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Abstract: Clusteroluminogens (CLgens) refer to some non-conjugated molecules that show
visible light due to the formation of aggregates and unique electronic properties with
through-space interactions (TSI). While mature and systematic theories of molecular photophysics
have been developed to study conventional conjugated chromophores, it is still challenging to
endow CLgens with designed photophysical properties by manipulating TSI. Herein, three
CLgens with non-conjugated donor-acceptor structures and different halide substituents with
secondary through-space interactions are designed and synthesized. These molecules show
multiple emissions and even white-light emission in the crystalline state and the intensity ratio of
these multiple emission peaks is easily manipulated by changing the halide atom and excitation
wavelength. Experimental and theoretical results successfully disclose the electronic nature of
these multiple emissions: through-space conjugation for short-wavelength fluorescence,
through-space charge transfer based on secondary TSI for long-wavelength fluorescence, and
room-temperature phosphorescence. The introduction of secondary TSI to CLgens not only
enriches their varieties of photophysical properties but also inspires the establishment of novel
aggregate photophysics for clusteroluminescence.
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Introduction

Luminescent material not only brightens our life but also leads to far-reaching revolutions in many
high-tech areas such as encryption, imaging, and sensor." 2 In the past decades, molecular
photophysics based on through-bond conjugation (TBC) has been established to guide the design
of efficient and multifunctional organic luminophores, and structures with extended m-conjugation
are recognized as the prerequisite for high luminescence performance.’ However, some
non-conjugated molecules have attracted great attention recently due to their ability to emit visible
light in the aggregate state.®® For example, non-conjugated and nonaromatic poly(amido amine)
dendrimers and succinimide derivatives show strong blue and green emission in the cluster state,
respectively.”!! This non-conventional luminescence is termed as clusteroluminescence (CL) and
the luminophores with such property are known as clusteroluminogens (CLgens).!> '3 Compared
with traditional luminophores with conjugated aromatic rings, CLgens possess better flexibility,
processability and biocompatibility, and are promising luminescent materials for biological
applications.

However, different from traditional conjugated luminophores, the TBC-based theories
sometimes fail to explain the photophysical behaviors of CLgens. Thus, there is an urgent need to
build new photophysical theories for CL.!* Previous reports indicate that the through-space
interaction (TSI) or electron coupling/delocalization of spatially separated units play an essential
role in the visible emission of non-conjugated CLgens.!* For instance, 1,1,2,2-tetraphenylethane,
in which its phenyl rings are isolated from each other by saturated carbons, shows sky blue
emission in the solid state due to the excited-state electron overlapping of the phenyl rings.'® Tang
et al. also demonstrated the possibility to regulate TSI by introducing electron-donating and
withdrawing groups to not only adjust the electron density but also affect the rigidity of
excited-state geometry.!” Although several achievements have been received in TSI-related studies,
it is still a big challenge to improve the photophysical performance of CLgens by manipulating the
TSI at the molecular level.

In contrast, many effective strategies have been developed to modify the electronic structures
of conjugated chromophores according to the theory of TBC, such as the excited-state
intramolecular proton transfer,'® twisted intramolecular charge transfer,!®> 2° and photoinduced
electron transfer.?! Because of the diversified electronic structures and properties, it is easy to
fabricate single-molecule white-light emission (WLE) in conjugated molecules via multiple
emissions.??>* As shown in Figure la, the incorporation of locally excited state, charge transfer
state, and room-temperature phosphorescence (RTP) is a typical mechanism for multiple



emissions from conjugated chromophores with moderate donor-acceptor structures.?>>® However,
the rigid structures of these molecules makes it difficult to regulate the intensity ratio of these
multiple emissions. On the other hand, the non-conjugated and flexible structures of CLgens
endow them with sensitive response to internal and external stimuli, which is beneficial to the
generation of multiple emissions and WLE. Unfortunately, it is still a thorny issue to realize WLE
in CLgens by manipulating their TSI.

