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SUMMARY

Easily processed, well-defined, and hierarchical uniform artificial architectures with intrinsic strong
crystalline emission properties are necessary for a range of light-emitting optoelectronic devices.
Herein, we designed and prepared ordered supramolecular spherulites, comprising planar conforma-
tional molecules as primary structures and multiple hydrogen bonds as physical cross-links. Compared
with serious aggregation-induced fluorescence quenching (up to 70%), these highly ordered architec-
tures exhibited unique and robust crystalline emission with a high PLQY of 55%, which was much
higher than those of other terfluorenes. The primary reasons for the high PLQY are the uniform
exciton energetic landscape created in the planar conformation and the highly ordered molecular
packing in spherulite. Meanwhile, minimal residual defect (green-band) emissions are effectively sup-
pressed in our oriented crystalline framework, whereas the strong and stable blue light radiations are
promoted. These findings may confirm that supramolecular ordered artificial architectures may offer
higher control and tunability for optoelectronic applications.

INTRODUCTION

Construction of ordered organic artificial architectures is fundamental to the exploration of novel material
systems in the disruptive technology area, and some have shown promising applications as functional and
active units in electronic, smart, and biosystems, owing to their unprecedented properties and intriguing
functions (Hoeben et al., 2005; Liu et al., 2015; Sanchez et al., 2005; van de Burgt et al., 2017; Zhang et al.,
2016). Natural systems provide numerous examples of precise and efficient self-assembly processes, such
as DNA functions of replication and transcription in biological systems and polypeptide structures as highly
ordered, multilevel, condensed, complex macromolecules capable of highly specific functionalities (Costa
etal., 2013; Wang et al., 2016). Fundamentally, the dynamic and reversible nature of orthogonal hydrogen-
bonding interactions is an intrinsic, original, and basic factor enabling these organized macromolecules to
self-assemble into advanced supramolecular functional systems (Aida et al., 2012; Hoeben et al., 2005;
Lehn, 2010; Sengupta and Wirthner, 2013). Compared with the conventional superstructure with a range
of common smart and mechanical properties, supramolecular conjugated solid states display a wide vari-
ety of complicated, photophysical mechanisms for electron delocalization, hybridization, and coupling
(Heeger, 2010; Huang et al., 2019; Liu et al., 2017a, 2017b; Mikhnenko et al., 2015; Xie et al., 2012; Yang
et al, 2018; Ye et al., 2018). Similar to the ordered, natural systems, the highly uniform and well-defined
conjugated nanostructures that are receptive to processing can provide an effective and favorable elec-
tronic micro-environment that promotes exciton diffusion (Jin et al., 2018; Lin et al., 2010; Mikhnenko
et al., 2015) and energy transport (Haedler et al., 2015; Kim et al., 2013; Vogelsang et al., 2011). An ideal
environment for the photophysical processes without irregularities plays a key role to a range of functions
for organic devices (Venkateshvaran et al., 2014; Yan et al., 2009).

In printed optoelectronics, the orderly condensed structure of a solution-processed m-conjugated semi-
conductor consistently optimized the fundamental photophysical processing of the active thin film, thereby
enhancing the device performance (Eisele et al., 2014; Lunt et al., 2010; Mikhnenko et al., 2015; Peumans
etal., 2003). For instance, ultralong exciton diffusion lengths (up to >200 nm) (Jin et al., 2018), energy trans-
port lengths (>2 um), and outstanding charge mobility (100 cm? V=" s ") (Li et al,, 2017; Yan et al., 2009) are
obtained in well-defined supramolecular artificial architectures. To optimize this photophysical property,
the chemical and physical defects should be avoided in solid states. Beyond chemical impurity and struc-
tural defects, intrinsic physical defects with an energetic disorder can constrain exciton combination or
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Scheme 1. Schematic lllustration of Hierarchical Highly Ordered Condensed Structures of Synthetic Organic
Semiconductors: Steric Molecular Structures, Oriented Planar Conformation, and Uniform Supramolecular
Spherulites

regular and periodic molecular packing and arrangement of conjugated molecules. Compared with stable
amorphous states, the ordered, uniform superstructures with simultaneously oriented conformations at
molecular levels are energetically unstable states. These can only be stabilized in noncovalent interactions,
assisted by hierarchical architectures (Haedler et al., 2015; Liu et al., 2017a, 2017b). The rigid 7-conjugated
backbone structure with its highly molecular orientation and order presents the following challenges: first,
it possesses complicated and variable conformations and high-energy features and second, it is polymor-
phous in solid state and characterized by several competitive weak intra- and intermolecular interactions
(Kim et al., 2013). In addition, molecular conformation can be precisely controlled by noncovalent interac-
tions to stabilize the intrinsic steric energy generated by the formation of ordered and oriented conforma-
tions and phases in higher-level superstructures (Kim et al., 2013; Liu et al., 20173, 2017b). In fact, dynamic
noncovalent bonds can easily maintain and release energy, providing the important feature of allowing en-
ergy dissipation under strain, and subsequently recovering to achieve high stretchability and auto-recovery
properties (Chen et al., 2012; Oh et al., 2016; Wu et al., 2008; Yang and Urban, 2013). With this in mind, to
simulate the natural, multilevel superstructure induced by the noncovalent interaction (Hoeben et al., 2005;
Sengupta and Wirthner, 2013), the incorporation of dynamic crosslinking noncovalent bonds into supra-
molecular architectures is an effective and simple method to obtain both oriented and ordered conforma-
tion, and higher-level condensed states (Scheme 1).

