usually involved melting, which required low melting point and
excellent thermostability for host materials, limiting the selection range of host materials. Here, 2-(3-(9H-carbazol-9-yl)benzyl)malononitrile (L-DCN) and 2-(3-(5H
benzo[b]carbazol-5-yl)benzyl)malononitrile (m-BCzCN) were prepared by self-made carbazole and 2-naphthylamine. Based on the side chain with multiple cyanide
groups and similar molecular structures between L-DCN and m-BCzCN, crystallization ability of L-DCN and the compatibility between L-DCN and m-BCzCN were
significantly enhanced. Thereby, rapid construction of long-lived host-guest RTP systems could be achieved by organic solvent dissolution and rapid evaporation of L-
DCN and m-BCzCN. To explore the effects of trace carbazole impurities, DCN with the same structure with L-DCN was preapared by choosing commercial carbazole.
Moreover, RTP performance of L-DCN was further optimized by host-guest doping and tuning the mass ratios between polyvinyl alcohol (PVA) and L-DCN. Compared
with crystals DCN, RTP performance of 1 % L-DCN@PVA was not significantly improved, but 1 % L-DCN/m-BCzCN constructed by dissolution and rapid volatili-
zation showed almost equivalent afterglow lifetimes, with RTP lifetimes of 435.37 ms and quantum yield (®p) of 0.06, achieving the expected goal. Finally, advanced
encryptions were successfully constructed based on the different luminescent properties of L-DCN in PVA films at different doping concentrations.

1. Introduction

Pure organic room temperature phosphorescent (PORTP) materials
have mild reaction conditions [1], low toxicity and price [2-4], large
Stokes shift [5], long afterglow lifetime [6], and good biocompatibility
[7,8], triggering increasing attention from researchers [9]. However, the
weak intersystem crossing (ISC) between singlet (S,) and triplet (Tp)
states in PORTP materials, as well as the fast non-radiative rate of triplet
excitons, make it difficult to achieve efficient room temperature phos-
phorescence (RTP) emission [10]. In addition, long-lived triplet excitons
are highly susceptible to external interference such as molecular vibra-
tion, heat, and oxygen [11-15], leading visible RTP only at low tem-
perature (77 K) and in the presence of inert gases [16-18]. Therefore,
how to obtain PORTP materials with long lifetime and high quantum
yield is an urgent problem that needs to be solved.

To solve the above issues, on the one hand, modifying the molecular
skeleton and introducing specific functional groups enhance intermo-
lecular interactions and spin orbit coupling (SOC), and thereby boost ISC
and suppress non-radiative deactivation [19]. On the other hand, the
guest material was dopped into a rigid matrix to suppress non radiative
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deactivation, considering the energy level matching and compatibility
between the host and guest materials. Currently, host-guest doping has
made tremendous progress in RTP due to flexible selectivity of host and
guest materials. Of note, some 1H-benzo[f]indole (Bd) and benzo-
carbazole (Bc) derivatives were designed and synthesized [20], and their
doping systems showed excellent RTP [21]. Besides, introducing CN and
sp>-methylene linkers contributes to enhance intermolecular in-
teractions and ISC according to the reported literatures [22,23]. Inspired
by trace impurities in commercial carbazole, CN, and sp°-methylene
linkers, DCN, L-DCN, and m-BCzCN were prepared (Scheme-1), and
their doping systems were constructed and optimized [24].

The results indicate crystals DCN with trace Bd emit yellow after-
glow, whose RTP quantum yield (®p), RTP and afterglow lifetimes are
0.15, 874.76 ms and 6 s in turn, while crystals L-DCN show weak green
afterglow, corresponding to ®p, RTP and afterglow lifetimes of 0.05,
342.97 ms, 2 s respectively. By host-guest doping, 1 % L-DCN@PVA film
presents blue afterglow, but its ®p (0.05), RTP (345.34 ms) and after-
glow (3 s) lifetimes have not been significantly improved than that of
crystals L-DCN. By dissolution and rapid solvent evaporation, 1 % L-
DCN/m-BCzCN was obtained at the mass ratio of 100:1 between L-DCN
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and m-BCzCN. In contrast, 1 % L-DCN/m-BCzCN shows ®p of 0.06, long
afterglow (5 s) and RTP lifetimes (435.37 ms). By changing the doping
concentration of L-DCN in PVA, different doping films show the same
fluorescence, but with different afterglow lifetimes, and thereby a set of
data encryption was achieved. More importantly, the underlying
mechanism behind RTP has been further explored through crystal
analysis and theoretical calculations.

