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Abstract

m-Molecules play important roles in many applications such as organic light emitting devices,
photocatalysis, photovoltaics, biosensors and medicine. Very often, high-performance n-conjugated
molecules are of great research interest. However, owing to the conflict between the design of efficient t
structure (good rigidity and planarity) and efficient t aggregates (minimum face-to-face n effect), it is
challenging for traditional planar it or recently emerged twisted t molecules to realize very high exciton
utilization in solid state. Herein, we report a new 1t skeleton, folded m, to achieve high exciton utilization in
solids. Folded mi-based molecules tend to form molecular packing patterns that are rich in Tt interactions,
favoring the suppression of unfavorable energy dissipation pathways such as molecular thermal
perturbation. Meanwhile, the potential face-to-face mt effect between planar 1t is well prevented by the
hydrogen atoms around the 1t planes. As a result of effective packing, all the synthesized ni-based
molecules show very high exciton utilization in solids.

Introduction

n-Based molecules are one type of the most common organic molecules in materials science, which have
been widely used in organic light-emitting diodes'?, photocatalysis?, organic field-effect transistors*?,
photovoltaics®”, sensors®, and biomedical applications®'%. For most of the applications, high quantum
yield plays a very important role, which reflects the effective utilization of excited state! '3,

A known theory on improving excited state utilization is the minimization of molecular thermal
perturbation (or intramolecular motion)'418, which is the major unfavorable energy dissipation pathway
that consumes exciton. Representative strategies include designing rigid molecular skeleton, isotope
substitution of hydrogen and designing tight molecular packing'#. With improved understanding of
excited-state species (especially exciton of different spin state), in recent decades, a few molecular
strategies emerged based on the full or even “excessive” utilization of excitons, such as triplet utilization
via reverse intersystem crossing (RISC) /'8, and exciton doubling by singlet fission’%2°. In order to
achieve high exciton utilization, suppressing unwanted energy dissipation pathways and increasing
available excitons are both essential. However, for m-based molecules, one conflict is that efficient 1t
skeleton (good rigidity and planarity and thus less thermal perturbation) is likely to yield strong face-to-
face m-Tt interaction that causes exciton quenching?'22. A direct solution is to add spacers to the
molecules, which however, may dilute the optically active component and make the material processing
difficult. The other solution is to compromise molecular rigidity and design non-planar i structure, e.g.
twisted Tt structure or rotor structure?3, which effectively prevents the r-mt effect. Though with poor
molecular rigidity, in some cases, non-planar m molecules pack in the way that molecular motion is well
locked by intermolecular interactions, resulting in organic solids with high quantum yields close to

unity?42%. However, in most cases, the exciton utilization is unsatisfactory'32°.
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To develop efficient t based molecules/systems, we herein report a folded . molecular skeleton, which is
consisted of 2-3 folding t planes (Scheme 1). Compared with traditional it skeletons, folded-it skeleton is
less likely to bring in strong face-to-face m-1t interaction, but more likely to form effective packing for high
exciton utilization. We designed and synthesized a series of folded m molecules which can be classified
into three categories, namely 21t (compounds 1-8, consist of two 1 planes), 3n-trans and 3m-cis
(compounds 9-10 and 11-12, comprised of three 1t planes with two side planes folding in the opposite or
same orientation, respectively). All the designed folded m molecules are able to form well-regulated
packing patterns for high exciton utilization: high packing level with intramolecular motion well restricted
by abundant weak m interactions. As a result, all the synthesized folded m molecules show high quantum
yields close to unity.

Results

Design of folded t molecules. Owing to their specific conformation, folded-t molecules are less prone to
form strong face-to-face -1t interactions as compared with planar it system. Figure 1 shows the energy
surface of two 1 molecules versus intermolecular distance. When the folded angle (©) is less than 120-
130 degree, it is less likely for two 1t systems to get close enough to form m-it interaction, which generally
demands the interplane distance to be less than 3.8 angstroms. The relatively large intermolecular
distance for folded m structures could be due to the steric effect of hydrogens around the 1t planes.
Instead of forming m-t interaction, the 1t planes of folded m will form abundant weak 1t interactions (e.g.
CH...r1). On the other hand, folded 1 is more prone to form tight packing in comparison with twisted

Tt structure. Owing to the building block-liked shape, folded 1t structure will form particular packing
patterns including “box”, “braid” and “stairs” (Figure 2). All these patterns are tight packing modes with
high packing level and the intramolecular motions will be well locked by abundant weak 1 interactions. In
contrast, the packing of twisted-mt structures is unpredictable and the chance to form high-level packing is
not high.

