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Intramolecular Through-Space Charge-Transfer Effect for
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Organic emitters that exhibit room-temperature phosphorescence (RTP) in
neat films have application potential for optoelectronic devices, bio-imaging,
and sensing. Due to molecular vibrations or rotations, the majority of triplet
excitons recombine rapidly via non-radiative processes in purely organic
emitters, making it challenging to observe RTP in amorphous films. Here, a
chemical strategy to enhance RTP in amorphous neat films is reported, by
utilizing through-space charge-transfer (TSCT) effect induced by
intramolecular steric hindrance. The donor and acceptor groups interact via
spatial orbital overlaps, while molecular motions are suppressed
simultaneously. As a result, triplets generated under photo-excitation are
stabilized in amorphous films, contributing to phosphorescence even at room
temperature. The solvatochromic effect on the steady-state and transient
photoluminescence reveals the charge-transfer feature of involved excited
states, while the TSCT effect is further experimentally resolved by
femtosecond transient absorption spectroscopy. The designed luminescent
materials with pronounced TSCT effect show RTP in amorphous films, with
lifetimes up to ~40 ms, comparable to that in a rigid polymer host.
Photoluminescence afterglow longer than 3 s is observed in neat films at
room temperature. Therefore, it is demonstrated that utilizing intramolecular

1. Introduction

Phosphorescence in organic luminescent
materials intrinsically stems from the ra-
diative transitions of triplet excitons to
the ground state. However, because of
Pauli’s exclusion principle, this radiative
process is spin-forbidden, generally slow,
and can be easily outcompeted by faster
non-radiative molecular relaxations at room
temperature.l'!’ Organometallic phospho-
rescence emitters incorporating iridium,
platinum, or gold have been intensively
investigated and successfully applied as
triplet harvesters for highly efficient or-
ganic light-emitting diodes. Because of the
heavy atom effect, the spin-orbit coupling
is significantly enhanced to achieve inter-
system crossing (ISC) transition from sin-
glet to triplet states, followed by radia-
tive triplet decay, resulting in highly effi-
cient room-temperature phosphorescence
(RTP).[2-%1 However, heavy atoms involved

steric hindrance to stabilize long-lived triplets leads to phosphorescence in

amorphous films at room temperature.
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in these materials raise concerns about en-
vironmental sustainability as well as mate-
rial costs.

For purely organic RTP emitters, the
probability of triplet radiative transition
is low leading to inferior phosphorescence quantum yields.[”8!
Ultralong afterglow from purely organic RTP emitters lasting
up to several seconds has been reported, contrasting with spin-
allowed radiative singlet transitions in the nanosecond region,
referred to as prompt fluorescence (PF).°'2 It is worth noting
that purely organic luminescent materials without heavy atoms
can only show RTP emission whenever molecular vibrations and
non-radiative transitions are effectively suppressed, such as in
crystals or a rigid polymer matrix.l'%13-7] However, it is diffi-
cult to use crystals in optoelectronic devices, since doping in
rigid polymers can potentially bring disadvantages such as phase
separation or inhomogeneity.'®! Long-lived RTP in amorphous
films can avoid the aforementioned problems and is therefore
highly desirable. On the other hand, it is a scientific challenge
to stabilize long-lived triplets in amorphous films, because of the
more pronounced molecular non-radiative motions as compared
to that in a rigid host, while suppressing non-radiative decay from
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Figure 1. Chemical design principle. a) Schematic illustration of steric hindrance-induced TSCT. b) Chemical structure of mDTMe, mDTCz, pDTCz, and
pDTTCz. c) Geometrical configuration of mDTMe, mDTCz, pDTCz, and pDTTCz in single crystals with intramolecular interactions.

triplets is of vital significance for optoelectronic devices including
organic light-emitting diodes or organic solar cells.[”1*2)] There-
fore, the development of phosphorescent materials in neat films
with long-lived triplets remains a formidable challenge from the
application or scientific perspective.?!! In recent years, scien-
tific effects have been dedicated to realize RTP in amorphous
films.[22-2]

Charge-transfer (CT) states in donor—acceptor-based organic
emitters have been intensively investigated for the devel-
opment of thermally activated delayed fluorescence (TADF)
materials.[?*?l When the conjugation between the donor and
acceptor group is disturbed either by tuning the link position
or geometric configurations with pronounced steric hindrance,
singlet and triplet excitons can show a mixture of CT and lo-
cally excited (LE) features.?®] However, it is noted that for many
donor-acceptor type emitters, the notorious aggregation-induced
quenching can lead to pronounced PLQY reduction.!?] In some
extreme cases, either TADF or RTP emission is reduced to the de-
tection limit or even fully quenched, because of the overwhelm-
ing non-radiative triplet decay.”?’! Efficient TADF emission origi-
nating from the through-space CT (TSCT) state has been demon-
strated when the donor and acceptor groups are linked to a non-
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conjugated backbone.?%3l In such a molecular design, charge
transfer happens from the donor to the acceptor group through
space. A dense molecular packing is beneficial for the TSCT-
induced emission in this case, stabilizing the long-lived triplet
states which contribute to efficient TADF emission in polymeric
neat films.32!