In this study, we established a molecular design principle of supramolecular conjugated macromolecules
with orthogonal hydrogen-bonding interactions to enable a secondary planar conformation toward con-
trolling and improving photonic behavior, defined as supramolecular plastic photonics (SPPs: photonic
behavior of polymeric system can be significantly improved by supramolecular approach). This oriented
planar conformation self-organizes into ordered tertiary microstructure supramolecular spherulites in
accordance with the synergistically molecular attractor-repulsor theory (Scheme 1, Figures 1A and 1B)
(Li et al., 2018; Wang et al., 2018; Xu et al., 2018). A hierarchical supramolecular artificial architecture
with a series of multidimensional orthogonal hydrogen bonds in rigid crystalline framework is obtained
from our bulky supramolecular spiro-terfluorene, 2,7-bis(3',6'-bis(octyloxy)spiro[fluorene-9,9’-xanthen]-2-
ylspiro[fluorene-9,9'-thioxanthene]-10’,10'-dioxide (DOSFX-SFXSO). As a result of the confinement and
stabilization of the rigid supramolecular framework, the molecules show an unusual unstable planar confor-
mation in crystalline states. Interestingly, as expected, this planar conformation also enables molecules to
self-assemble into higher-order condensed structures, namely, spherulites, rarely reported in organic elec-
tronics for optoelectronic devices. In contrast to conventional sulfur-containing conjugated molecules
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Figure 1. Molecular Structures, Photophysical Properties and Raman Spectra of Spiro-Terfluorenes

(A) Conformational transition and polymorphic behavior of fluorene-based semiconductors: completely amorphous state (~-45°), crystalline domain with
nonplanar conformation (145°~160°), and crystalline domain with an oriented planar conformation (160°~180°). A schematic illustration is also shown here to
screen fluorene units from cross view (red, purple, and pink plates represent fluorene monomers along backbone structures).

(B) Chemical structures of terfluorene in this work.

(C) Absorption and emission spectra of spiro-functionalized terfluorenes in dilute dichloromethane solution (107> mol/mL).

(D) Absorption and emission spectra of pristine films of spiro-functionalized terfluorenes spin-coating from 10 mg/mL in toluene solution.

(E) Absorption and emission spectra of annealed films of spiro-functionalized terfluorenes. Both DOSFX-SFXSO and DHSFX-SFXSO were annealed at 160°C.
(F and G) Raman spectra of pristine spin-coated films and annealed films of DOSFX-SFXSO in the region of 1550~1650 (F) and 900~1500 (G) cm ™",
respectively.

(H) 0-1 Peaks of our fluorene-based six trimer molecule annealed films, together with their cross-sectional views of various conformations.

(Hoeben et al., 2005; Jin et al., 2018), our supramolecular terfluorene has an unusual suppression defect
emission, which DOSFX-SFXSO can maintain at a high photoluminescent (PL) quantum efficiency of 55%
under well-defined crystalline structures. Robust and stable excitonic behavior without any exciton trapped
defect was observed for the supramolecular spherulites and explained this outstanding property.

RESULTS AND DISCUSSION
Rational Design of Steric Terfluorenes

As shown in Figure 1, six different terfluorenes sharing the same conjugated backbone were designed and
synthesized. First, we show the three important design features on the chemical structure of DOSFX-SFXSO
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in Figure 1B as follows: a centered spirofluorene unit SFXSO to induce the orthogonal hydrogen-bonding
interaction, steric bulky units at 9-position of side fluorene to inhibit intermolecular stacking, and bulky
side chains preventing side chain interdigitation. To date, as the most important component of bulky
spiro-building blocks, the SFX unit is an effective steric group that suppresses intermolecular interactions.
The difference between DOSFX-SFXSO and both 2/,7'-bis(9,9-bis(4-(octyloxy)phenyl)-9H-fluoren-2-yl)spiro
[fluorene-9,9'-thioxanthene]-10',10"-dioxide (DOPhF-SFXSO) and 2',7-bis(9,9-dioctyl-9H-fluoren-2-yl)spiro
[fluorene-9,9'-thioxanthene]-10',10"-dioxide (DOF-SFXSO) is the bulky steric unit on 9-position of the
side fluorene units, which is necessary to investigate the steric interaction and the noncovalent interactions
induced by the alkoxy chain. Frequently, noncovalent interactions among H, S, F, and O are useful to sta-
bilize planar conformations and enhance crystallinity (Kim et al., 2013). According to our previous works,
diverse and strong hydrogen-bonding interactions were observed in the SFXSO units (5=O- - -H-C), which
could confer photophysical properties in aggregate state (Ou et al., 20172, 2017b). Therefore, DOSFX-SFX
was designed and prepared to determine the effect of this promising noncovalent interaction on confor-
mation and crystalline properties. Furthermore, to explore the effect of the length of the substituted side
chain, DHSFX-SFXSO with hexyl chains was prepared. The length of the alkoxy chain will precisely tune the
molecular and chain packing in solid states (Liu et al., 20173, 2017b). All materials were synthesized by Su-
zuki-type reaction with yield over 70%, and the detailed synthetic procedures and structure characterization
are showed in Schemes S1 and S2 and Figures S28-549. As showed in Figure S1 and Table S1, the on-set
oxidation potential of terfluorene derivatives is around 0.86 to 0.98 V, so the highest occupied molecular
orbital is around —5.62 to —5.72 eV. Similarly, the lowest unoccupied molecular orbital is around —2.54
to —2.69 eV and the bang gap is around 3.0 eV. The results indicate that nonconjugated electron-with-
drawing sulfone groups have little influence on frontier orbitals. As expected, six terfluorenes have similar
absorption and emission profiles, and only one absorption band with a maximum absorption peak of ~355
and ~360 nm, respectively, in both solution and pristine spin-coated films (Figures 1C and 1D), owing to a
similar conjugated backbone structure. In addition, their emission spectra exhibit three well-resolved emis-
sion bands. The results indicate that the substitutions have a small influence on the electronic structures of
terfluorene backbones. In contrast to the unchanged optical property of other controlled terfluorenes,
DOSFX-SFXSO, DHSFX-SFXSO, and DSFX-OSFX show dramatic differences in the absorption and emis-
sion spectra of solid films after thermal treatment (Figure 1E). The well-structured absorption spectra of
the annealed films of DOSFX-SFXSO and DHSFX-SFXSO have peaks at 382 and 379 nm, respectively,
with the same shoulder absorption peak at approximately 406 nm (Figure 1E). Similarly, the maximum ab-
sorption peak of DSFX-OSFX is red-shifted from 357 to 390 nm. The above results indicate that molecular
conformations are ordering and planarizing in the annealed film, resulting in a longer effective conjugation
length (Bai et al., 2017; Ou et al., 2017a; Yu et al., 2018). Besides, the maximum emission peaks are bath-
ochromic from 430 to 448 nm. In fact, the spectral changes are not complete in DHSFX-SFXSO. When
the temperature was elevated from 160°C to 180°C, DOSFX-SFXSO and DHSFX-SFXSO displayed identical
absorption and emission profiles (Figure S12). On the basis of our previous results about fluorene dimers
and polymers, we can attribute these absorption and PL spectral shifts to conformational planarization of
conjugated backbones.