The key to designing a folded-mt structure with © < 130 is the conformation of the bridging atom of the t
planes (Figure 2b, X, e.g. C, Si, N, P). For example, in an aryl-aryl system, sp® and sp? hybridization of the
bridging atom leads to two different conformations of the it system (Figure 2b). In this case, sp®
hybridization of the bridging atom is the key of folding conformation. To form a stable sp® X in such a it
system, the lone pair of X atom should have a high tendency to be conjugated with the adjacent 1t plane,
such as an electron-poor 1t with strong electron-withdrawing groups (A, e.g. cyano group). The stronger
the electron-withdrawing group, the higher tendency for the X atom to be sp? hybridized (Figure 2b).

Achieving high exciton utilization with 2t molecules. According to the “building block” formula, we first
designed and synthesized compounds 1-8 with two folded 1 planes (2r). The synthesis and structural
characterization of 1-8 are described in the supporting information. All eight compounds were obtained
with good purity and their single crystals were obtained by slow evaporation from proper solvents (e.g.
chloroform, acetone), after which single-crystal X-ray diffraction studies were conducted. From the single-

crystal structures, the 2n folded-it structures are found to pack in particular patterns (“box”, “braid” and
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“stair”, Figure 2). For “box” pattern, the primary intermolecular interaction is between the side and face of
two T planes, which specifically are CHeeett and neeert for 1-4 (Figure 3a). The unique double side-to-face
interactions of m planes in a symmetric way lead to abundance of it effects with a total interaction
number of 20, 26, 18 and 23 per molecule for 1-4, respectively (Figure S35). The total number of
interactions per molecule for 1-4 is much more than those representative solid-state 1t systems such as 6
for tetraphenylethene, and 4 each for tetraphenylpyran or distyreneanthrancene or triphenylamine
(Supporting information, Figure S39). Though without significant it effect, the numerous weak 1t
interactions lead to high packing energy of -318.5, -288.3,-257.8 and -273.7 kJ/mol per molecule for 1-4,
respectively. We also calculated the packing energy of a series of classic twisted-nt systems (Table S1)
using the same method. It was found that the packing energy of 1-4 is much higher than those
representative twisted-t systems.

Next, we investigated the exciton utilization of the “box” by measuring their photoluminescence quantum
yields (PLQY) and single oxygen quantum yields (SOQY). As photoluminescence and singlet oxygen
generation are competing pathways, their sum reflects the experimental utilization of excitons. As
expected from the effective packings, 1-4 show high exciton utilization with total quantum yields of 0.72,
0.99, 0.89 and 0.83, respectively (Figure 3c).

For “braid” and “stair” patterns, the major intermolecular interaction is between side and face (one-way)
as well, and sometimes involves weak face-to-face contact of the it planes. Owing to the steric effect of
the numerous hydrogens around the side of the 1t planes, 2t molecule is less likely to form close face-to-
face minteraction in “braid” and “stair” patterns. Similar to “box"“, the unique “braid“ and “stair” patterns
lead to abundant it effects with a total interaction number of 15,17, 19 and 18 per molecule for 5-8,
respectively (Figure S36). The numerous weak 1t interactions account for high total packing energy of
-212.2,-207.2,-217.5 and -218.9 kd/mol per molecule for 5-8, respectively. We then investigated the
exciton utilization of 5-8 by measuring their PLQYand SOQY. As expected from the effective packings, 5-
8 show high exciton utilization with add-up quantum yields of 0.93, 0.77, 0.92 and 0.71, respectively
(Figure 4c).