In the present work, we demonstrate a general method to
achieve purely organic luminescent materials with RTP emission
in amorphous neat films by utilizing the TSCT effect, induced
by intramolecular steric hindrance between the donor and ac-
ceptor moieties. The design principle is schematically presented
in Figure 1a. The molecular linking bridge is a rigid linker (tert-
butylcarbazole) connecting donor and acceptor units. By tuning
the relative position between a rigid linker and acceptor groups,
or by adjusting the size of the donor moiety, the steric hindrance
effect and photophysical properties are modified. As a result,
RTP emission in purely organic molecules with a lifetime of up
to 40 ms has been realized in thermally evaporated neat films,
which is comparable to that when buried in a rigid polymer host.
We further show that the tuned RTP decay in neat films can be
applied for time-dependent luminescent patterns, which can be
used for data-safety applications in the future.
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2. Results and Discussion

2.1. Synthesis and Structural Characterization

In the present study, the donor consists of carbazole/tricarbazole
groups, while the acceptor part is based on the triazine core since
they exhibit promising long-lived triplets, which have been used
previously for building TADF and RTP materials.[1011:3334] The
chemical structure of developed materials in the present study
is shown in Figure 1b, with short names as mDTMe, mDTCz,
pDTCz, and pDTTCz, respectively. The full name can be found in
the Supplementary Information. These materials are synthesized
with well-known reactions with high product yields, including
Ullmann reaction to build donor groups with carbazole/methyl,
and Suzuki coupling to link the donor and acceptor groups to ob-
tain the target compounds shown in Figure 1b. Their chemical
structures are characterized and confirmed by 'H and *C NMR
spectroscopy (Figure S1-S18, Supporting Information), high-
resolution mass spectrometry (HRMS) (Figure S19, Supporting
Information), and single-crystal X-ray diffractions (Figure 1c;
Tables S1 and S2, Supporting Information). High purity has
been confirmed by high-performance liquid chromatography, as
shown in Figure S20 (Supporting Information).

Intramolecular weak interactions for developed materials in
single crystals are presented in Figure 1c, while their space-
filling structures indicating the intramolecular geometric con-
finement are shown in Figure S19 (Supporting Information).
Pronounced steric hindrance effects have been observed in the
pDTCz and pDTTCz single-crystal structures. The carbazole and
triazine unit are aligned in an edge-to-edge configuration for
pDTCz, with close confocal z-7 stacking of two fragments in
a distance ~3.251-3.520 A (Figure 1c). Because of the geomet-
ric confinement and close spatial distance, the intramolecular
#-m interactions between the carbazole/tricarbazole donor and
the triazine acceptor can be visualized in pDTCz and pDTTCz,
as indicated in Figure 1c and Figure S21 (Supporting Infor-
mation). Such a close spatial distance indicates the presence
of TSCT interactions between the carbazole donor and triazine
acceptors.

In contrast, in mDTCz, because the tert-butyl carbazole moi-
ety is linked to the meta-position of the benzene ring linking
the triazine moiety, there is no proper edge-to-edge alignment
between the carbazole and triazine groups. As summarized in
Tables S1 and S2 (Supporting Information), the crystal density
is 1.152 g m~3 for mDTMe without TSCT effect, while the den-
sity is even lower for 0.970 g m~ for pDTTCz with the strongest
TSCT effect. Distances from the top carbazole unit to the nearby
triazine rings are 4.097 and 4.685 A, respectively, large enough
for possible molecular rotations or vibrations to some extent
(Figure 1c). Because of the slightly longer distance between the
carbazole and triazine unit, the intramolecular interaction is
weaker compared to that in pDTCz and pDTTCz (Figure S21,
Supporting Information). However, for mDTMe, since there is
no additional carbazole group, the triazine moiety can rotate or
vibrate more easily (Figure 1c).

For pDTCz crystals, two individual molecules show a head-to-
tail staggered arrangement with the closest distance of 3.475 A
from the carbazolyl-bridge to the trazine acceptor of the closest
molecule, which might induce weak intermolecular interactions
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(Figure S21, Supporting Information). Nevertheless, intermolec-
ular interactions are not unexpected in general, since molecular
movements are significantly suppressed in crystals.*>3¢) After ul-
traviolet (UV) irradiation, the photoluminescence intensity only
decreases gradually with a long lifetime, still observable up to
42 s, indicating ultralong afterglow emission in crystals at room
temperature, as shown in Figure S22 (Supporting Information).
The detailed data about the molecular packing for these devel-
oped materials in single crystals are summarized in Tables S1
and S2 (Supporting Information).

