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ABSTRACT: Organic room-temperature phosphorescence (RTP) materials with persistent RTP
(PRTP) have attracted huge interest in inks, bioimaging, and photodynamic therapy. However, the
design principle to increase the lifetime of organic molecules is underdeveloped. Herein, we show
donor(D4)−acceptor(A) molecules (TOEPh, TOCPh, TOMPh, TOF and TOPh) with similar
orientation of donor rings in aggregates that cause a large number of noncovalent interactions. We
observed that TOEPh, TOCPh, TOMPh and TOF showed PRTP, whereas TOPh showed only
phosphorescence emission (ΦP = ∼11%) with no PRTP property at ambient conditions. The
spectroscopic and single-crystal X-ray analyses confirm the molecular assembly via J-aggregation with a
face-to-face orientation of the donor rings. The crystal structure analysis (TOEPh, TOCPh, TOMPh,
TOF) reveals that moderate π···π interactions (3.706 to 4.065 Å) between the donor rings cause the
enhancement of the phosphorescence lifetime (26 to 245 ms), whereas the short phosphorescence lifetime (12 ms) of TOPh was
observed because of the absence of π···π interactions. We found that TOEPh shows a long lifetime (245 ms) as compared to other
derivatives because of the presence of ethoxy (−OEt) groups that enables spin−orbit coupling caused by strong lone pair (O)···π
interactions present in the molecule. Utilizing the PRTP feature of TOEPh and the fluorescence emission of TOPh, we have shown
data security applications in poly(methyl methacrylate).

■ INTRODUCTION

Persistent room-temperature phosphorescence (PRTP) mate-
rials are emissive systems that show persistent luminescence
characteristics, with the lifetime ranging from milliseconds
(∼100 ms) to ∼20 min after switching off the excitation
source.1−5 Such PRTP materials find various applications in
the field of security signs,6,7 bioimaging,8−10 molecular
sensing,11,12 and photodynamic therapy.13,14 To this context,
achieving RTP is a challenging task as it requires spin-
forbidden intersystem crossing (ISC)15,16 between the singlet
(S) and triplet (T) states. Therefore, heavy metal-based
phosphorescent materials17,18 are generally used because of the
strong spin−orbit coupling (SOC) induced by the heavy
metals. However, these systems are highly expensive and toxic,
which limit their practical applications. Recently, purely
organic RTP materials have been extensively explored as
they are cheaper and can be easily modified.6,19−23 However,
inefficient ISC caused by poor SOC between the Sn and Tn

excited states leads to very low-emission quantum yields of the
molecules, which prohibits their use in practical applica-
tions.15,16,24,25 Additionally, thermal motion and energy
transfer to oxygen molecules further contribute to the
deactivation of triplet states, which leads to lower emission
efficiency.24,25 Considering these obstacles, organic molecular
systems have been designed utilizing the concept of El-Sayed
rule15,26,27 that explains the Sn−Tn electron spin conversion in
organic chromophores. According to the rule, the ISC rate will

be higher when either 1(n−π*) to 3(π−π*) or 1(π−π*) to
3(n−π*) transitions are involved, but the transition is retarded
when the orbitals involved are the same in configuration
(1(n−π*) to 3(n−π*) or 1(π−π*) to 3(π−π*)).15 Therefore,
the incorporation of heteroatoms (O, N, and S), carbonyls,
and cyano groups is commonly used in the organic molecules
to favor ISC.7,28−32 In combination with this strategy, rigid
host−guest matrices,33 crystallization,34 aggregation,35 and
deuterium substitution36 are the key design principles to
suppress the nonradiative pathways that quench triplet states.
Self-assembly of the molecular system plays an important

role in controlling the RTP behavior of the molecules at
ambient conditions because of the increased intermolecular
interactions that lock the molecular systems via controlled
molecular packing and self-assembly of the molecules.37−39