In this work, we proposed a novel strategy to achieve multiple emissions and WLE from
single-component CLgens with totally isolated phenyl rings (Figure 1b, ¢). Three compounds,
named TPMI-X (X = Cl, Br and I), were synthesized and fully characterized based on
triphenylmethanamine (TPMA) and halogen-substituted phenylmethanimine (PMI-X) (Scheme S1
and Figures S1—S9 in the Supporting Information). Photophysical measurements revealed two
fluorescent emission peaks and RTP in the crystalline state, meanwhile, the intensity of these
multiple peaks can be manipulated by both the internal heavy-atom effect and external excitation
energy. Additionally, theoretical calculations indicated the important role of through-space
conjugation (TSC) of TPMA and secondary TSI, and the through-space charge transfer (TSCT) of
TPMA and PMI-X in producing WLE. Thus, this work not only provides a general strategy to
achieve single-molecule WLE from unconventional CLgens but also enriches the photophysical

behaviors and mechanistic understanding of CL and TSI.
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Figure 1. (a) A typical mechanism of multiple emission from organic molecules with large conjugated structures.
(b) Proposed multiple emissions from non-conjugated molecules with isolated phenyl rings. (c) Designed
molecules based on triphenylmethanamine and phenylmethanimine groups connected by flexible ethyl chain. (d)
Absorption spectra of TPMI-Cl, TPMI-Br, and TPMI-I in THF solution and solid film, respectively. Ex. =
excitation, Fluo. = fluorescence, Phos. = phosphorescence, LE = locally excited, CT = charge transfer, TSC =
through-space conjugation, TSCT = through-space charge transfer, ISC = intersystem crossing, D = electron donor,

A = electron acceptor.



Results and Discussion

Photophysical properties. The absorption spectra of the newly synthesized compounds were first
measured (Figure 1d). All the molecules exhibited peak maximums with a wavelength of shorter
than 300 nm in both THF solution and solid state, which were assigned to the absorption of
phenylmethanimine group and isolated phenyl rings. This result suggested that non-conjugated
nature of the molecules. On the other hand, no photoluminescence (PL) signals were detected in
their pure THF solutions and even THF/H,O (9:1, v/v) mixtures where aggregates were formed
(Figures S10 and S11). This was presumably due to the flexible structure of TPMI-X, where the
vigorous molecular motion could not be effectively restricted even in the aggregate state. Bulk
crystals of the molecules were easily obtained through recrystallization from their water/ethanol
mixtures and were highly emissive under 365 nm UV irrdiation, suggesting their characteristics of
aggregation-induced emission (AIE).?>3! Figures 2 and S12 showed their PL spectra in the
crystalline state. All the spectra showed two peaks in the visible range, where their intensity was
excitation dependent. For TPMI-CI, while the peak at around 400 nm was dominant, another
low-intensity shoulder peak was located at 490 nm. The nature of these two emissions was
assigned to fluorescence as suggested by their nanosecond lifetimes (Figure S13), and the lifetime
at 490 nm was longer than that at 400 nm. The TPMI-CI crystal exhibited blue-white emission
with an absolute quantum yield (QY) of 34.8% at an excitation wavelength (4ex) of 370 nm. When
the halogen atom was replaced by different elements from Cl to Br and I, the long-wavelength
peak gradually intensified and became dominant, and its position also red-shifted to 500 (TPMI-Br)
and 506 nm (TPMI-I), respectively (Figure 2b, c). Interestingly, TPMI-Br showed a perfect
emission balance and demonstrated white-light emission with a QY of 28.3% at Aex = 370 nm. The
long-wavelength emission was dominant in TPMI-I and it overall showed green-white emission
with a QY of 14.6%. It is noteworthy that the intensity ratio (//Is) of the long- (/L) and
short-wavelength emission (/s) of each compound decreased progressively along with the
increased Aex (Figure 2d). This was explained by their excitation spectra, where the
long-wavelength emission was much strongly dependent on Acx than the short-wavelength one,
although two excitation spectra were strongly mixed due to the vibronic coupling (Figure S14).
Besides, at the same Aex, the ratio of I1/Is decreased in the order from TPMI-I to TPMI-Br and then
to TPMI-CI. After grinding the bulk crystals of the molecules, amorphous powders were formed
and their PL spectra were recorded and shown in Figure S15. All the spectra displayed broad
peaks where the short- and long-wavelength emission were mixed. The associated QYs were
much lower than those in the crystalline state and changed slightly at different Aex. These results
indicated that their PL performance was closely related to the intra-/intermolecular interactions in

the crystalline state and the halide substituents.
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Figure 2. Normalized photoluminescence (PL) spectra of (a) TPMI-CI, (b) TPMI-Br, and (c) TPMI-I in the
crystalline state at different excitation wavelengths; Inset: photo of the crystals taken under the 365 nm UV
irradiation from a hand-held UV lamp. Aex = excitation wavelength. (d) Plots of relative PL (/L/s) versus the
excitation wavelength, where /. = intensity maximum of the long-wavelength emission and /s = intensity

maximum of the short-wavelength emission.