2.2. Basic Properties

The steady-state ultraviolet-visible (UV-vis) absorption and pho-
toluminescence (PL) are shown in Figures 2a-c and S23
(Supporting Information). In toluene, the four molecules
mDTMe, mDTCz, pDTCz, and pDTTCz exhibit broad absorp-
tion in the 330-400 nm range attributed to z-z" and CT from
the carbazole/tert-butylcarbazole bridge/tricarbazole to the tri-
azine acceptor transitions.[?’] When dissolved in different sol-
vents, the steady-state PL spectra are red-shifted when the sol-
vent polarity increases. Shoulder peak at ~#400 nm has been
observed in n-hexane, which has also been observed in emit-
ters with donor and acceptor units.[*’] Moreover, there is a grad-
ual increase of the decay lifetime of PF when the solvent po-
larity rises, as shown in Figure S24 (Supporting Information).
The fitted PF lifetime for these materials in different solvents is
summarized in Table S4 (Supporting Information). The polarity-
dependent fluorescence properties indicate the CT feature of
singlet states.’*38] The solvatochromism mainly results from
the difference of dielectric properties in surrounding solvent
molecules, which in the end affects the excited states of organic
emitters in terms of the electron cloud distribution and therefore
the optical properties.l*”] Besides, the developed materials show
excellent thermal stability, with the decomposition temperature
(5% weight loss) T, of 474 °C for mDTCz, 493 °C for pDTCz,
and 533 °C for pDTTCz, respectively (Figure S27, Supporting
Information).

The absolute PL quantum yields (PLQY) for thermally de-
posited neat films are determined using an integrating sphere
under nitrogen and ambient atmosphere. In nitrogen, the PLQY
is 36.9% for the mDTMe neat film, while it increases to 48.0%
for mDTCz, 54.9% for pDTCz, and further to 73.5% for pDTTCz
(Table 1; Table S3, Supporting Information). The gradual increase
of PLQY is consistent with the change of intramolecular interac-
tions in crystals, as schematically illustrated in Figure 1c, which
suppresses the non-radiative molecular relaxations.!?8] The PLQY
is reduced slightly with 3-6% when measured in ambient atmo-
sphere as compared to that in nitrogen, indicating the involve-
ment of triplets. As summarized in Table S5 (Supporting Infor-
mation), the PLQY in nitrogen for emitters when being buried
in a polymer host increases from 45.7% for mDTMe to 88.3%
for pDTTCz. Therefore, in the PMMA matrix, PLQY increases
for materials with more pronounced steric hindrance, similar to
that observed in amorphous films.

The delayed PL spectra after the excitation pulse of 200 ps,
treated as the RTP spectra, are plotted in Figure S23 (Support-
ing Information) for mDTMe (in PMMA) and in Figure 2d for
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Figure 2. Basic photophysical properties. Steady-state absorption (dashed) and PL spectra (solid) for a) mDTCz, b) pDTCz, and c) pDTTCz. (d) The
phosphorescence spectra with a delay of 200 ps after the excitation, were measured in N, with thermally evaporated films at room temperature.

mDTCz, pDTCz, and pDTTCz neat films, respectively. These
phosphorescence spectra, with peaks at ~440 to 500 nm, are rel-
atively different from previous reports of phosphorescence from
the carbazole or triazine groups, but quite close to the reported
delayed emission from compounds with the carbazole/tert-
butylcarbazole donor and triazine acceptor.['%*! The singlet and
triplet energy are determined according to the lineshape analysis
from the fluorescence and phosphorescence spectra, as shown
in Figure S25 (Supporting Information) and Table 1. The singlet-
triplet splitting energy AEg; of mDTCz, pDTCz, and pDTTCz
is 0.10, 0.11, and 0.04 eV, respectively. The basic photophysical
properties of these four emitters are summarized in Table 1 and
Table S3 (Supporting Information).

2.3. Theoretical Calculations

To better understand the photophysical properties of these
molecules, we investigate the excited-state properties by em-

Table 1. Photophysical properties of mDTCz, pDTCz, and pDTTCz.