Despite the studies in the past, the precise and predetermined
molecular structure arrangement is not optimized. The
controlled molecular packing caused by a large number of
intermolecular interactions plays an essential role in
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aggregation.39,40 The aggregation of the molecules with an
increased overlap of the π-clouds and a large number of
noncovalent interactions can favor PRTP at ambient
conditions.41−43 Such intermolecular interactions lead to low
ΔEST and a high rate of ISC, as recently suggested in the
literature.6,18,19,43 Introduction of H-bonding, C−H···π, N−
H···π, C−H···O, and lone pair (lp)···π-cloud interactions in the
aggregates complements the π···π interaction. Intra- and/or
intermolecular interactions increase the rigidity of the
molecular aggregates and stabilize the triplet states, which
otherwise are prone to thermal motions like vibrations and
rotations.44,45 Therefore, the controlled assembly of the
molecules with a large number of noncovalent interactions is
a key to harness long persistent luminescence.46−48 However,
the molecular design principle that controls the orientation of
the donor rings with the overlap of the π-cloud and
noncovalent interactions is rare.44,46,47,49,50 Taking a cue
from our previous reports of D4−A systems6,19,51 in which
the intramolecular interactions between the phenoxy donors
have been effectively utilized to harness the triplet state, herein,
we report five donor−acceptor (D4−A) molecular systems
(TOPh, TOEPh, TOCPh, TOMPh and TOF) (Figure 1) to

understand the RTP quantum yield (ΦP) with the persistent
RTP characteristic utilizing intermolecular π···π interactions of
the phenoxy donors. The molecules are designed to utilize the
controlled arrangement of the substituted donor rings which
impose steric and electronic effects to the molecular backbone.
These molecular systems prefer to pack via intermolecular π···π
(face-to-face)46−48 interactions between the donor parts of the
molecules, which suppress the nonradiative decay channels and
enhance the triplet lifetimes.
The photophysical measurements of TOPh, TOEPh and

TOMPh show dual phosphorescence band in the powder
phase, whereas TOCPh shows a single phosphorescence
emission band with a broad tail. The comparison of the
phosphorescence lifetime measurements with the crystal
structure reveals that persistent RTP features are observed
for TOEPh and TOMPh because of the short intermolecular
distance between the donor rings. However, TOCPh exhibits a
longer phosphorescence lifetime as compared with TOPh. We

found in comparison studies that only TOPh, which does not
show intra- and/or intermolecular π···π interactions between
the donor rings, displays a short RTP lifetime with a very high
phosphorescence quantum yield of ∼11%, which otherwise is
rare to be observed under ambient conditions (Table S1).
Furthermore, all the molecular systems are likely to pack via J-
aggregates that are responsible for the persistent emission
feature. Finally, utilizing the afterglow feature, data encryption
and decryption application is shown using the poly(methyl
methacrylate) (PMMA) matrix.

■ RESULTS AND DISCUSSION

Absorption and Emission Studies. Figure 2 shows the
normalized ultraviolet−visible (UV−vis) spectra of both

TOPh and TOEPh in the solvents (10 μM) of disparate
polarity. It can be seen that TOEPh exhibits a red-shifted
absorption band at 355 nm as compared to TOPh (350 nm) in
dichloromethane (DCM). Such red shift of the absorption
band can be explained by the strong electron-donating group
attached at the ortho positions of the phenoxy donors. The
high-energy absorption bands at 280−290 nm of both the
compounds are ascribed to the intramolecular π−π*
transitions. However, the bathochromic shift of the absorption
band (∼350 nm) with an increase in solvent polarity confirms
that the ground state of both molecules has a charge transfer
(CT) nature. Likewise, photoluminescence (PL) measure-
ments were carried out in solvents of disparate polarity for
both the molecules. The emission bands of TOPh were
observed at 397, 403, and 411 nm when measured in
cyclohexane (CHx), tetrahydrofuran (THF), and DCM,
respectively, whereas TOEPh showed emission bands at 403
(CHx), 457 (THF), and 510 (DCM) nm (Figures 3 and S6).
The bathochromic shift along with the reduced intensity of the
emission spectra of both compounds in moving from nonpolar
to polar solvents suggests the CT nature of the excited state.
The large Stokes shift of 100 nm in TOEPh was observed
because of the presence of strong electron-donating groups
(−OEt). Moreover, the emission bands of TOEPh are more

Figure 1. Molecular structures of TOPh, TOEPh, TOCPh, TOMPh
and TOF.