2. Results and discussion
2.1. Photophysical Characterization

According to the previously reported synthetic route [20,21,24],
DCN was prepared by using commercial carbazole via two synthesis
reactions, whose structure (Figs. S5-16) was characterized by Y9 and
13¢ nuclear magnetic resonance (NMR), high resolution mass spectra
(HR-MS), and X-ray single crystal diffraction. Firstly, UV-vis absorption
and emission spectra of DCN in DCM solution were examined. DCN
exhibited multiple absorption bands at 270-310 nm and 310-350, cor-
responding to n-n* and n-n* transitions respectively (Fig. S1a). As the
solvent polarity increases from n-hexane to DMSO, UV-vis absorption
and emission maxima of DCN show small stokes shifts, indicating weak
intramolecular charge transfer effect (ICT), which is consistent with
stronger absorption for n-n* transition and n-n* transition (Fig. S1b).

Crystals DCN were obtained by slowly evaporating n-hexane-DCM
solution, emitting blue fluorescence under the irradiation of a 365 nm
UV lamp. After turning off the UV lamp, crystals DCN emit bright yellow
afterglow at room temperature, lasting for 6 s (Fig. 1a). Fluorescence
emission maxima of crystals DCN are located at 384 nm, but with
multiple RTP peaks at 549 nm, 594 nm, and 650 nm, corresponding to
phosphorescence lifetimes of 874.76 ms, 845.21 ms, and 681.05 ms,
respectively (Fig. 1b and d). Based on the previous research [25,26], the
RTP peaks originate from newly generated charge separated states. To
completely eliminate the influence of trace carbazole isomer, L-DCN was
synthesized by using self-made carbazole [27-30]. As shown in Fig. 1c
and e, fluorescence spectrum of crystals L-DCN is consistent with that of
DCN, with emission maxima at 383 nm, but L-DCN only has a phos-
phorescence peak at 520 nm, with RTP lifetimes of 342.97 ms and weak
green afterglow, lasting for 2 s. Obviously, L-DCN is phosphorescence
nature, but trace carbazole isomer plays an important role in enhancing
RTP performance.
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2.2. L-DCN@PVA doping system

To enhance RTP performance of L-DCN, L-DCN was doped into
polyvinyl alcohol (PVA) matrix at mass fractions of 0.2 %, 1 %, and 5 %
respectively. As shown in Fig. 2a, under the irradiation of a 365 nm UV
lamp, deep blue fluorescence was observed. After being illuminated for
60 s, light blue afterglow can be observed for 0.2 % L-DCN@ PVA and 1
% L-DCN@ PVA films, but without visible afterglow for 5 % L-DCN@
PVA film, which may be due to ineffectively suppress the rotation and
vibration of molecules, as well as the quenching of oxygen at high
doping concentrations. Among of the doping films, 1 % L-DCN@PVA
film shows the longest afterglow (Fig. 2a), but RTP (345.34 ms) (Fig. 2d)
and afterglow (3 s) (Fig. 2a) lifetimes have not been significantly
improved for 1 % L-DCN@PVA film than crystals L-DCN, which should
be attributed to weak ISC ability for L-DCN. Fluorescence and phos-
phorescence emission of 1 % L-DCN@PVA are 365 and 494 nm in
sequence (Fig. 2¢), which are close to fluorescence emission of DCN in
various solvents (Fig. S1b) and phosphorescence emission of L-DCN in
DCM solution at 77 K (Fig. 2b), indicating that L-DCN is uniformly
dispersed in PVA film and presents monomer phosphorescence emission.

2.3. L-DCN/m-BCzCN doping systems

By contrast, RTP performance of DCN is significantly better than that
of crystals L-DCN and 1 % L-DCN@PVA, once again confirming the su-
periority of isomer carbazole doping. Thereby, m-BCzCN was prepared,
with a similar molecular structure to L-DCN, but with larger molecular
conjugation (Scheme-1). By dissolving L-DCN and m-BCzCN in DCM at
the mass ratios of 10:1-10000:1 and rapidly evaporating (60 °C) DCM
solution, a series of host guest doping systems were constructed and
optimized by using L-DCN and m-BCzCN as host and guest respectively.
The results showed 1 % L-DCN/m-BCzCN (The mass ratio between L-
DCN and m-BCzCN is 100:1) showed bright green afterglow by the
switching on-off of 365 nm UV lamp, lasting for 5 s (Fig. S4 and Fig. 3).
Furthermore, fluorescence maxima of 1 % L-DCN/m-BCzCN show red
shifts of 35 nm compared with that of crystals L-DCN (Figs. 1c and 3b),
which is close to that of 1 % m-BCzCN@PVA film (Fig. S3). Therefore,
we can infer that fluorescence emission of 1 % L-DCN/m-BCzCN comes
from m-BCzCN due to FOster energy transfer (FET) process from L-DCN
to m-BCzCN [31,32]. Moreover, 1 % L-DCN/m-BCzCN yields multiple
phosphorescence peaks at 500 nm, 540 nm, and 580 nm, with RTP
lifetimes of 435.37 ms, 414.33 ms, and 360.49 ms, respectively, which is
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Scheme 1. Synthesis procedures of DCN, L-DCN, and m-BCzCN.