ploying time-dependent density functional theory (TD-DFT) on
mDTMe, mDTCz, pD TCz, and pDTTCz. The frontier molec-
ular orbitals (FMOs) and the first excited-state electron distri-
butions at the ground-state geometry are shown in Figure S28
(Supporting Information). The highest occupied molecular or-
bital (HOMO) of each molecule in the ground-state geometry
is mainly located at the donor unit, while for pDTTCz there is
almost no distribution on the tert-butyl carbazole bridge. The
lowest unoccupied molecular orbital (LUMO) is predominantly
distributed on the acceptor section (Figure S28, Supporting In-
formation). The excitation energies of the first excited state
at the ground-state geometry match with the experimental ab-
sorption peaks, as shown in Table 1 and Table S6 (Support-
ing Information). Furthermore, the singlet and triplet energy
levels are modeled by examining the excitation energies at first
excited-state-minimum geometries. Based on the excited-state-
minimum geometries the calculated S; and T, energy levels
(Table S6, Supporting Information), the A Eq;. between the S; and
T, for mDTMe, mDTCz, pDTCz, and pDTTCz is estimated as

Sample Apps [nm]?) At [nm]?) e [nm]?) Agt [nm]? At [nm]? et [nm]? At [nm]?) Apyy [nme) PLQY Air / N, [%]) S1/Ti[eV]
mDTCz 341/357 421 438 453 464 483 441 470 43.8 /48.0 2.90/2.80
pDTCz 340/367 422 438 463 463 487 437 443 50.3 /54.9 2.92 /2.81
pDTTCz 352/371 441 462 504 499 514 463 481 67.2/73.5 2.84/2.80

a)

Adv. Optical Mater. 2024, 12, 2400976 2400976 (4 of 11)

in toluene; ®in cyclohexane; Yin CHCl;; in THF; Din CH,Cly; f Neat film; 8 Phosphorescence (PH) peak of neat film at room temperature.
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Figure 3. Hole (green) and electron (blue) spatial distribution and calculated energy levels for mDTMe, mDTCz, pDTCz, and pDTTCz.

0.17, 0.07, 0.13, and 0.08 eV, respectively. It is noted that the ad-
ditional higher-lying triplet state T, also has a very small energy
difference with the singlet states.

To further understand the excited-state properties for mDTMe,
mDTCz, pDTCz, and pDTTCz, we analyze the hole and elec-
tron distribution of S;, T,, and T,, as shown in Figure 3. For

Adv. Optical Mater. 2024, 12, 2400976 2400976 (5 of 11)

mDTMe, the S; state primarily shows through-bond charge
transfer (TBCT) nature, while triplet states T, and T, are com-
posed of a mixture of locally excited (LE) and TBCT properties.
For mDTCz, the electronic interaction between the carbazole and
triazine units is weak due to the distance. The S, state shows
mainly the TBCT nature, while triplet states T, and T, exhibit the

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. The RTP decay of amorphous films in the millisecond time window in N,.

mixing properties of LE and TBCT, similar to mDTMe. The elec-
tronic wave functions of T; are mainly located at the phenyltri-
azine acceptor, but the hole wave function is mainly distributed in
the carbazole groups. In pDTCz and pDTTCz the S, states show
the characteristics of TSCT (carbazole/tricarbazole to triazine)
with only minor involvement of tert-butyl carbazole bridges. Fur-
thermore, it is noted that a pronounced TSCT character for
pDTTCz T, is resolved, which might be induced by the proxim-
ity and steric hindrance. The LE and CT ratios of the S, and T,
states are estimated by using the inter-fragment charge transfer
(IFCT) method implemented in Multiwfn. We divide each indi-
vidual molecule into two fragments: fragment 1 is the donor and
fragment 2 is the two triazines. The IFCT method counts the elec-
tron and hole contribution from both fragment 1 and fragment
2. The difference between the number of electrons and holes in
fragment 1 corresponds to the number of charges transferred
from fragment 1 to fragment 2, whose ratio is defined as the CT
ratio. Meanwhile, the ratio of charges localized on the same frag-
ment is treated as the LE ratio. As summarized in Table S7 (Sup-
porting Information), it is noted that the ratio of CT is as high as
76.4% in the T, state of pDTTCz.

2.4. Transient Photoluminescence

The impact of intramolecular steric hindrances on the transient
photophysical properties of the developed materials is further
studied. First, the transient PL decays in the nitrogen atmo-
sphere for neat films prepared by thermal evaporation are in-
vestigated. As shown in Figures 4 and S29 (Supporting Infor-
mation), the transient PL decay in nitrogen measured by time-
correlated single-photon counting (TCSPC) indicates that there
is PF emission in the nanosecond (ns) range, delayed fluores-
cence (DF) in the microsecond (us) range, and RTP in the mil-
lisecond (ms) range. The fitted decay lifetime of these different
components is summarized in Table 2. For these materials, the
PF lifetime is #7-10 ns, and the DF lifetime is ~1 ps. The RTP de-
cay is further fitted starting from 80 ps, as shown in Figures S30
and S31 (Supporting Information), with the RTP decay lifetime
0f4.78, 34.3, 36.5, and 41.9 ms for mDTMe, mDTCz, pDTCz, and
pDTTCz, respectively. When being buried in a PMMA host, the
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decay lifetime of RTP is increased to 28.5 ms for mDTMe, 36.3 ms
for mDTCz, 37.4 ms for pDTCz, and 49.4 ms for pDTTCz. The
transient PL properties are summarized in Figure S32 and Table
S8 (Supporting Information). For mDTMe, it is noted that the
RTP lifetime is significantly enhanced in PMMA with a factor
of ~6 as compared to that in neat film, demonstrating the pro-
nounced molecular motions in mDTMe neat film, consistent
with the molecular packing results. As for mDTCz, pDTCz, and
pDTTCz, the RTP lifetime is only slightly increased in the PMMA
host. Such a comparison indicates that the molecular steric hin-
drance in mDTCz, pDTCz, and pDTTCz neat film is only slightly
less effective compared to that in a rigid polymer host. The
slightly longer intramolecular group distance in mDTCz can
already largely suppress the non-radiative molecular motions,
though comparably less effective compared to that in pDTCz and
pDTTCz.