Raman measurement is an effective tool to check the molecular conformational transition (Figures 1F
and 1G) (Yu et al., 2018). Different aggregate states of DOSFX-SFXSO films were studied by Raman mea-
surement to explain the molecular conformation and phase behavior. As indicated in Figures 1F-1H, the
C=C stretching modes within spirofluorene units are bathochromic from 1,606 cm™" of the amorphous
phase to 1,602 cm~ of the crystalline phase, which is attributable to the increased delocalized degree
of w-electrons from a twisted conformation to a planar one. Compared with the amorphous state, the in-
tensity ratio of the peaks 1,241, 1,266, 1,281, and 1,285 em™ " to0 1,602 cm ™" are increasing obviously in the
crystalline phase. In addition, the vibrational frequency of the C-C stretching modes between spirofluor-
enes is hypochromatic from 1,349 cm™" of the amorphous phase to 1,352 cm ™" of the crystalline phase.
All the above Raman motions are similar to B-conformation in poly(?,9-dioctylfluoren-2,7-diyl) (PFO) and
poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-[5-(octyloxy)-9,9-diphenylfluoren-2,7-diyl] (PODPF) (Liu
etal., 2016,2017a, 2017b; Yu et al., 2018). In this regard, we have further confirmed the formation of planar
conformation in our DOSFX-SFXSO crystalline films.

To verify the assumption above, we tried to cultivate the single crystals of our six materials (Figures 2A and

S2-S11, and Table S2). Interestingly, two types of DOSFX-SFXSO single crystals were obtained: flake and
needle (Figure S2). Needle crystal of DOSFX-SFXSO displays two absorption peaks around 382 and 407 nm
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Figure 2. Crystal Structure and Packing Pattern, Thermal Behavior, Film Morphologies, and X-ray Diffraction of DOSFX-SFXSO

(A) Crystallographic structure of DOSFX-SFXSO.

(B) DOSFX-SFXSO-based hydrogen-bonded supramolecular polymer in crystalline framework.

(C) Differential scanning calorimetric curve of DOSFX-SFXSO.

(D and E) (D) Polarized optical and (E) cross-polarized optical micrographs of DOSFX-SFXSO annealed films.

(F) Atomic force microscopic image of DOSFX-SFXSO nanofiber in spherulites.

(G) Grazing-incident X-ray diffraction pattern image of DOSFX-SFXSO annealed films.

(H and I) Schematic representation of the molecular packing in DOSFX-SFXSO nanofibers. (H) The length of conjugated backbone and intermolecular
distance. (I) The distance intermolecular -7 interaction.

and red-shifted emission (Figure S13), which is consistent with the results of annealing films, whereas the
absorption spectra of flake crystals consist of peaks at 360 nm and 387 nm. As shown in Figure 2A, the
DOSFX-SFXSO flake single crystal adopts a planar conformation with the same torsional angles of 159°.
Owing to the large shift in absorption between the two crystals (~20 nm), the molecular conformation in
needle crystals is more planar and torsional angles can be close to 180°. Furthermore, DHSFX-SFXSO
also has two crystal polymorphs: needle and rod, and they display different PL profiles (Figure S14).
The rod crystal presents a bent and trans-cis conformation with torsional angles of —29.0° and —146.1° (Fig-
ure S3). In addition, the quasi-planar conformation of DOSFX-SFXSO and the twisted conformation of
DHSFX-SFXSO could also transform into fully coplanar conformations after thermal treatment at 160°C
(Figures S15and S16). As expected, DOF-SFXSO adopts a trans-trans conformation with large torsional an-
gles of —138.3° and —142.0° (Figure S3). In a word, various absorption and PL spectra of our six materials
also present different conformations and 0-1 emission peaks in annealed films (Figure TH).

As displayed in Figures 2A and 2B, supramolecular hydrogen-bonding interactions between DOSFX-
SFXSO molecules with characteristic distances of 2.639 A (S=0O---H-C between sulfone group, and
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4,5-position hydrogen atoms of the centered fluorene unit) and 2.385 A (C-O- - -H-C between O atom of
octoxyl chains and 4,5-position hydrogen atoms of adjacent fluorene unit) suggest the formation of a
DOSFX-SFXSO-based supramolecular polymeric framework in single crystal. The hydrogen bonds can
restrict intramolecular rotation and trap coplanar conformations of DOSFX-SFXSO. In other words, the ste-
ric hindrance of SFX and SFXSO render DOSFX-SFXSO to separate from each other. In this way, the mole-
cule may have a large space to freely rotate. Then, the conformation is locked by hydrogen bonding of
SFXSO, and the van der Waals forces of alkyl chains also take part in this process (Figure 2B). The hydrogen
bonds involved in 4,5-position hydrogen atoms of SFXSO and the fluorene group promote DOF-SFXSO to
form dimers with -7 stacking (3.786 A), which impede intramolecular rotation. As a result, DOF-SFXSO
adopts a highly twisted conformation. Therefore, the orthogonal hydrogen bonds in our supramolecular
framework can not only stabilize the planar conformation but also obtain higher self-organized crystalline
structures in a condensed structure.

Upon combining the crystal data with the results of photophysics, we make three key observations. First,
the small chemical modification in DOSFX-SFXSO with DOSFX-SFX leads to significant differences in
conformational behavior, clearly indicating that the supramolecular steric hindrance (SSH) effect of SFXSO
group plays a key role in conformational planarization. Second, replacing OSFX groups with 9,9-dioctyl-
fluorenyl and 9,9-dioctoxyphenylfluorenyl groups demonstrates that the spiro-configuration is essential
to conformational planarization. Finally, both hexoxyl and octoxyl substitutions can induce conformational
planarization in crystals and annealed films, whereas hexoxyl substitution maintains a higher thermal an-
nealing temperature, an indication that the length of alkyl chain also influences molecular conformation
and packing.