W. Jietal

Optical Materials 157 (2024) 116416

a N (b : c
@  pcN L-DCN®) ] DN © ] my—
L —— Fluo.
Uv e Ehios: Phos.
on
0.6
Uv |
off |
0.4
Is 0.2 /
2s 0.0 T T T T T T 0.0+ T T T T T T
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
; (e)
3s DCN L-DCN
@ @549 nm t=2874.76 ms @520 nm T=342.97 ms
@594 nm T=2845.21 ms
4s @650 nm T=681.05ms
14
Ss
> 32, q
D \32R
6s 0.1 R
3 s
< e 54
y 0.1+

T
70

Time (s)

LY 64 66 68

I'ime (s)

Fig. 1. (a) Photographs taken before and after irradiation with a 365 nm UV lamp. (b) Fluorescence and phosphorescent emission spectra of DCN and (c) L-DCN
(delay time: 1 ms, Aex: 365 nm). (d) Time-resolved phosphorescent decay curves of DCN and (e) L-DCN (Aex: 365 nm).
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Fig. 2. (a) Photographs of L-DCN@PVA at different doping concentrations under a 365 nm UV lamp. (b) Phosphorescence spectra of L-DCN in DCM solution at 77 K
(1 x 107> M). (¢) Fluorescence and phosphorescence emission spectra of 1 % L-DCN@PVA (delay time: 1 ms, Aex: 365 nm). (d) Time-resolved phosphorescent decay

curve of 1 % L-DCN@PVA.

longer than that of crystals L-DCN and 1 % L-DCN@PVA (Fig. 3c). Of
note, 1 % L-DCN/m-BCzCN and 1 % m-BCzCN@PVA film have almost
identical RTP maxima (Fig. 3b and Fig. S3), which are also similar to
that of m-BCzCN in DCM solution at 77 K (Fig. S3c). The results
confirmed that RTP of 1 % L-DCN/m-BCzCN should be attributed to host
sensitized guest emission. The excitation maxima of L-DCN and
m-BCzCN are located at 350 nm and 270 nm, respectively (Fig. 3e). 1 %
L-DCN/m-BCzCN emits bright green afterglow (5 s) by switching on/off
350 nm UV lamp, but without visible afterglow by switching on/off 270
nm UV lamp. (Fig. S5a). Furthermore, 1 % L-DCN/m-BCzCN shows

strong RTP intensity under excitation at 350 nm, but with weak RTP
intensity under excitation at 270 nm (Fig. S5b). Thereby, the energy
transfer between m-BCzCN and L-DCN is once again confirmed.
Subsequently, XRD spectra of crystals L-DCN, m-BCzCN, and 1 % L-
DCN/m-BCzCN were investigated (Fig. 3f). Crystals L-DCN present
strong XRD signals, demonstrating the ordered intermolecular
arrangement and stacking, but without obvious XRD signal for m-
BCzCN, indicating amorphous state, which should be the main reason of
invisible afterglow for power m-BCzCN. 1 % L-DCN/m-BCzCN also show
sharp XRD signals, and the main diffraction peaks are consistent with
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Fig. 3. (a) Photographs of L-DCN/m-BCzCN at different doping concentrations by the switching on-off of 365 nm UV lamp. (b) Fluorescence and phosphorescence
emission spectra of 1 % L-DCN/m-BCzCN (lex: 365 nm). (c¢) Time-resolved phosphorescence decay curves of 1 % L-DCN/m-BCzCN. (d) Excitation spectra of 1 % L-
DCN/m-BCzCN at different emission peaks. (e) Phosphorescence excitation spectra of crystals L-DCN and m-BCzCN in DCM solution at 77 K. (f) X-ray diffraction

patterns of crystals L-DCN, m-BCzCN and 1 % L-DCN/m-BCzCN.

crystals L-DCN, indicating excellent crystallinity for L-DCN. To study the
intrinsic RTP mechanism of 1 % L-DCN/m-BCzCN, excitation spectra of
crystals L-DCN, solid 1 % L-DCN/m-BCzCN, and m-BCzCN in DCM glassy
solution (77 K) were measured and analyzed (Fig. 3d and e). Consistent
with previous research results, 1 % L-DCN/m-BCzCN and crystal L-DCN
exhibit similar excitation spectra, and excitation spectra of 1 % L-DCN/
m-BCzCN at 500, 540 and 580 nm almost completely overlap [33-35].
Thereby, RTP of 1 % L-DCN/m-BCzCN was once again confirmed as
L-DCN sensitized m-BCzCN luminescence, and different energy levels of
1 % L-DCN/m-BCzCN can mutually convert. In DCM glassy solution,
m-BCzCN emits unimolecular phosphorescence, with shorter excitation
maxima for m-BCzCN than crystals L-DCN, indicating that ordered
molecular stacking can prolong molecular conjugation and excitation
wavelength [36-39].