It is worth noting that the neat films prepared by thermal
evaporation are amorphous without significant crystallinity sig-
nals, as confirmed by the X-ray diffraction (XRD), shown in
Figure S26 (Supporting Information). Because of pronounced
molecular movements with activation energy comparable with or
even lower than the thermal energy at room temperature, non-
radiative molecular relaxations in the form of vibrations or rota-
tions can quench the phosphorescence radiation without rigid
environmental confinement. However, due to the intramolec-
ular steric hindrance effect, molecular rotations are effectively
suppressed, contributing to the pronounced RTP emission even
in amorphous films for mDTCz, pDTCz, and pDTTCz. As shown
in Figure 4, for mDTMe neat film, there is no significant RTP de-
cay, which is consistent with the absence of intramolecular steric

Table 2. The PL decay lifetime summary for amorphous neat films in air or
nitrogen.

Sample Tpp [ns] Air/N, Tpr [us] Air/N, Tgrp [MS] Air/N,
mDTMe —-/7.17 —/0.54 —/4.78
mDTCz 8.49/8.43 0.85/1.11 31.2/34.3
pDTCz 7.86/7.92 0.72/0.87 34.7/36.5
pDTTCz 9.75/9.82 0.81/0.83 37.5/41.9
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hindrance or TSCT effect, as discussed in previous sections. The
reason for the slightly longer RTP decay of pDTTCz compared
to mDTCz and pDTCz might arise from stronger intramolecular
geometric confinements, which is also consistent with the PLQY
trend.

Furthermore, it is noted that RTP emission can even be
detected under ambient conditions for mDTCz, pDTCz, and
pDTTCz neat films. As shown in Figures S33 and S34 (Support-
ing Information), the RTP decay is still observable in air, with a
slightly shorter decay lifetime compared with that in nitrogen.
The RTP decay lifetime is 31.2, 34.7, and 37.5 ms for mDTCz,
pDTCz, and pDTTCz films measured in ambient conditions, re-
spectively, which is summarized in Table 2. There is a slight de-
crease of the PLQY of ~4-6% for pDTCz and pDTTCz when be-
ing measured in ambient conditions. In such a case, since the
emissive triplets are even stabilized in dense neat films with pro-
nounced RTP, whenever measured in an ambient atmosphere,
the triplet contribution toward the PLin N, should be higher than
4-6%. Nevertheless, the ISC rates (ksc) of these molecules can
be still estimated by assuming either only the singlets or triplets
contribute to the non-radiative losses, as summarized in Table S9
(Supporting Information).*¥! Under each assumption, it is noted
that kg rates for these emitters are similar. Such an estimation
illustrates that the geometry confinement has no big impact on
the ISC process. The gradually elongated RTP emission and in-
creased quantum yields from mDTCz, pDTCz to pDTTCz should
therefore result from the reduced non-radiative loss because of
intramolecular steric hindrance.

As shown in Figure S35 (Supporting Information), the
temperature-dependent PL decay shows that the delayed part
in the microsecond regime increases when the temperature
decreases. The increase of delayed components violates the
temperature-dependent behavior of materials with TADF. Since
the DF is thermally activated in TADF emitters, the intensity
of DF will decrease when cooled down. For RTP emission, the
phosphorescence lifetime and intensity increase when the non-
radiative relaxations are suppressed by cooling down.

2.5. Ultrafast Charge-Transfer State Relaxation

The charge-transfer states involved in the developed molecules
are further experimentally verified and investigated by femtosec-
ond transient absorption (fs-TA) spectroscopy. The 2D fs-TA spec-
tra for mDTMe, mDTCz, pDTCz, and pDTTCz in CHCI, solution
are shown in Figure S36 (Supporting Information), while that
in cyclohexane is presented in Figure S39 (Supporting Informa-
tion). When measured in both solvents, pronounced excited state
absorption (ESA) has been observed for all emitters.