Figure 2. Absorption spectra of (a) TOPh and (b) TOEPh with
disparate polarity of solvents.

Figure 3. Steady-state emission spectra of (a) TOPh and (b) TOEPh
in solutions. λex = 365 nm.
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broad as compared to those of TOPh, thus suggesting the
more relaxed excited states caused by solvent reorientation.
The steady-state emission spectra of both compounds in

powder state show dual emission bands. TOPh shows a broad
emission band at 410 nm along with a narrow emission at 485
nm, whereas TOEPh emits at 465 and 545 nm (Figures 4 and

S7). The steady-state emission measurements at 77 K also
show two emission bands in both molecules, as shown in
Figure S7. TOPh emits at 400 and 480 nm, whereas relatively
sharp emission bands at 460 and 555 nm are observed for
TOEPh. The phosphorescence measurements of TOPh
exhibit a narrow emission peak at 485 nm (τ485 = 12.94,
37.15 ms) along with a broad emission tail (535−700 nm)
(τ555 = 15.19, 38.10 ms), whereas TOEPh shows two broad
emission bands at 465 nm (τ465 = 26.42, 185.67 ms) and 548
nm (τ548 = 165.17, 245.82 ms) under ambient conditions
(Figure 4). Similarly, at 77 K, both TOPh and TOEPh exhibit
a well-resolved vibrational feature that is similar to the steady-
state emission observed at 77 K. This indicates that the local
triplet excited state contributes to the emission (Figure S7).
The extended lifetimes of TOEPh (λex = 370 nm) suggest the
PRTP feature present in the system, whereas the relatively
short lifetime of TOPh confirms that no persistent emission
would be observed after switching off the excitation light
source. Interestingly, the PL quantum yield (PLQY) of

TOEPh (7.49%) was observed to be lower as compared to
that of TOPh (36.6%). Such difference in the PLQY values can
be explained by considering the molecular structure of both
compounds. The low PLQY value of TOEPh is because of the
presence of additional rotational channels caused by the O−C
and C−C bonds of the ethoxy groups, which leads to an
increase in the nonradiative deactivation channels and, hence,
reduced emission efficiency.
Furthermore, the phosphorescence quantum yields of both

the compounds were observed to be 10.97% (TOPh) and
6.96% (TOEPh), respectively. Such difference in the
phosphorescence quantum yields (ΦPh) in both compounds
suggests that relatively more nonradiative channels are
involved in TOEPh as compared to that in TOPh. The long
phosphorescence lifetime of TOEPh as compared to that of
TOPh causes the excitons to dissipate their energy via various
nonradiative deactivation pathways, such as triplet−triplet
annihilation and energy transfer to the singlet oxygen.24,25

Moreover, a large difference in the fluorescence quantum yield
values of TOPh (ΦFl = 25.63%) and TOEPh (ΦFl = 0.53%)
suggests that TOEPh has a relatively strong phosphorescence
at ambient conditions. The additional lp of electrons of ethoxy
groups at the ortho positions in TOEPh may favor ISC by an
allowed transition between the n−π* and π−π* states, which is
in good agreement with the literature41 in which electronic
coupling between the n and π units enables ISC transitions,
thus resulting in strong RTP. Moreover, enhanced ΦPh of
TOEPh confirms the indirect role of free electrons in
quenching the fluorescence by favoring strong SOC. Finally,
comparing the photophysical properties of both TOEPh and
TOPh, we conclude that the presence of free lp of electrons in
the ethoxy groups significantly affects the photophysical
behavior of TOEPh. Therefore, molecular design with a
trade-off between the extra lp of electrons and bulky alkyl chain
may be used to switch the electronic properties of the organic
luminescent molecules.