Additionally, RTP was also observed from the three molecules as depictyed in Figure 3. All
the molecules exhibited similar RTP peaks at around 560-600 nm, although their fluorescent
properties were different. The RTP lifetime was 24 ms in TPMI-CI, which was shortened to 17 ms
in TPMI-Br and 5.1 ms in TPMI-I, due to the law of heavy-atom effect.?® 3233 At the cryogenic
temperature of 77 K, the phosphorescent emission became stronger, shifted to the bluer region and
showed a longer lifetime (Figure S16). Thus, the above results verified the ability of the present
compounds as CLgens with multiple emissions and even WLE, despite their non-conjugated

structures.
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Figure 3. Normalized steady and delayed photoluminescence (PL) spectra of (a) TPMI-CI, (b) TPMI-Br, and (c)
TPMI-I in the crystalline state. (d) Time-resolved PL decay curves of the compounds at emission maximum (Aem)

of 570 nm. Aex = 365 nm.

Secondary through-space interactions. To disclose the mechanism and origin of the unusual
multiple emissions of the present CLgens, two model compounds, namely, N-methyl-TPMA and
halogen-substituted N-methyl-phenylmethanimine (N-methyl-PMI-X, X = Cl, Br and I), were
synthesized and characterized (Scheme S2). As expected, the UV spectrum of N-methyl-TPMA
showed an maximum at 264 nm which corresponded to the absorption of isolated phenyl rings
(Figure S17). Interestingly, N-methyl-TPMA showed visible emission of 445 nm. The
corresponding excitation maximum was located at 366 nm, which was ascribed to the TSC of the
isolated phenyl rings and such interaction could be directly visualized from the natural transition
orbitals (NTO) with spatial electron communication.!” As shown in Figure S17c, the emission
wavelength was very close to the short-wavelength emission of the three CLgens. On the other
hand, N-methyl-PMI-X showed maximum absorption and emission at around 290 and 300 nm,
respectively, and the NTO analysis suggested a (m,n*) transition (Figure S18). However, the
emission wavelength was much shorter than that of TPMI-X. Thus, the above results indicated
that the short-wavelength emission of TPMI-X should origin from the TSC of the TPMA moiety.

To further unveil the electronic nature of these emission peaks in TPMI-X, TPMI-Br was
selected as an example to investigate the photophysical mechanism with the help of theoretical
calculation. From the NTO analysis of TPMI-Br in the excited state, it was obvious that the hole
and electron were mainly distributed on the TPMA moiety and the hole-electron distribution was
almost the same as that of TPMA showing TSC (left panel in Figure 4a and Figure S17). Besides,
the calculated energy gap (E.m(cal.)) of 3.43 eV was comparable to that of the short-wavelength



emission at 410 nm (Eem (exp.) = 3.00 eV). The combined experimental and theoretical results
supported the TSC as the origin of the short-wavelength emission of TPMI-Br.
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Figure 4. Proposed mechanism of multiple emissions of designed clusteroluminogens. (a) Natural transition
orbitals of TPMI-Br based on the optimized corresponding geometries calculated at B3LYP-D3/Def2-SVP level of
Gaussian 09 program. (b) Plot of N1—N2 distance versus optimization steps from the ground state to the excited
TSCT state. Inset: structure of the designed clusteroluminogens with two highlighted N atoms. (c) Potential energy
surface and electronic behaviors of the designed clusteroluminogens to realize multiple emissions. TSC =

through-space conjugation, TSCT = through-space charge transfer, RTP = room-temperature phosphorescence.