Construction and Morphological Structure of Steric Terfluorenes-Based Supramolecular
Spherulites

According to the differential scanning calorimetric curve in Figure 2C, a phase transformation (thermal-induced
crystallization) of DOSFX-SFXSO occurs at 170°C and gives off a lot of latent heat (AQc = —41.8 kJ/mol), which is
slightly less than the heat of fusion (AHM = 49.6 kJ/mol). Interestingly, if we kept a DOSFX-SFXSO pristine spin-
coated film on a hot plate, we could see large supramolecular spherulites of several micrometers forming on the
substrates (Figures 2D-2F and S17-524). Besides, DSFX-OSFX crystalline structure could also be obtained after
thermal annealing (Figure S25). Similar to conventional ones, our spherulites consisted of a centered crystal nu-
cleus and a range of nanowires with an average width of ~100 nm and height of ~20 nm. As shown in Figures 2D
and S17-523, alarge variation in spherulite semicrystalline was observed with domain size, from <10 up to 600 pm
for edge-to-edge domain diameters. In fact, the domain size also decreases with increasing growth speed of crys-
tal, indicating that slow crystallization promotes the molecular rearrangement and adjusts to the optimal packing
position (Figure S23). Meanwhile, we also investigated the growth processing of spherulite at different thermal
annealing temperatures ranging from 160°C to 186°C (Figure S22). First, no crystal was formed from 160°C to
168°C. Next, we obtained some small spherulites (~10 um) at 172°C, but the growth rate was very slow. Finally,
the growth rate was significantly enhanced when the temperature rose above 182°C. In this regard, the growth
rate was significantly dependent on the annealing temperature with a critical threshold of 168°C. Different colors
observed in Figure 2D indicate various molecular orientations in well-defined spherulites (Figures S20 and S21).
We can postulate that the dark areas on the film surface might be located in lower areas or occupied relatively
disordered amorphous regions. We can see very clearly the boundaries between different spherulite semicrystal-
line domains. To further uncover the molecular packing and arrangement in thermal annealed film, our spherulites
were characterized by both grazing-incident X-ray diffraction and X-ray diffraction data (Figures 2G, 524, and S25).
As presented in Figures 2G and 525, a broad diffraction ring with Q = 1.50 A~" along the out-of-plane and in-
plane directions reveals the amorphous nature of DOSFX-SFXSO in the pristine spin-coated film. Interestingly,
after thermal annealing, regular scattering patterns (Q, = 0.26 A~V and 0.52 A", 100 and 200) are observed
in the out-of-plane direction, indicating a lamella-like orientation in our spherulites. The interlayer distance
(d = 24.20 A) is comparable to the calculated conjugated backbone length (approximately 25.0 A) of DOSFX-
SFXSO, as illustrated in Figure 2H. Other slightly pattern plots at Q, = 0.58 A~1(10.8 A, 002) are also observed,
attributed to the interchain distance and consistent with the calculated side chain distance (10.54) of DOSFX-
SFXSO. Besides, we also attribute the stronger pattern plot at 0.85 A (d=7.38 A, 010 and 020) to the intermo-
lecular -7t interaction (Figure 21). Therefore, it is easy to conclude that the molecular packing model is similar to
the single crystal of DOSFX-SFXSO, but the molecules may have a large torsional angle of >165° in supramolec-
ularspherulites. Inthis regard, we assumed that molecules show oriented and ordered planar conformation with a
periodic and dense arrangement, which further self-assembles into higher level well-defined spherulites. In turn,
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we found out that our supramolecular framework is a key molecular design to induce planar conformation and
obtain supramolecular spherulites.

Excitonic Behavior of Steric Terfluorene-Based Supramolecular Spherulites

In light-emitting conjugated solid system, defects resulting from both physical and chemical irregularities,
can induce nonemissive interchain polaron pairs, and exciton-exciton annihilation, leading to low emission
efficiency and unstable emission behavior (Haedler et al., 2015; Podzorov, 2013; Spano and Silva, 2014; Xie
et al., 2012). Beyond possible structural defects, well-ordered condensed structures will provide an “exci-
tonic landscape channel” to suppress physical defect emission and to ensure high light radiation (Haedler
et al., 2015; Podzorov, 2013). Compared with the amorphous state, the B-conformation in polyfluorene is
found to be an energetically favorable environment for excitons, including singlet and triplet exciton, asso-
ciated with their oriented conformation and long effective conjugation length (Ariu et al., 2003; Hayer et al.,
2005; Prins et al., 2006). As discussed in the first section, shoulder absorption peaks at 407 nm for DOSFX-
SFXSO annealed films clearly reveal the formation of planar conformation. In addition, the red-shifted and
well-resolved PL spectra with a more vibrational structure further confirmed this assumption. The peaks of
DOSFX-SFXSO B-conformation in the room temperature (RT) PL spectra are located at 425, 445, 472, and
513 nm. At 425 nm, the PL peak has been assigned to the S1ssi (0-0) transition. The B-conformation 0-0 PL
emission peak is thus red-shifted by 20 nm compared with the 0-0 peak detected from the amorphous ones,
attributable to the smaller energy gap for the B-conformational molecules (Lin et al., 2014; Liu et al., 2016
Yu et al., 2016). The intensity ratio of 0-0 to 0-1 emission band are high in spin-coated amorphous films,
indicating an enhancement of the Huang-Rhys parameter and resulting from a larger configuration and
relaxation in the excited states (Eggimann et al., 2019).

As indicated in Figure 3A, the lifetime of pristine film and crystalline film are 380 and 530 ps, respectively,
indicating that DOSFX-SFXSO B-conformation leads to the increase in PL lifetime, that crystalline phase is
able to block defect emission. It can be seen that in the B-conformation PL spectra, emission peaks red-shift
by 13 nm as the temperature is reduced from RT to 5 K (Figures 3B and 526), which might be the result of the
reduced vibronic coupling of the fluorene units. The increase in the intensity of the 0-0 peak in PL spectra at
low temperatures seems to suggest that the terfluorene chain is more planar, indicating that the contribu-
tion from increased m-electron delocalization plays a more significant role than assumed. The 0-1 vibronic
PL peaks of crystalline-phase DOSFX-SFXSO do not split like PFO and PODPF B-conformation at lower
temperatures. The reason we do not observe the vibrational fine structure is because the fraction of the
material in the crystalline phase is much larger than that of PODPF/PFO in the B-conformation. This leads
to aninhomogeneous broadening of the peaks. We see similar trends for PODPF B-conformation low-tem-
perature PL spectra with a red-shift in emission, decreasing to 0-1 vibronic peak intensity, and increasing to
0-0/0-1 peak spacing with decreasing temperature.