Single-Crystal X-Ray Analysis of TOPh and TOEPh.
Intramolecular Interactions. In order to further understand
the lifetimes of both the luminogens, we analyzed single-crystal
X-ray structures in detail. The X-ray structures of both
compounds (Figure 5) revealed that the phenoxy donors are
covalently attached to the terephthalonitrile acceptor via the
C−O single bond to give a twisted geometry. The orientation
of the phenyl rings in TOPh and TOEPh is found to be
alternatively above and below the plane of the terephthaloni-
trile core. The dihedral angles of the phenoxy rings in TOPh

Figure 4. Steady-state and phosphorescence emission spectra of (a)
TOPh and (b) TOEPh in powder. The phosphorescence decay of (c)
TOPh and (d) TOEPh.

Figure 5. Crystal structure of (a) TOPh, (b) TOEPh, (c) TOCPh, (d) TOMPh and (e) TOF.
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are found to be 115.02, 129.60, 48.81, and 66.79° when viewed
along the atoms C1−C2−O1−C9, C4−C3−O2−C15, C6−
C5−O3−C21, and C5−C6−O4−C27, respectively. However,
the dihedral angles in TOEPh are observed at 86.96 and
131.19° when viewed along the C1−C2−O1−C5 and C1−
C3−O2−C11 atoms, respectively (Figure S8). Moreover, the
centroid-to-centroid distance between the two intramolecular
phenoxy rings was found to be 4.245 and 4.540 Å in TOPh,
whereas it was found to be 5.302 Å in TOEPh (Figure S9).
Such a long distance between the phenoxy rings along with
their alternative up and down arrangement cause ineffective
π···π overlap between the phenyl rings, alleviating the
possibility of intramolecular through-space interactions be-
tween the rings. In addition, the angles between the planes of
the phenoxy donors (TOPh: 21.77, 29.68°; TOEPh: 56.26°)
are comparatively higher in the case of TOEPh (Figure S10),
which further substantiate our previous line of argument.
In addition to this, a large number of strong lp···π

interactions (2.729 Å, lp(O(2))···C(4)N; 2.732 Å, lp-
(O(4))···π(C1C3); 2.778 Å, lp(O(1))···π(C4N); 2.902
Å, lp(O(1))···π(C11C12); 3.458 Å, lp(O(4))···π(C4N1);
3.752 Å, lp(O(3))···π(C4N)) between the free electron
pairs of ethoxy and phenoxy groups are found in TOEPh. We
believe that these interactions not only reduce the rotation and
vibrations of the donor rings but also cause the enhancement
of ISC. In addition to this, intramolecular C−H···π interactions
(2.947, 3.379, 3.538, 3.888 Å) are also present in TOPh as
shown in Figure S11. When compared, similar interactions are
also present in TOPh (2.708 Å, lp(O(3))···π(C8N); 2.708
Å, lp(O(2))···π(C8N); 2.730 Å, lp(O(1))···π(C7N);
2.726 Å, lp(O(4))···π(C7N); 3.157 Å, lp(O(3))···π(C27

C28); 2.941 Å, lp(O(4))···π(C21C22); 2.993 Å, lp(O(1))···π-
(C15C16); 3.181 Å, lp(O(2))···(C9C10); 2.594 Å, C−
H(1)···π); (2.648 Å, C−H(10)···π); (2.0707 Å, C−
H(11)···π); (2.560 Å, C−H(20)···π) (Figure S12). We
anticipate that these large number of lp···π interactions
significantly affect the photophysical properties of both
molecular systems and certainly contribute to the strong ISC
and longer lifetimes. Considering these large numbers of
noncovalent interactions (lp(O)···π, C−H···π) that provide
extra-stabilization of the triplet excited states by restricting the
excited-state motion, we believe that nonradiative decay
pathways are reduced significantly, leading to the extension
of the lifetime in the millisecond range. Therefore, the
presence of these intramolecular interactions plays a crucial
role in populating the large number of ISC channels to harvest
the triplet states. Although these intramolecular noncovalent
interactions are present in both luminogens, only TOEPh
displays pRTP,52 suggesting such intramolecular interactions
are not solely responsible for the enhancement of the RTP
lifetime. To confirm the reason behind the long lifetime of
TOEPh, we compared the intermolecular interactions present
in both TOPh and TOEPh.
Intermolecular Interactions. The crystal structure analysis