In consideration of the non-conjugated donor-acceptor structure of TPMI-Br, the charge
transfer (CT) process of separated TPMA and PMI-Br moieties was further investigated. As shown
in the middle panel of Figure 4a, another low-lying excited state with CT feature was mapped
where the hole and electron were distributed on the TPMA and PMI-Br parts, respectively.
Meanwhile, the calculated energy gap of 2.44 eV was almost the same as that of the
long-wavelength emission at 500 nm (Eem (exp.) = 2.48 eV), suggesting the accurate simulation of
geometry and electronic transition behavior. Since the donor (TPMA) and acceptor (PMI-Br) units
were separated by a flexible and saturated ethyl linker, this transition was regarded as another
important through-space behavior known as through-space charge transfer (TSCT). It is
noteworthy that, different from the traditional TSCT effect which was caused by the interaction of
TBC-based donor and acceptor units,>*37 the TSCT in TPMI-Br is based on the non-conjugated
donor with TSC. This special interaction was termed as secondary TSI where the TSCT was
generated from a TSC-based CLgens, which was responsible for the long-wavelength fluorescence



of TPMI-Br and also TPMI-CI and TPMI-I.

Since the TSCT effect was not reflected in the absorption spectra (Figure 1d), the
excited-state intramolecular motion should play another critical role to facilitate the TSCT
transition.’® 3° Accordingly, the distance between two nitrogen atoms (N;-N2) and the dihedral
angle of the two separated parts (£N;-Ci-C>-N») were tracked along with the optimization process
from the optimized ground state to the excited TSCT state. Figure 4b showed that the Ni—N,
distance became shorter from the ground-state geometry of 2.93 A to the excited-state geometry of
2.80 A, and the dihedral angle also decreased from 65° to 50° (Figure S19). These variations
indicated that the electron overlapping of the two separated groups was enhanced in the excited
state, which formed an efficient (n,n*) transition channel for TSCT. TPMI-Cl and TPMI-I
displayed similar hole-electron distribution and geometry change (Figures S20 and S21 and Table
S1), suggesting that the secondary TSI played a crucial role to realize the long-wavelength
fluorescent emission.

Besides, the origin of RTP was also investigated. Both the triplet spin density and
hole-electron distribution of TPMI-Br indicated that its phosphorescence was aroused by the (n,n*)
transition of PMI-Br moiety (right panel in Figure 4a, and Figure S22). Meanwhile, the calculated
triplet-state energy gap of 2.36 eV was close to the long-wavelength phosphorescence at 570 nm
(Eem (exp.) = 2.18 eV). However, the triplet-state (n,n*) transition of TPMI-Br was different from
that of N-methyl-PMI-Br with triplet (r,n*) transition (Figure S23). This might be due to the ethyl
chain of TPMI-Br which ruined its planarity and altered the energy level of n and = orbitals.

According to the above results, a comprehensive picture of multiple emissions of the CLgens
was drawn and clarified (Figure 4c). After excitation from the ground state, two relaxtion
pathways, namely TSC and TSCT states, were feasible due to their overlapped excitation spectra
and strong vibronic coupling (Figure S14). The TSC state was related to the spatial electron
communication of the three isolated phenyl rings in TPMA moiety and showed blue emission at
around 410 nm. On the other hand, the TSCT state relies on the (n,m*) transition of the two
separated parts which formed secondary TSI via excited-state intramolecular motion and to give
long-wavelength green emission at 500 nm. Due to the prescence of halogen atoms and enhanced
intersystem crossing, the RTP from the PMI-X moiety of TPMI-Cl, TPMI-Br and TPMI-I at
around 570 nm was also detected.
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Figure 5. Overlap of the optimized ground-state geometry (blue color) and singlet TSCT geometry (red color) of
TPMI-X in the (a) isolated phase and (b) crystalline phase. The root-mean-square deviation (RMSD) of atomic
positions was calculated to evaluate the strength of intramolecular motions in two different phases. (c) Hirshfeld
surface analysis and proportions of intermolecular C---H, H---H, halogen---H and other interactions to the total

intermolecular interactions based on their crystal structures.

Clusteroluminescence. To better understand the different photophysical behaviors of TPMI-X in
the isolated and crystalline states, their molecular motions in the two states were also investigated.
As expected, all the molecules showed strong intramolecular motions in the isolated phase, as
evidenced by the large value of root-mean-square deviation (RMSD) of atomic positions which
was more than 1 A between the ground state (molecule with blue color) and excited TSCT state
(molecule with red color) (Figure 5a). The poorly overlapped molecular geometries also
demonstrated their flexible structure and vigerous intramolecular motions, to result in totally
quenched emission even in the aggregate state. However, in the crystalline state, the
intramolecular motions were restricted to a confined level with a small RMSD value of 0.3 A,
which suggested the restriction of intramolecular motion (RIM) as the mechanism for the AIE
effect and crystalline-state light emission of the CLgens (Figure 5b).*%#> The RIM mechanim
simultaneously inhibited the nonradiative decay and promoted the formation of secondary TSI and
long-wavelength emission from the TSCT state. Besides, the strength of intersystem crossing (ISC)
of TPMI-X was also evaluated (Figure S24). They all showed small energy gaps between the
singlet and triplet states and comparatively large constants of spin-orbital coupling in both the
isolated and crystalline states. These results indicated that crystalline environment and RIM
exerted no influence on the TSC efficiency but suppressed the nonradiative decay to finally
promot RTP and multiple emissions.