According to previous work, serious fluorescence quenching usually occurs in a highly crystalline condensed
structure of conjugated molecules, such as aggregation-induced quenching resulting to small radiative decay
rate (k) and high trapping rate (Jin et al., 2018). For example, the PL quantum efficiencies of DOSFX-SFX an-
nealed films are approximately 16%, which is a decrease of nearly 70% from those of pristine spin-coated films
(48%) (Table 1). Notably, photoluminescent quantum yield (PLQY) is 58% and 55% for DOSFX-SFXSO pristine
and annealed films, and 45% and 36% for DHSFX-SFXSO ones, respectively, which are significantly different
from those of conventional light-emitting conjugated molecules (Table 1). Increased degrees of structural order
can reasonably suppress physical defects and enable crystalline structures to show robust emission. Besides, this
assumption is also effectively confirmed by the well-resolved vibronic structure and narrow spectral profiles in PL
decay from planar conformation and amorphous spin-coated films at RT following ultrafast excitation at 365 nm
(Figures 3C and 3D). Figures 3C, 3D, and S27 show the time-resolved PL spectra of DOSFX-SFXSO and DSFX-
OSFX films at three different times following 365-nm excitation. The most striking observation is that for all ob-
servations between 0 and 4.5 ns, the emission spectra from the B-conformation film are significantly different
from those observed in the amorphous ones. As expected, in amorphous DOSFX-SFXSO and DSFX-OSFX crys-
talline films, long-wavelength and broad green-band “defect” emissions at 500 nm are found in the PL spectra at
1.0-4.5 ns, originating from the nonradiative intermolecular aggregation-induced excimer (Cacialli et al., 2002;
Eggimann etal., 2019). As we discussed above, DSFX-OSFX also shows excellent crystalline structure in annealed
films, but it also had a residual strong defect emission at long-wavelength emission (520 nm) after a delay of
2.5 ns (Figure S27), indicating that residual physical defect “excimer” may not completely suppress in conven-
tional crystalline structure without order and orientation at molecular level. Remarkably, the annealed
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Figure 3. Transient Grating PL Spectra of DOSFX-SFXSO in Various States

(A) Normalized PL kinetics of DOSFX-SFXSO and DOSFX-SFX amorphous spun films and B-conformation annealed films.
(B-D) (B) Temperature-dependent PL spectra of DOSFX-SFXSO B-conformation annealed films from 10 K to 290 K. The PL
spectra of DOSFX-SFXSO amorphous (C) and B-conformation (D) films excited at 365 nm using a frequency-doubled,
mode-locked Ti:sapphire laser and measured at 0-4.5 ns following excitation. The ASE spectra of two DOSFX-SFXSO
films were excited by 355 nm laser.

(E) Schematic illustration of exciton diffusion in our well-defined condensed spherocrystals. Complete electron
delocalization along p-orbit conjugated backbone structure enables quasi-planar conformational molecular structure to
promote exciton diffusion.

DOSFX-SFXSO leads to slight increase in PL lifetime and reduction in the long-wavelength defect emission, indi-
cating that the DOSFX-SFXSO crystalline phase is able to suppress the “defect” emission effectively (Figure 3E).
This is possibly due to the low energy of the DOSFX-SFXSO crystalline phase, as seen in absorption and PL,
similar to the B-conformational domain in PFO and PODPF. Well-defined condensed structures, consisting of
oriented planar conformation and highly ordered molecular packing, will effectively suppress the defect emis-
sion in our crystalline nanostructure (Figure 3E). What's more, amplified spontaneous emission (ASE) peaks of
DOSFX-SFXSO pristine and annealed films estimated at 426 and 452 nm, attributed to 0-1 band emission,
also effectively confirmed the planarization of conjugated backbone structure in supramolecular spherulites (Fig-
ures 3C and 3D). Of course, there is also a low fraction of longer wavelength in our DHSFX-SFXSO
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Entry Aabs max (NM) APL max (NM) n
Sol. Film Ann. Sol. Film Ann. Sol. Film Ann Enh.

DOSFX-SFX 354 359 360 397,420 406, 427 405, 423, 452 96% 48% 16% —67%
DOSFX-SFXSO 356 360 363, 382, 407 399, 420 410, 430 427,450, 476 90% 58% 55% —5%
DOF-SFXSO 356 360 359 400, 422 410, 430 407, 429, 453 89% 36% 20% —45%
DOPhF-SFXSO 357 359 358 398,421 405, 426 404, 427, 452 92% 40% 20% —50%
DHSFX-SFXSO 355 359 360, 378, 404 399, 420 410, 430 406, 427, 447, 475 95% 45% 36% —20%
DSFX-OSFX 357 357 369, 390 395, 418 401, 423 403, 423, 452 98% 62% 38% —40%

Table 1. Photophsical Property of Selective Terfluorenes in Various States
Sol., diluted solution; Ann., annealed films; Enh., increased m ratio of film states after thermal annealing.

B-conformation films, attributing to the disordered domain in the film states. The strong electronic coupling in
amorphous films, also called a physical defect, is detrimental to emission behavior in solid states (Cacialli et al.,
2002). In the last several decades, green-band emission is a big obstacle to the induction of unstable and low
emission efficiency, which is a key problem in the construction of a high-performance stable fluorene-based
semiconductor. Our observation strongly confirms that the aggregation-caused excimer formation is an
approach to induce this green emission as reported by Vacha et al. (Honmou et al., 2014; Nakamura et al., 2018).