further shows that TOPh prefers to pack in slip-stack
arrangement. The intermolecular distance (centroid to
centroid) between the two terephthalonitrile rings is found
to be 5.623 Å. However, such slip-stack arrangement is absent
in the case of TOEPh. The steric hindrance imposed by ethoxy
chains favor a large distance between the centroids of the two
units (centroid to centroid: 7.760 Å) (Figure S13). These
arrangements suggest that intermolecular centroid−centroid
interactions between the acceptor units in both the molecular

systems are lacking, unlocking the molecular motion in the
excited state. The distance (π(CN)···π−centroid−core)
between the terephthalonitrile ring of one molecule and the
nitrile group of another molecule in TOPh is observed at 3.815
and 3.769 Å (Figure S14). Interestingly, these interactions are
absent in TOEPh. However, TOEPh that shows relatively
shorter π···π interactions still possesses ∼7 times longer
lifetime as compared to the former. Therefore, the longer
phosphorescence lifetime of TOEPh as compared to that of
TOPh52 can be explained by the relatively shorter
intermolecular π···π interactions between the phenoxy
donors.46,47 We conclude that intermolecular π···π interactions
between the donor rings play a major role in the elongation of
the triplet state lifetime, as these interactions immobilize the
molecular motion in the excited state and reduce the
nonradiative decay channels.46,47

Single-Crystal and Photophysical Studies of TOCPh
and TOMPh. In order to further confirm the argument of π···π
interactions that cause the enhancement of phosphorescence
lifetime, we studied two more terephthalonitrile derivatives
substituted with 4-methylphenoxy and 4-methoxyphenoxy
donors. Similar to the other compounds, 2,3- and/or 5,6-
positions of the terephthalonitrile core are angularly sub-
stituted with the phenoxy donors. The dihedral angles of the
rings are found to be 64.40 and 80.77° in TOCPh, whereas
TOMPh shows torsion of 57.62 and 82.03° when viewed along
the C3−C2−O1−C5 and C2−C3−O2−C11 atoms, respec-
tively (Figure S15). The lack of intramolecular face-to-face
interactions between the phenoxy rings of TOCPh (centroid
to centroid = 5.355 Å) and TOMPh (centroid to centroid =
5.193 Å) (Figure S16) further removes the possibility of
intramolecular π···π interactions in these systems. Further-
more, strong intramolecular lp(O)···π(CN) (TOCPh:
O1···π(C4N1), 2.797 Å; O2···π(C4N1), 2.762 Å;
TOMPh: O1···π(C4N1), 2.789 Å; O2···π(C4N1), 2.757
Å) (Figure S17) and lp(O)···π(CC) (TOCPh: O1···π-
(C11C12), 3.235 Å; O2···π(C5C6), 2.968 Å; TOMPh:
O1···π(C11C12), 3.275 Å, O2···π(C5C6), 2.893 Å) (Figure
S18) interactions are also observed, which are very similar to
that observed in both TOPh and TOEPh. In addition,
multiple C−H···π interactions are also observed (TOCPh:
2.719, 2.514 Å; TOMPh: 2.745, 2.515 Å) (Figure S19). When
we compared them with TOPh, the π(CN)···π(CN)
interactions (TOCPh: 4.293 Å; TOMPh: 4.376 Å) were also
observed in both control molecules (Figure S20). However,
the distance between the centroid of the terephthalonitrile core
(acceptor) is found to be 7.863 Å (TOCPh) and 7.830 Å
(TOMPh) (Figure S21). Such a large distance between the π-
clouds of the acceptor rings (π(CN)···π(CN) and π···π
(acceptor)) in all the four molecular systems further confirms
that acceptor−acceptor packing is not crucial in determining
the increased phosphorescence lifetimes of all luminogens.
The presence of free lp of electrons on the oxygen atom of