Achieving high exciton utilization with 3t molecules. The “folded " formula was also utilized for the
design and synthesis of “3mn” folded-it structures (9-10). Figure 5a shows the crystalline structures of
compounds 9-10. They have similar “3n-trans” conformation. From the single-crystal structures, we found
“3mn-trans” folded-t molecules tend to pack in “stair” pattern (Figure 5a), which is the only packing pattern
for such a “building block”. Similar to 2t molecules, the hydrogens around m planes effectively prevent
strong face-to-face it effect. Meanwhile, the unique 3m-trans conformation allows molecules to pack
tightly with abundant mt interactions. The primary interactions for 9-10 are CHeeeTt, nesett and CHeeO,
which contribute to total interaction numbers of 20 and 30 per molecule for 9 and 10, respectively (Figure
S37). As a result of high packing level, the packing energy of 9 and 10 are -283.9 and -288.6 kJ/mol per
molecule, respectively (Figure 5c). We also measured the PLQY and SOQY for compounds 9 and 10 and
as expected, they both show high total quantum yields of 0.99 and 0.93, respectively. Figure 5a shows
the crystalline structures of compounds 11 and 12, which possess similar “3m-cis” conformation. It is
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found that both 11 and 12 pack in unique double “box” pattern (box-db)—one molecule forms double
side-to-face with two other 3m-cis molecules, leading to artful molecular necklaces. The unique packing
modes of 11 and 12 also lead to abundant 1t effects with a total interaction numbers of 20 and 22 per
molecule (Figure S38) and high packing energy of 349.0 and -277.8 kJ/mol for 11 and

12, respectively. As a result of effective packing, the total quantum yield for 11 and 12 reaches 0.74 and
0.78, respectively.

Summary

Herein we introduced a new 1t skeleton for the development of n-based materials with high exciton
utilization in solid state. The folded-mt molecular design solves the conflict between efficient it structure
and effective 1t packing, showing high potential for future t design. In these new 1t systems, a series of
organic solids with high quantum yields of close to unity were obtained. Basing on the folded 1t skeleton,
excellent solid-state properties become highly achievable, in combination with a wise choice of m motif.
We believe folded mt design will offer new opportunities to design high performance solid-state emitters
for different research fields, such as room-temperature phosphorescence, organic afterglow, and
mechano-luminescence.

Methods

General

All starting materials are commercially available and were used as supplied unless otherwise indicated.
All experiments were conducted in air unless otherwise noted. 4-Bromobenzonitrile, 2,3-bis(4-
bromophenyl)fumaronitrile, bis(4-fluorophenyl)methanone, 2-bromoanthracene-9,10-dione, 2-(4-
bromophenyl)-4,6-diphenyl-1,3,5-triazine, 1-methylphenothiazine, dibromobenzophenone, 2,8-
dibromodibenzothiophene, 2-bromo-9H-thioxanthen-9-one 10,10-dioxide, malononitrile, 4-
bromoiodobenzene, and other chemicals and reagents for the synthesis were purchased from Sigma-
Aldrich and Tee Hai Chem Ltd., and used as received without any further purification. Compound 1-12 and
related intermediates were synthesized and characterized according to the methods described in section
Sl

NMR spectra were recorded on a Bruker ARX 400 NMR spectrometer. Chemical shifts are recorded in parts
per million referenced according to residual solvent (CDCl; = 7.26 ppm) in "TH NMR and (CDCl; = 77.0

ppm) in 3C NMR. Mass spectra were reported on the AmaZon X LC-MS for ESI. X-ray crystallography was
carried out on a Bruker D8 Venture Kappa four circles X-ray Diffractometer with a Photon Il CPAD
Detector. Data were collected at 100K using an Oxford Cryostream 800 Cooler. Bruker Apex 3 program
was used to calculate total number of images for 100% completeness up to resolution of 0.75 A for Mo
radiation. Data were measured using omega and phi scans of 0.5° per frame. A cell parameters were
obtained by Apex 3 program. UV-vis absorption spectra were obtained on a Shimadzu Model UV-1700
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spectrometer. Photoluminescence (PL) spectra were measured on a Perkin-Elmer LS 55
spectrofluorometer. All UV and PL spectra were collected at 24 + 1 °C.