In summary, we have designed and synthesized a range of terfluorenes with various side chain and
substituted steric units. Interestingly, supramolecular DOSFX-SFXSO shows an unusually planar conforma-
tion (i-conformation) in the annealed film with perfect supramolecular spherulites resulting from the syner-
gistic effects of hydrogen bonds and steric interaction. Strikingly, with regard to the crystalline-quenched
emission in conventional light-emitting solid states, the strong luminance of our ordered and uniform arti-
ficial architectures is obtained with a high PLQY of 55%. In our assumption, this unique property is attribut-
able to two factors: the B-conformation provides an energetically favorable environment for excitons.
Meanwhile, the undesirable physical defects, such as aggregation-induced excimer, are effectively sup-
pressed, as confirmed by the transient PL kinetics measurement. Long wavelength emission at 500 nm
was observed in pristine films but absent in annealed films, which strongly supported the aggregation
mechanism in fluorene green-band emission. In combination with the high molecular packing, such a
crystalline-enhanced emission in our designed ordered artificial architectures could enable light-emitting
optoelectronic devices that apply this well-defined structure as a photoelectric conversion antenna. These
could contribute to the construction of high-performance organic light-emitting field transistors and elec-
trical pumped organic lasers.

Limitations of the Study

In this study, the DOSFX-SFXSO with planar conformation in the annealed film can easily self-organize into
perfect supramolecular spherulites via the synergistic effects of hydrogen bonds and steric interaction.
However, accurate roles of hydrogen bondings and molecular packing behaviors in conformational plana-
rization are not fully understood here, and electronic properties of spherulites and microcrystals need to be
further investigated.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information

Transparent Methods

Materials and reagents

All reagents were purchased from Sigma-Aldrich, Merck and Alfa Aesar, and used
without further purification unless stated otherwise. Anhydrous THF was dried by
sodium using benzophenone as indicator. The synthetic routes of
spiro[fluorene-9,9'-thioxanthene] 10',10'-dioxide and
2-bromo-3',6'-bis(octyloxy)spiro[fluorene-9,9'-xanthene] were followed the literatures
(Ou and Zhu, et al., 2017; Ou and Ding, et al., 2017; Zuo, et al., 2018).
Characterization

"H and "*C NMR spectrum was recorded on a Bruker 400 MHz spectrometer in
CDClIs with tetramethylsilane (TMS) as the interval standard. Absorption spectra were
measured with a Shimadzu UV-3600 spectrometer at 25 °C, and emission spectra
were recorded on a Shimadzu RF-5301(PC) luminescence spectrometer. DSC
measurement was acquired using a Shimadzu Instruments DSC-60A. DSC data were
collected at a rate of 10 °C/min for both of the baseline and sample.
Thermogravimetric analyses (TGA) were conducted by a Shimadzu DTG-60H under
a heating rate of 10 °C/min and a nitrogen flow rate of 50 cm’/min. Cyclic
voltammetric (CV) studies were conducted using an CHI660C Electrochemical Work
station in a typical three-electrode cell with a platinum sheet working electrode, a
platinum wire counter electrode, and a silver/silver nitrate (Ag/Ag") reference

electrode. All electrochemical experiments were carried out under a nitrogen



atmosphere at room temperature in an electrolyte solution of 0.1 M
tetrabutylammonium hexafluorophosphate (7-BusNPF¢) in CH2Cl2 at a sweeping rate
of 0.1 V/s. According to the redox onset potentials of the CV measurements, the
HOMO/LUMO energy levels of the materials are estimated based on the reference
energy level of ferrocene (4.8 eV below the vacuum): HOMO/ LUMO = -[Eonser —
EFcreryt 4.8] eV. For scanning electron microscopic (SEM) studies, a drop of 20 uL
solutions were placed onto silicon substrates, and the solvent was left to evaporate.
The samples were then examined with a field emission SEM (Hitachi, S-4800) at an
accelerating voltage of 3 kV. The film morphologies of films were recorded with a
Bruker’s Dimension Icon AFM in tapping mode (Bruker’s Sb/Si probe tip with a
resonant frequency 320 kHz and the spring constant 42 Nm™). The Single crystal data
collection was performed at 100 or 298 K on a Bruker 2000 CCD area detector using
graphite-monochromated Mo Ko radiation (A = 0.71073 A). All structures were
solved by direct methods using OLEX2 and refined against F? using SHELXL-2014.
Hydrogen atoms were fixed geometrically and refined isotropically. To measure the
fluorescence lifetime, the incident 390 nm, 150-fs laser pulses were generated from a
Coherent TOPAS-C optical parametric amplifier; pumped by a 1 kHz Coherent
Legend regenerative amplifier that is seeded by a Coherent Vitesse oscillator. These
input laser pulses were focused by a lens (f = 20 cm) on the samples solution in a
I-mm-thick quartz cell (beam spot ~1 mm inside the cell). The emission from the
samples was collected at a backscattering angle of 150° by a pair of lenses and

directed to an Optronis Optoscope™ streak camera system which has an ultimate



temporal resolution of 6 ps. CD spectra were collected using a JASCO J-820
spectropolarimeter (Tokyo, Japan) and CD measurements were from 300 to 450 nm,
the data pitch was 0.5 nm, scan speed was 800 nm/min, response time was 0.5 s, and
bandwidth was 1 nm. GIXD measurements were performed on Beamline 7.3.3 at the
Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory. An
X-ray beam impinged onto the sample at a grazing angle above and below the critical
angle of the polymer film (ac = 0.16), but below the critical angle of the silicon
substrate (oc = 0.22). The wavelength of X-rays was 1.240 A, and the scattered
intensity was detected by PILATUS 1M detector. The sample was loaded on silicon
nitride substrate, and the beam energy used here is 284.4 eV which generally probes the

carbon edge resonance.
ASE characterization

For ASE characterization, second harmonic generation (400 nm) of a re-generative
amplifier (Spitfire, spectra Physics) was used as the optical pump source. The spot
size of the pump laser beam focused on the samples was about 0.13 mm in diameter,
which was perpendicular to the sample, and pump energy was controlled by an
attenuator wheel and measured by laser power meter. The emission was detected by
the optical fiber and then dispersed to a monochromator equipped with a charge

coupled device detector (iDus, Andor).