the phenoxy rings in TOCPh and TOMPh can contribute to
the RTP feature because of the transition between the n−π*
and π−π* states, as recently discussed in the litera-
ture.6,7,19,30,31,41 We have performed solvent-dependent
absorption and emission measurements at ambient conditions.
Similar CT excited state characteristics of both molecules
(TOCPh and TOMPh) are observed, as compared to that of
earlier two molecules (TOPh and TOEPh) (Figure S6). The
room-temperature steady-state emission measurements show a
single emission band for both molecules (TOCPh, 481 nm;
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TOMPh, 480 nm). The lifetime analysis ensures that both
TOCPh and TOMPh show long RTP emissions (λex = 365
nm) (TOCPh: λem = 480 nm, τ480 = 35.39 ms, 72.00 ms;
TOMPh λem = 480, τ480 = 64.01 ms, 108.70 ms; λem = 545 nm,
τ545 = 69.45 ms, 130.68 ms; Figure S22). The low-temperature
measurements at 77 K show that phosphorescence and steady-
state emission closely overlap with each other with vibrational
features, as shown in Figure S22. Such overlapping emission
features also suggest that locally excited triplet state is present
at 77 K. As the lifetimes of the molecules are very long, the
possibility of triplet−triplet annihilation, energy transfer to
oxygen, and triplet−triplet energy transfer may be responsible
for the reduction of the quantum yield.24,25 Along with this, the
triplet exciton diffusion originating from the overlap of orbitals
between the substituted phenoxy rings can substantially cause
the quenching of the excitons, thus affecting the quantum
yield.53−55

A significant difference in the lifetime values is observed for
similarly packed molecular systems, as shown in Table 1. Both

the TOCPh and TOMPh molecular systems pack in slip-stack
arrangements similar to TOPh. Such a difference in the RTP
lifetimes suggests that the slip-stack arrangement is not
primarily responsible for the persistent emission in the
molecules. Interestingly, the distances between the phenoxy
donors are found to be 3.750 Å (TOCPh) and 3.782 Å
(TOMPh) (Figure 6), which are very close, as compared to
that of TOPh. Therefore, comparison among the lifetimes of
all the molecules along with the intermolecular π···π
interactions of the donors and loose packing of the π-acceptor
core suggests that the orientation of the donor rings plays a
major role in defining the extended lifetime of all the D4−A
molecular systems. It is clear that various intramolecular lp···π
interactions lead to enable a large number of efficient ISC
channels which populate the triplet state. In addition, these
interactions restrict the reorganization of the molecular donor
rings to some extent and stabilize the triplet excitons. The
intermolecular π···π interactions between the donor rings

facilitate long PRTP by a further stabilization of the triplet
states. Moreover, both intra- and/or intermolecular inter-
actions are important to harness the triplet excitons efficiently.
In the cases of TOCPh and TOMPh, the close arrangement of
phenoxy rings (Table 1) leads to strong π···π interactions,
which probably cause the efficient exciton migration and
quench the triplet excitons.24,53−55 Because of the exciton
migration, the quantum yield of these molecules may be
reduced, whereas in the case of TOEPh, strong π···π
interactions are absent because of which the probability of
exciton migration is reduced, and hence a high phosphor-
escence quantum yield is observed.53 Taking all together, we
can conclude that the terephthalonitrile core substituted by
phenoxy rings leads to control the self-assembled molecular
architecture with a large number of noncovalent interactions,
which play a pivotal role in reducing the molecular motion and
stabilizing the triplet states, hence long PRTP.