The long-lived ESA signal from ~10 ps till the detection time
window limit ~8 ns can be assigned to singlet and triplet absorp-
tion. Furthermore, for all four molecules, fast decays are observed
in CHC, from the femtosecond to picosecond (ps) region, shown
in Figures 5a—d and S36 (Supporting Information). Such a fast
decay signal is also observed when measured with a lower excita-
tion laser intensity, presented in Figures S37 and S38 (Support-
ing Information). Such a cross-check experimentally verifies the
presence of ultrafast excited-state decay in the ps region, exclud-
ing possible experimental artifacts.
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In CHCL,, for mDTMe and mDTCz, fast decay signals have
been only observed in the NIR range, while for pDTCz and
pDTTCz, fast decay signals have been observed both in the visible
and NIR wavelength region, as shown in Figure 5a—d. However,
the fast decay component vanished in the non-polar solvent cy-
clohexane, as shown in Figure S39 (Supporting Information). It
is known that the CT state is stabilized in the polar solvent, with
a large molecular geometry difference between the ground state
and singlet state.[*?) Considering the experimental observations
of PL red-shift and elongated decay lifetime of PF in polar sol-
vents, together with the theoretical investigation, the fast decay
component in fs-TA can be reasonably assigned to CT state relax-
ations.

In CHCI,, the CT state relaxation for mDTMe and mDTCz has
a lifetime of 5.7 ps at 1300 nm for mDTMe and 3.9 ps at 1550 nm
for mDTCz, as shown in Figure S40 (Supporting Information).
Furthermore, it is found that for mDTMe and mDTCz, the CT
state in the NIR range has the shortest decay lifetime. The re-
laxation lifetime of the CT state is 10.5 and 8.3 ps for pDTCz at
550 and 1550 nm, respectively. For pDTTCz in CHCI,, the fast
decay at 550 nm has a lifetime of 10.3 ps, while it is 19.1 ps at
1550 nm. The lifetimes of short-lived CT relaxations observed by
fs-TA states are summarized in Table S10 (Supporting Informa-
tion). The faster CT state relaxation in mDTMe or mDTCz as com-
pared to that in pDTCz and pDTTCz is consistent with the larger
molecular rotation space observed from the single crystal results
and shorter RTP lifetime, as discussed in previous sections. Con-
sidering the molecular structures of the organic materials shown
in Figure 1c, it is likely that the signal in the NIR range observed
for all the four molecules developed in this work can be assigned
to the relaxation of TBCT states, while that observed within the
visible wavelength range for pDTCz and pDTTCz can be assigned
to the TSCT state.

2.6. Origin of RTP Emission in Amorphous Films

Based on the above experimental and theoretical results, we here
make a summary discussion regarding the molecular origin of
the RTP emission in organic amorphous films. From the PLQY
and single crystal results, the gradual increase of the intramolec-
ular steric hindrance from mDTMe and mDTCz to pDTCz and
pDTTCz suppresses non-radiative losses. The comparable ISC
rates estimated in these materials indicate that the triplet genera-
tion rates are similar for all these compounds. Therefore, one can
deduce that the triplet non-radiative rates in pDTCz and pDTTCz
amorphous films are significantly reduced, which in the end
leads to much longer RTP decay as compared to mDTMe.

From the steady-state PL, transient PL decay and transient
fs-TA results in different solvents, we infer that TBCT states are
involved in the singlet relaxations, while TSCT fast decay signals
are resolved for pDTCz and pDTTCz in CHCI,. As for the triplet
states, the theoretical investigations indicate that there might be
a mixture of LE and TSCT properties for pDTCz and pDTTCz.
When assuming that the triplet state T; would exhibit mainlya LE
character, there should be only a minor shift of the RTP spectra
during the chemical modification from mDTMe to pDTCz and
pDTTCz, since the electron distribution in that case is mainly
locally located at either the donor or the acceptor group.®!
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Figure 5. fs-TA spectroscopic characterization mDTMe, mDTCz, pDTCz, and pDTTCz. a), b), c), and d) selected TA spectra at specific delay times in
CHCl;. Measurements shown here are carried out with 100 uW fs-laser excitation at 360 nm. The arrow indicates the TSCT decay observed in pDTCz,
and pDTTCz, while the dashed frames indicate the TBCT relaxation observed for all four emitters in CHCl;.