Scheme S1. The synthetic route of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-vl)spiro[fluorene-9,9'-thioxanthene] 10°,10'-dioxide.
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Synthesis of 2,7-dibromospiro[fluorene-9,9'-thioxanthene] 10°,10"-dioxide



To a 2-kneck round flask, spiro[fluorene-9,9'-thioxanthene] 10',10'-dioxide (1.9 g, 5
mmol) and catalytic amount Fe powder was added, and then dissolved with
chloroform (50 mL). Bromine (1.84 g, 11.5 mmol) was added, and then heated to
reflux overnight. Sodium hydrogen sulfite aqueous solution was added to quench the
excess of bromine, and then extracted with dichloromethane. The combined organic
abstracted was dried over anhydrous MgSOs and filtered. The solution was
evaporated under vacuum condition. The product was purified with silica gel column
chromatography to afford a white solid (2.5 g, 92.6%). '"H NMR(400 Mz, CDCls) §
8.26 (dd, J = 8.0, 1.2 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 7.57 (dd, J = 8.0, 1.6 Hz, 2H),
7.52 (t,J=17.6 Hz, 2H), 7.46 (d, J= 1.6 Hz, 2H), 7.32 (td, J = 8.8 Hz, 2H), 6.56 (d, J
= 8.0 Hz, 2H). 1*C NMR(100 Mz, CDCls) § 153.81, 138.42, 138.28, 136.79, 133.07,
132.20, 129.13, 128.91, 128.79, 123.71, 123.01, 121.79, 57.75.

Synthesis of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)spiro
[fluorene-9,9'-thioxanthene] 10°,10"-dioxide.

Under N2 atmosphere, a mixture of 2,7-dibromospiro[fluorene-9,9'-thioxanthene]
10',10'-dioxide (2.69 g, 5 mmol), bis(pinacolato)diboron (3.04 g, 12 mmol), Pd(OAc)2
(0.11 g, 0.5 mmol), dppf (0.55 g, 1 mmol), KOAc (1.47 g, 15 mmol) and
1.4-dioxahaxane (50 mL) was added into a 2-kneck round flask, then stirred and
heated 90 °C for 6 hours. The reaction mixture was poured into water and extracted
with ethyl acetate. The combined extracts were dried by anhydrous MgSOs4, and then
the solvent was evaporated under vacuum condition. The crude product was purified

by silica gel column chromatography to afford with solid (2.92 g) with 92.4% yield.



'"H NMR (400 Mz, CDCl3) 6 8.22 (dd, J = 8.0, 1.2 Hz, 2H), 7.88 (s, 4H), 7.62 (s, 2H),
7.44 (t,J="7.6 Hz, 2H), 7.21 (dt,J= 7.6, 1.6 Hz, 2H), 6.50 (d, J = 7.6Hz, 2H), 1.26 (s,
24H). 1*C NMR (100 Mz, CDCls) 6 152.83, 143.03, 139.21, 136.69, 135.23, 132.66,
131.78, 129.41, 128.20, 123.32, 120.07, 83.96, 57.61, 24.82.

Synthesis of DOSFX-SFX

Under Nz atmosphere, a mixture of 2,7-di(1,3,2-dioxaborolan-2-yl)
spiro[fluorene-9,9'-xanthene] (0.47 g, 1.0 mmol), 2-bromo-3',6'-bis(octyloxy)spiro
[fluorene-9,9'-xanthene] (1.77 g, 2.2 mmol), Pd(PPh3)4 (0.115 g, 0.1 mmol), 2M
K2COs solution (2.0 ml) and toluene/THF (20 ml, 1:1 v/v) was stirred and heated
90°C for 24h. The mixture was abstracted with dichloromethane, and then the
combined abstracts were dried by anhydrous MgSO4. The solvent was evaporated
under vacuum condition. The crude product was purified by silica gel column
chromatography to afford white solid (0.98 g) with 65.1% yield. 'H NMR(400 Mz,
CDCl) 0 7.74-7.71(m, 6H), 7.47(dd, J = 8.0, 1.6 Hz, 2H), 7.43(dd, J = 8.0, 1.6 Hz,
2H), 7.31(t, J = 7.6 Hz, 2H), 7.29(d, J = 4.0 Hz, 4H), 7.23(dd, J = 8.0, 1.6 Hz, 2H),
7.19(dd, J = 7.6 Hz, 2H), 7.17-7.15(m, 2H), 7.09(d, J = 7.6 Hz, 2H), 6.76(dd, J = 7.6,
1.6 Hz, 2H), 6.71(d, J = 1.6 Hz, 4H), 6.44(dd, J = 8.0, 2.4 Hz, 2H), 6.33(dd, J = 8.4,
2.4 Hz, 4H), 6.27(d, J = 8.4 Hz, 4H), 3.91(t, J = 6.8 Hz, 8H), 1.78-1.71(m, 8H),
1.46-1.39(m, 8H), 1.34-1.27(m, 32H), 0.89(t, J = 2.8 Hz, 12H). '*C NMR (100 MHz,
CDCIs) & 158.95, 156.11, 156.06, 155.93, 152.03, 151.31, 141.25, 141.09, 139.14,
138.79, 138.44, 128.79, 128.30, 128.19, 128.11, 127.57, 127.20, 126.96, 125.52,

124.71, 123.10, 124.08, 123.41, 120.10, 119.97, 119.85, 116.82, 116.51, 111.02,



101.68, 68.12, 54.38, 53.48, 31.82, 29.34, 29.23, 29.21, 26.06, 22.66, 14.10.
Synthesis of DSFX-OSFX