Effect of Aggregation. In order to check the effect of
aggregation on PRTP, we collected the absorption spectra of
all the molecules in THF and 90% (v/v) THF−H2O mixture
(Figures 7, S23). In THF, the lower energy absorption band

was observed at 345 nm (TOPh), 350 (TOEPh) nm, 348 nm
(TOCPh), and 355 nm (TOMPh) at a concentration of 10
mM under ambient condition. The addition of water leads to
the turbidity of the solution which confirms the aggregate
formation. When we compare the absorption spectra of all the
chromophores with the aggregates, we found that the lower
energy band was bathochromically shifted by 15−20 nm in all
the molecules when recorded in a 90% THF−H2O mixture.
The red shift in the absorption spectra suggests the formation
of J-aggregates. Contrary to the observed claim that H-

Table 1. Photophysical and Crystal Data

molecules

a
λPhos
(nm) b

τPhos (ms)

π···π
interaction

(Å)

a
Φem
(%)

a
ΦPh
(%)

TOPh 485 12.94 (23.08%),
37.15 (76.92%)

5.623 36.6 10.97

555 15.19 (24.66%),
38.10 (75.34%)

TOEPh 465 26.42 (6.06%),
185.67 (93.94%)

4.065 7.49 6.96

548 165.17 (52.37%),
245.82 (47.63%)

TOCPh 480 35.39 (71.54%),
72.00 (28.46%)

3.749 5.65 1.2

TOMPh 480 64.01 (42.25%),
108.7 (57.75%)

3.782 4.90 0.94

545 69.45 (59.50%),
130.68 (40.50%)

TOF 408 24.04 (39.82%),
88.77 (55.10%),
1.07 (5.08%)

3.706 3.86 0.8

467 79.31 (38.41%),
33.88 (33.73%),
203.28 (27.86%)

aPhosphorescence emission and quantum yields were measured
under ambient condition (λex = 365 nm). bLifetimes were measured
under ambient condition (λex = 370 nm).

Figure 6. Distance between the centroids of the donor rings in (a)
TOPh and (b) TOEPh (c) TOCPh and (d) TOEPh. Hydrogen
atoms are omitted for clarity. Distances are measured in Å.

Figure 7. Absorption spectra of (a) TOPh and (b) TOEPh in THF
and 90% (v/v) THF−H2O.
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aggregation causes the stabilization of triplet excited states and
long persistent lifetime, J-aggregates in these molecular systems
also cause the enhancement of the RTP lifetime. This
observation further suggests that the type of aggregation
plays no major role in determining the stabilization of the
triplet excited states. Instead, the self-assembly of the
molecules with a large number of intramolecular (lp···π) and
intermolecular π···π interactions are the determining factors in
the enhancement of the phosphorescence lifetimes.7,46−48

Moreover, we conclude that terephthalonitrile-based molecular
systems are suitable to harness triplet excitons via face-to-face
interaction between the donor phenoxy rings.
Effect of Electron-Withdrawing Group. The argument of

donor-based face-to-face interaction was further confirmed by
analyzing the crystal structure of the TOF molecule. TOF was
chosen for comparison because it gives an afterglow emission
at 465 nm with a maximum lifetime of 203.28 ms (Figure S24).
The complete photophysical data of TOF can be obtained
from the earlier report.6 When the crystal structure of TOF
was compared with that of TOPh, TOEPh, TOCPh and
TOMPh we observed that TOF also packs via slip-stack
arrangement. The distance between the core terephthalonitrile
rings is found to be very large (7.513 Å), whereas a short
distance (3.706 Å) is observed for the intermolecular phenoxy
donor rings (Figure S25). Such a short distance between the π-
clouds confirms that π···π interaction (intermolecular) is the
major reason which governs the extended lifetime in this class
of terephthalonitrile-based derivatives.
Persistent RTP Feature and Data Security Application

in PMMA-Doped Films. The PRTP feature in the powder
samples of TOPh, TOEPh, TOCPh and TOMPh is shown in
Figure 8a. Utilizing the PRTP feature of TOEPh and the short

phosphorescence lifetime of TOPh, we have shown the
encryption and decryption application using both the
molecules in the PMMA-doped films (Figure 8b). Under
365 nm illumination, the pattern of “E” made of both TOEPh
and TOPh with different emission features was observed. On
switching off the excitation source, only a green pattern of “I”
caused by TOEPh shows a persistent emission feature that
could be readily visualized by naked eye.