However, as shown in Figure 2d, the phosphorescence spectra
are quite different for mDTCz, pDTCz, and pDTTCz films, with
similar molecular building blocks (donor and acceptor) but dif-
ferent molecular geometry structures. The reason is the different
TSCT contributions to the T, states for these emitters due to the
difference in intramolecular through-space interactions, which
in the end leads to the phosphorescence spectral shift observed
experimentally. Since the TSCT contribution is high in pDTTCz,
as shown in Figures 2d and 3, its phosphorescence spectrum in
neat film is largely shifted from the phosphorescent emission
originating locally from the carbazole unit.[*”]

It is noted that in the present study, the TSCT effect is in-
duced within the single molecule, not the intermolecular pack-
ing in previous reports such as burying in crystals or polymer
hosts. There are some previous reports about RTP emission from
amorphous films.['8#42] It is further noted that the realization of
RTP was either based on heavy atom effect, polymeric emitters,
or by intermolecular weak bonding. Therefore, the intramolec-
ular interactions in the present study are different from previ-
ous reports. Furthermore, the RTP decay lifetime is ~#40 ms in
amorphous neat film prepared by thermally deposited. As a com-
parison, a recent work about RTP decay in amorphous films is
~2.9 ps.[*3] Therefore, the strategy developed in the present work
by intramolecular TSCT effect is fundamentally different com-
pared to previous reports by crystal engineering or polymeric host
confinement. The RTP lifetime for materials with TSCT effect
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is comparable to that when being buried in a polymer host. In
other words, the reduction of the intramolecular relaxation via
TSCT effect can significantly elongate the triplet lifetime in an
amorphous neat film, comparable to that reduced by a polymeric
host.

2.7. Time-Dependent RTP Pattern from Neat Films

The fascinating PL properties of mDTMe, mDTCz, pDTCz, and
pDTTCz in amorphous films might give new opportunities for
different application scenarios. We here explore the possibility to
fabricate time-dependent PL patterns based on these neat emis-
sive materials. The synthesized materials are First dissolved and
then drop-casted on pre-engraved substrates with different pat-
terns. Though RTP emission has been detected under ambient
conditions, time-dependent microscopy tests are carried out with
materials encapsulated under a nitrogen atmosphere to observe
afterglow with a longer lifetime. As shown in Figure 6, under UV
light excitation, the filled alphabet pattern I, H, F, and E shows
blue PL. After the stop of UV excitation, there is no phospho-
rescence emission from the pattern “I” with mDTMe, and clear
delayed emission can still be resolved for patterns with pDTCz
(“F”) and pDTTCz (“E”) after a delay of 3.08 s, whereas the pattern
“H” with mDTCz is barely visible after such a long delay time.
These results semi-quantitatively demonstrate that compounds
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Figure 6. Time-resolved microscopy images based on neat materials after solvent evaporation. From top to bottom: mDTMe, mDTCz, pDTCz, and
pDTTCz respectively. BF indicates a bright field without excitation. The scale bar is 10 um. Color bar: left (UV on), right (UV off).

with stronger steric hindrance can elongate the RTP emission
lifetime in pure films. Because of the afterglow lifetime differ-
ence, further combination with these materials in a single pat-
tern can be used for building time-dependent luminescent pat-
terns as a function of the delay time after UV excitation, which
can be applied for data-safety applications in the future.

3. Conclusion

In conclusion, we demonstrated a molecular design strategy to
stabilize long-lived emissive triplets in amorphous films by in-
troducing an intramolecular steric hindrance effect. Four purely
organic phosphorescent emitters were designed and synthe-
sized based on carbazole donors and triazine acceptors, three
of which showed pronounced phosphorescent decay from amor-
phous neat film at room temperature. Ultrafast relaxation of the
through-space charge-transfer state has been observed by fem-
tosecond transient absorption spectroscopy for emitters with pro-
nounced intramolecular geometric confinement. Notably, effi-
cient RTP emission with charge-transfer characteristics in amor-
phous films has been achieved, with an RTP decay lifetime of
~40 ms, comparable to the lifetime achieved for these molecules
embedded in the rigid polymer host PMMA. We believe that the
molecular design strategy developed in the present study will fa-
cilitate the development of purely organic materials exhibiting
RTP in amorphous films, with potential applications for data
safety or optoelectronic devices.

4. Experimental Section

Synthesis:  All chemicals and reagents were used as received from
commercial resources (Sigma-Aldrich and BLD Pharmatech) without fur-
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ther purification. The target emitters were purified by sublimation and
used for photophysic measurements.

Neat Film Deposition: ~ Glass substrates (for PL and the transient PL de-
cays), silicon substrates (for XRD), and quartz substrates (for PLQY) were
treated with oxygen plasma for 20 min after being ultrasonically cleaned
with acetone and isopropyl alcohol. Neat films were then thermally de-
posited in a vacuum chamber.