2.4. Crystal analysis and theoretical Calculations

To further understand RTP, crystals DCN (CCDC 2055106) were
obtained by slow solvent diffusion from n-hexane to DCM solution of
DCN, with twisted molecular conformations (Fig. 4). There is no inter-
molecular n-7 stacking, and the dihedral angles of plane A1234-A14 N
and A1234-B are 5.44° and 75.51° respectively, with multiple weak
interactions such as C-H---C, C-H---N, and C-H---r, and thereby rigid-
ifying molecular configurations and suppressing non radiative deacti-
vation of triplet excitons [40-43]. Molecular structures, the highest
occupied molecular orbitals (HOMO) and the lowest unoccupied mo-
lecular orbitals (LUMO) distribution, energy level, and spin-orbit
coupling constant (&) between singlet and triplet states were optimized
and achieved at the B3LYP/def2-SVP level. HOMO and LUMO of L-DCN
simultaneously distributed on carbazole unit, for m-BCzCN concentrated
on the benzcarbazole and benzene rings, indicating weak ICT effect
(Fig. 4e). Moreover, HOMO and LUMO energy levels of m-BCzCN were
embedded between HOMO and LUMO energy levels of L-DCN, con-
firming that FET can occur from L-DCN to m-BCzCN. Unimolecular
L-DCN show weak ISC ability, only with two triplet excited states (T4
and Ts) around the S; state, corresponding to £(S;—T4) and £(S;—Ts) of
0.03 cm™! (Fig. 4f). As speculation, RTP crystals of L-DCN is mainly

attributed to more energy level splitting and intersystem transition
channels in aggregated state. By contrast, m-BCzCN has small energy
gaps (0.08 eV and 0.10 eV) between S; and Ts, Ty, as well as big
£(S1—T2) and &(S;—T3). Therefore, unimolecular m-BCzCN relative to
unimolecular L-DCN can more easily generate triplet excitons, but poor
crystallization ability leads to invisible RTP for solid m-BCzCN (Fig. 4g).
Overall, the luminescence mechanism of 1 % L-DCN/m-BCzCN is that
L-DCN transitions to the S; state from ground state after absorbing en-
ergy under 365 nm UV radiation, which transfers energy to S; state of
m-BCzCN by FET process. Then, energy of S; state transfers to T, and T3
of m-BCzCN, then to Ty by ISC, vibration and relaxation. Finally, T;-state
excitons back to Sy state, emitting RTP of m-BCzCN. In the above pro-
cess, good crystallization ability of L-DCN and compatibility between
L-DCN and m-BCzCN are crucial for suppressing non radiative deacti-
vation of m-BCzCN.

2.5. Applications

L-DCN@PVA films with different doping concentrations display the
same blue fluorescence and different afterglow lifetimes, which is
conducive to construct high-level data encryption. As shown in Fig. 5, a
set of data encryption was achieved by using 0.2 % L-DCN@PVA, 1 % L-
DCN@PVA, and 5 % L-DCN@PVA films. Switching on a 365 nm UV
lamp, number "8888" appeared, which became "0426" after creasing UV
lamp radiation. After turning off the UV lamp for 3 s, number "0426" was
replaced by number "0125".

3. Conclusions

By introducing two CN groups via a sp°>-methylene linker, DCN, L-
DCN and m-BCzCN were prepared, whose structures and purities were
confirmed by 'H NMR and '3C NMR, HR-MS, X-ray single crystal
diffraction, and HPLC. Crystals DCN show multiple RTP peaks, with ®p
of 14.7 and RTP lifetimes of 874.76 ms, while crystals L-DCN present
single phosphorescence peak, with ®p of 5.4 and RTP lifetimes of
342.97 ms, confirming phosphorescence nature of L-DCN and the
important role of trace carbazole isomer. RTP performance of 1 % L-
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DCN@PVA is not significantly improved, but 1 % L-DCN/m-BCzCN long-lived pure organic RTP materials

by dissolution and rapid evapo-

shows almost equivalent afterglow lifetime to crystals DCN due to good ration, as well as similar host and guest structures, but also contributes
crystallization ability of L-DCN and compatibility between L-DCN and to boost high-level anti-counterfeiting application.

m-BCzCN. Phosphorescence spectra and XRD demonstrate that RTP of 1
% L-DCN/m-BCzCN are attributed to host sensitized guest emission. The
work not only provides an efficient and simple construction method for
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