Fabrication of nanocrystals and measurement of quantum yields

Nanocrystal samples 1-12 were prepared directly from the corresponding solid crystals using a top-down
approach. A bulk crystal (1 mg) was added to the aqueous solution of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG,qqo-Mal) (4 mg/mL, 10 mL)
under continuous sonication with a microtip-equipped probe sonicator for 20 min. Next, the aqueous
suspension was filtered through a 0.22 pm PTFE syringe-driven filter (Millipore) and eventually, a clear
nanocrystal suspension was obtained. PLQYs of the samples were measured using quinine sulfate,
Rhodamine 6G and 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran as the standards.
The singlet oxygen generation efficiencies of the samples were subsequently tested under white light
(400-700 nm, 250 mW/cm?) irradiation, using 9,10-anthracenediyl-bis(methylene)dimalonic acid as an
indicator.

Computational Details

The potential energy surface for molecular dimer shown in Figure 1 with differenty folded angle is
calculated by using a M062X/6-31* method. The potential energy surface is scanned with
intermolecular distance ranging from 2.2 to 6.7 A (step: 0.15 A). The excited-state characteristics were
calculated by the time-dependent density functional theory (TD-DFT) using single crystal structure
geometries.
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Figure 1

Folded 1t structure and -t interaction. (a-d) Molecular dimer of it systems (benzene-benzene) with folded
angle of 90, 120, 150 and 180 degree, respectively, and corresponding potential energy surface,
intermolecular distance scaning from 2.2 to 6.7 angstroms (e-h). (i) Energy onset of 1t systems with
different foleded angle. (j). Comparison among planar 1, folded 1 and twisted 1 systems.
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(Box-a) (Bow-b) (Braid) (Sitair) (Stair) (Bow-alr)

X=C,Si,N,P..
“Folded m” Formula >24A
X=C 5, NP.

Y = Element with p orbials, e.g. S, Se
A = Electron withdrawing groups, e.g. -CN

Figure 2

Packing patterns and design formula for folded  molecules. (a) Packing patterns for 2m, 3m-trans and
3mn-cis molecules. (b) The conformation of a it system associated with both electron conjugation and
steric hindrance. Step 1: Design the connecting atom. To realize a folded i conformation, the connecting
atom (X) should be of sp3 hybridization. The candidates of the connecting atom are C, Si, N and P. Step
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2: Decrease the steric effect. Step 3: Introducing element with abundant p orbitals to stabilize a boat-
shaped aryl structure.
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Figure 3

Achieving high exciton utilization with 2t molecules. Single-crystal X-ray structures of 1-4. (a) Tubular
representations of 1-4. (b) Stacking of molecules (1-4, top to bottom) in 1D molecular column, the colour
of column reflects the emission of crystals. (c) Packing feature and exciton utilization (quantum yield) of
1-4: primary interaction in crystalline packing; the total number of short contact (< sum of van-der-Waals
radii) per molecule; PE, total packing energy; QYPL, photoluminescence quantum yield; QYSO, single
oxygen quantum yield; QYsum, total quantum yield (sum of QYPL and QYSO).
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representations of 1-4. (b) Stacking of molecules (5-8, top to bottom) in 1D molecular column, the colour
of column reflects the emission of crystals. (c) Packing feature and exciton utilization (quantum yield) of
5-8: primary interaction in crystalline packing; the total number of short contact (< sum of van-der-Waals
radii) per molecule; PE, total packing energy; QYPL, photoluminescence quantum yield; QYSO, single
oxygen quantum yield; QYsum, total quantum yield (add-up of QYPL and QYSO).
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Figure 5

Achieving high exciton utilization with 3t molecules. Single-crystal X-ray structures of 9-12. (a) Tubular
representations of 9-12. (b&d) Stacking of molecules in 1D molecular column, the colour of column
reflects the emission of crystals. (c) Packing feature and exciton utilization of 9-12: primary interaction in
crystalline packing; total refers to the total number of short contacts (< sum of van-der-Waals radii) per
molecule; PE, total packing energy; QYsum, total quantum yield.
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Scheme 1. -based skeletons. Different -based skeletons including planar 1t (e.g. anthracene, coumarin,
porphyrin and cyanine), folded rt (compounds discussed in this paper) and twisted 1 (e.g.
tetraphenylethene, triphenylamine and tetraphenylpyrazine).
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