Steady State Absorption, PLQY, and Delayed PL Measurements: UV-vis
absorption spectra were recorded on a Perkin-Elmer Lambda 900 spec-
trophotometer at room temperature. Steady-state PL spectra are mea-
sured on a HORIBA Jobin-Yvon Fluorolog 3-22 Tau-3, excited at 360 nm.
PLQY was measured in a nitrogen-purged integrating sphere, based on a
HORIBA Jobin-Yvon Fluorolog 3—22 Tau-3. Samples were excited at 360 nm
and selected from an Xe-lamp. The measurement method was a standard
method developed by de Mello et al.[**] The measurement was done based
on three different configurations: a) the integrating sphere was empty;
b) the sample was in place and the excitation beam was directed onto
the sphere wall; c) the sample was in place and the excitation beam was
directed onto the sample. Delayed PL spectra were measured by a 4Pi-
cos gated-iCCD camera (Standford Computer Optics), excited by 360 nm
pulsed laser generated from a fundamental Ti-sapphire laser (Coherent,
Astrella, 5 m), 800 nm, 1kHz). The thickness of the neat film was 200 nm.

DFT Calculation: ~All DFT calculations were done using the Gaussian
16 packages. The w tuned wB97X-D exchange-correlation functional was
applied for all calculations.[*3] The screening coefficient was tuned to equal
the HOMO level and the calculated ionization energy, which coincides with
Koopmans’ theorem. The geometry optimizations for Sy and S; were done
using def2-SV(P) basis set. The basis sets were increased to def2-TZVP for
the following single-point calculations. The implicit solvent of toluene was
included in the formalism of the polarizable continuum model using the
integral equation formalism variant (IEFPCM). Time-dependent density
functional theory (TDDFT) was employed for the excited state calculations.
The post-analysis was done using VMD and Multiwfn.[4043-47]

XRD Measurement: The 1D X-ray diffraction patterns of thermally
evaporated films were recorded in the 20 manner between 3 and 50°, with
a step of 0.01° and a speed of 10 degrees per min, using a Rigaku Smart
Lab HR-XRD equipment in the ambient condition. The thickness of neat
films was 50 nm.
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Time-Correlated Single-Photon Counting (TCSPC): Time-resolved flu-
orescence intensity decay was measured using a picosecond laser at
375 nm. The decay in different time scales was measured by varying the
laser pulse frequency. A rate of 1 MHz was used to monitor the prompt
fluorescence and a 100 KHz laser was used to monitor the DF decay. Long-
lived RTP decay was measured with the laser operating in the burst mode.
The laser frequency was 1 MHz with 100 pulses for the excitation and
then the following time the laser was off to monitor the RTP decay, with
the total duty cycle time of 100 ms. The RTP decay fitting begins with a
delay of 80 microseconds to exclude the impact of prompt and delayed
fluorescence.

Fs-TA Spectroscopy Measurement:  The fs-TA spectra were measured by
using a Helios pump-probe setup (Ultrafast Systems), with an amplified
1030 nm laser (Pharos, Light Conversion, 200 fs, 200 pJ) with the repeti-
tion rate at 1 kHz. A small portion of the fundamental laser was directed
to the optical delay stage, which was then used to generate broadband
probe light by focusing on sapphire (visible range) or YAG (NIR range)
crystals. The pump pulse at 360 nm was generated with an optical para-
metric amplifier (Orpheus-F, Light Conversion). The pump power was 50
or 100 uW indicated. Materials were dissolved in degassed chloroform or
cyclohexane in a concentration of 0.05 mg mL~" and measured in 2 mm
path-length cuvettes. The dynamic fitting for the fs-TA data was done by
the surface Xplorer software from Ultrafast Systems.

Sample Preparation for Microscopy Imaging: The films were prepared
by directly dropping the organic material in a solvent onto cleaned glass
substrates and used with dried film after solvent evaporation. The films
and crystals for time-resolved microscopy were prepared with oxygen
plasma-treated gridded glass coverslip (ibid Grid-50) and sealed in a ni-
trogen glove box.

Time-Resolved Microscopy: The time-resolved phosphorescence im-
ages were performed based on the Thunder system (Leica) with a sC-
MOS camera (Leica DFC9000). A 390 nm LED was selected for the il-
lumination, equipped with a quadband filter cube (the excitation filter
375-407, 462-496, 542-566, and 622—654 nm; the dichroic beam split-
ter 415, 500, 572, 660 nm and the emission filter 420-450, 506-532, 578-
610, and 666—724 nm). The same LED and corresponding quadband fil-
ter cube were selected for the fluorescence and phosphorescence chan-
nels, except that the LED for the phosphorescence channel was off. The
phosphorescence images were acquired with a camera exposure time of
500 ms and 6 s for each frame, separately. After the film/crystal was con-
tinuously excited by the LED, after 19 ms, the phosphorescence images
were recorded with an 11 ms interval between each phosphorescence im-
age. For each sample, the brightness/intensity range of all phosphores-
cence images was set to the same as that of the first phosphorescence
image.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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