In addition, single-crystal X-ray diffraction technique was utilized to investigate the crystal
structures to disclose their varied in photophysical properties (Table S2). All the molecules

exhibited similar head-to-tail arrangement where each halogen atom formed two halogen---H



bonds with the urrounding molecule (Figure S25-S27). Hirshfeld surface analysis based on the
crystal structures was performed to quantitatively evaluate their intermolecular interactions.** As
shown in Figures 5c and S28, these weak intermolecular C---H, H---H, and halogen---H
interactions accounted for more than 95% to total intermolecular interactions, and mainly
contributed to the RIM mechanism. Besides, the results also verified that multiple emissions were
originated from the intramolecular photophysical processes instead of intermolecular
rigidification.
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Figure 6. (a) The electroluminescence spectra and digital photo of fabricated white OLED by coating
microcrystals of TPMI-Br and epoxy resin glue on a commercial UV chip. (b) The Commission Internationale de
L’Eclairage (CIE) chromaticity coordinate of the fabricated white OLED. CRI = color rendering index, CCT =

correlated color temperature.

White OLED. In light of the particular multiple emission of the three CLgens and their excellent
thermal stability (Figure S29), a prototype organic light-emitting diode (OLED) was fabricated by
coating a mixture of TPMI-Br microcrystals and epoxy resin glue on a commercial UV chip
(Figure 6). Within the current range considered, the fabricated OLED displayed bright white-light
emission with a Commission Internationale de L’Eclairage (CIE) chromaticity coordinate of (0.32,
0.36), which was close to the value of standard white light. The electroluminescence spectrum
fitted well with the PL spectrum of TPMI-Br crystal. Besides, the color of the fabricated OLED
exhibited high quality with a color rendering index of 85.5 and correlated color temperature of
6004 K, suggesting its potential for daylight illumination and displaying. Similarly, the fabricated
OLEDs based on TPMI-Cl and TPMI-Ishowed similar electroluminescence with cold-white and
daylight color, respectively (Figures S30 and S31).

Conclusion

In this work, three non-conjugated CLgens, namely TPMI-X (X = Cl, Br and I), based on flexible
ethyl-linked TPMA (donor) and PMI-X (acceptor) were synthesized, and their photophysical
properties were systematically investigated. All the molecules displayed multiple emissions
consisting of two fluorescence components and one RTP unit in the crystalline state, and the
highest absolute quantum yield of 34.8%. The intensity ratio of these multiple peaks was easily
manipulated by changing the halide substituent and external excitation wavelength, demonstrating
their tremendous potential in producing white-light emisison. Theoretical calculation and crystal
structure analysis proved that the short-wavelength fluorescence was stemmed from the TSC of



TPMA moiety. Because of the non-conjugated donor-acceptor structure, the peculiar
intramolecular TSCT interaction as secondary TSI was formed between TPMA and PMI-X to
promote the long-wavelength fluorescence. Halogen-atom assisted RTP was observed as the third
emission peak. In addition, the multiple intermolecular interactions provided a rigid environment
to restrict the intramolecular motions of the flexible structures and stabilize the excited-state
geometries, to lead to the highly efficient multiple emissions. A prototype white OLED based on
TPMI-I was fabricated with a CIE coordinate of (0.32, 0.36) and CCT value of 6004 K, indicating
its excellent potential for daylight illumination and display.

We innovatively introduced the concept of secondary through-space interactions of CLgens.
Similar to the important role of secondary structure in protein bioactivity, the through-space
charge transfer based on non-conjugated moiety with TSC endows CLgens with versatile and
controllable photophysical behaviors, which will be a promising and significant theory of
aggregate photophysics for non-conjugated CLgens. It is anticipated that, because of secondary
TSI, clusteroluminescence will become an influential luminescent form not only in fundamental
research but also for the cutting edge of technology development and application.
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