■ CONCLUSIONS

In summary, we have compared five terephthalonitrile
derivatives, TOPh, TOEPh, TOCPh, TOMPh, and TOF, in
which the 2,3,5,6-positions are covalently attached with
phenoxy, 2-ethoxyphenoxy, 4-methylphenoxy, 4-methoxyphe-
noxy, and 2-fluorophenoxy groups, respectively. We have
shown that all the molecular systems show RTP features.
Because of the presence of a large number of lp(O)···π
intramolecular interactions, all the molecules favor a strong
ISC that leads to triplet emission. Spectroscopic measurements
and a detailed single-crystal X-ray structure analysis show that
intermolecular π···π interactions between the donor rings play
a major role in the enhancement of phosphorescence lifetime
in TOEPh, TOCPh, TOMPh and TOF. Our results
demonstrate that all the molecules assemble via J-aggregation
but show a longer lifetime, which is against the generally
proven hypothesis of triplet state stabilization by H-aggregates.
We assume that terephthalonitrile-based derivatives provide
the required assembly of the molecular systems with face-to-
face donor interactions, which causes the elongation of the
lifetime. Given the PRTP property of the molecules, data
security application has been shown. Further studies and
molecular engineering of this class of molecular systems to
enhance the phosphorescence efficiency are underway.

■ EXPERIMENTAL SECTION

Materials and Measurements. All the reagents and
deuterated solvents were obtained from commercial sources
and used without any further purification, unless otherwise
mentioned. Dimethyl formamide (DMF) was dried and
distilled over calcium hydride. 1H and 13C NMR spectra
were recorded in a Bruker AVHDN 400 with working
frequencies of 400.245 MHz for 1H and 100.6419 MHz for
13C nuclei, respectively, using CDCl3 and DMSO-d6. Chemical
shifts were quoted in ppm relative to tetramethylsilane, using
the residual solvent peak as a reference standard. Steady-state
absorbance was measured using an Agilent Technologies Cary
8454 UV−visible (vis) instrument. Steady-state emission,
phosphorescence, and lifetime analysis of both fluorescence
and phosphorescence were recorded on a HORIBA Fluorolog-
3 spectrofluorometer (Model: FL3-2-IHR320). The phosphor-
escence spectra were recorded by giving the detector a delay of
50 μs (at room temperature and 1 ms at 77 K) and providing
the sample window 3 times the lifetime of phosphor. Absolute
quantum yield measurements of the compounds in solid state
were recorded by using an integrating sphere purchased from
HORIBA Jobin Yvon (Quanta-Phi 6, Model F-3029). Single-
crystal X-ray diffraction data were collected using a D8
VENTURE IμS microfocus dual source Bruker APEX3
diffractometer equipped with a PHOTON 100 CMOS
detector and an Oxford cryogenic system. High-performance
liquid chromatography experiments were carried out on a
Waters Alliance system (Milford, MA) consisting of an e2695
separation module and a 2998 photodiode array detector.
Matrix-assisted laser desorption ionization (MALDI) measure-
ments were performed with a Bruker autoflex maX MALDI
mass spectrometer (equipped with Bruker smart beam-II
laser), and data were measured in reflector positive mode.
Detailed synthesis of all the molecules can be found in the
Supporting Information..

Figure 8. (a) PRTP feature of TOPh, TOEPh, TOCPh and TOMPh
in powder under ambient conditions. (b) Data security application
patterns of “E” and “I” under illumination with a 365 nm lamp using
the PMMA films of TOPh and TOEPh.
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