Under N2 atmosphere, a mixture of 2-bromospiro[fluorene-9,9'-xanthene] (1.23 g, 3.0
mmol), 2,2'-(3',6'-bis(octyloxy)spiro[ fluorene-9,9'-xanthene]-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (0.84 g, 1.0 mmol), Pd(PPh3)4 (0.115 g, 0.1 mmol),
2M K2COs3 solution (2.5 ml) and toluene/THF (30 ml, 1:1 v/v) was stirred and heated
90 °C for 18h. The mixture was abstracted with dichloromethane, and then the
combined abstracts were dried by anhydrous MgSO4. The solvent was evaporated
under vacuum condition. The crude product was purified by silica gel column
chromatography to afford white solid (0.93 g) with 74.4% yield. 'H NMR (400 MHz,
CDCl3) 0 7.76 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H), 6.69 (d, J = 8.0 Hz, 2H),
7.47 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.33 (t, J = 7.6 Hz, 2H), 7.32 (s,
2H), 7.25 (s, 2H), 7.21 (d, J = 8.0 Hz, 4H), 7.19-7.12 (m, 8H), 6.76 (td, J = 7.6, 1.2
Hz, 2H), 6.70 (d, J = 2.0, 2H), 6.42 (d, J = 7.6, 4H), 6.32 (dd, J = 8.8, 2.0 Hz, 2H),
6.28 (d, J = 8.8 Hz, 2H), 3.91 (t, J = 6.8, 4H), 1.77-1.71 (m, 4H), 1.44-1.38 (m, 4H),
1.31-1.25 (m, 16H), 0.89 (t, J = 6.8 Hz, 6H). 3C NMR (100 MHz, CDCl3) J 158.94,
156.55, 155.71, 155.31, 151.98, 151.35, 141.28, 141.08, 139.27, 138.81, 138.38,
128.92, 128.32, 128.08, 128.03, 127.76, 127.20, 126.96, 125.58, 124.81, 124.18,
124.00, 123.33, 120.04, 120.00, 119.95, 116.75, 116.38, 111.04, 101.71, 68.12, 54.31,
53.56, 31.81, 29.70, 29.33, 29.22, 26.05, 22.65, 14.09.

Synthesis of DOSFX-SFXSO

Under N2 atmosphere, a mixture of 2-bromo-3',6'-bis(octyloxy)spiro[fluorene-9,9



'-xanthene] (1.34 g, 2.0 mmol), 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
spiro[fluorene-9,9'-thioxanthene] 10',10'-dioxide (0.59 g, 0.93 mmol), Pd(PPhs)4
(0.107 g, 0.092 mmol), 2M K2COs solution (1.8 ml) and toluene/THF (20 ml, 1:1 v/v)
was stirred and heated 90°C for 24h. The mixture was abstracted with
dichloromethane, and then the combined abstracts were dried by anhydrous MgSOa.
The solvent was evaporated under vacuum condition. The crude product was purified
by silica gel column chromatography to afford white solid (0.89 g) with 61.7% yield.
"H NMR(400 Mz, CDCI3) 6 8.25(dd, J = 8.0, 1.2 Hz, 2H), 7.74(t, J = 8.0 Hz, 4H),
7.72(d, J = 8.0 Hz, 2H), 7.56(s, 2H), 7.52(dd, J = 8.0, 1.6 Hz, 2H), 7.46(d, J = 8.0 Hz,
4H), 7.31(t, J = 7.6 Hz, 2H), 7.28(s, 2H), 7.24(td, J = 8.0, 1.2 Hz, 2H), 7.17(t, J = 7.6
Hz, 2H), 7.08(d, J = 7.6 Hz, 2H), 6.70(sd, J = 2.4 Hz, 4H), 6.62(d, J = 7.6 Hz, 2H),
6.33(d, J = 8.4, 2.4 Hz, 4H), 6.26(d, J = 8.4 Hz, 4H), 3.90(t, J = 6.4 Hz, 8H),
1.78-1.71(m, 8H), 1.45-1.38(m, 8H), 1.34-1.27(m, 32H), 0.88(t, J = 6.8 Hz, 12H). 1°C
NMR(100 Mz, CDCl3) ¢ 158.96, 156.07, 156.03, 153.08, 152.02, 141.62, 140.34,
139.96, 139.35, 139.16, 138.80, 136.78, 136.77, 132.98, 129.02, 128.83, 128.38,
127.64, 127.62, 126.80, 125.53, 124.06, 123.81, 123.45, 120.54, 120.28, 119.93,
116.45, 110.99, 101.66, 68.13, 58.18, 53.46, 31.82, 29.34, 29.23, 29.21, 26.06, 22.66,
14.11.

Synthesis of DHSFX-SFXSO

Under N2  atmosphere, a  mixture of  2-bromo-3',6"-bis(hexyloxy)
spiro[fluorene-9,9'-xanthene] (1.22 g, 2.0 mmol), 2,7-bis(4,4,5,5-tetramethyl-1,3,2

-dioxaborolan-2-yl)spiro[fluorene-9,9'-thioxanthene] 10',10'-dioxide (0.59 g, 0.93



mmol), Pd(PPhs)s (0.107 g, 0.092 mmol), 2M K2COs solution (1.9 ml) and
toluene/THF (20 ml, 1:1 v/v) was stirred and heated 90°C for 24h. The mixture was
abstracted with dichloromethane, and then the combined abstracts were dried by
anhydrous MgSOs4. The solvent was evaporated under vacuum condition. The crude
product was purified by silica gel column chromatography to afford white solid (0.94
g) with 70.1 % yield. "H NMR(400 Mz, CDCl3) § 8.25 (dd, J = 8.0, 1.2 Hz, 2H), 7.74
(t, J= 8.0 Hz, 4H), 7.72 (d, J = 8.0 Hz, 2H), 7.57 (s, 2H), 7.52 (dd, J = 8.0, 1.6 Hz,
2H), 7.46 (t, J =7.6 Hz, 4H), 7.32 (t, J = 7.6 Hz, 2H), 7.29 (s, 2H), 7.24 (td, J = 8.0,
1.2 Hz, 2H), 7.17 (t, J = 7.6 Hz, 2H), 7.09 (d, J = 7.6 Hz, 2H), 6.70 (sd, J = 2.4 Hz,
4H), 6.63 (d, J = 8.1 Hz, 2H), 6.33 (dd, J = 8.4, 2.4 Hz, 4H), 6.27 (d, J = 8.4 Hz, 4H),
391 (t, J = 6.4 Hz, 8H), 1.78-1.71(m, 8H), 1.46-1.39 (m, 8H), 1.33-1.29 (m, 16H),
0.89 (t,J = 6.8 Hz, 12H). *C NMR(100 Mz, CDCI3) 6 158.95, 156.07, 156.03, 153.07,
152.01, 141.62, 140.34, 139.96, 139.34, 139.16, 138.80, 136.75, 133.00, 129.02,
128.83, 128.39, 127.64, 127.62, 126.80, 125.53, 124.06, 123.82, 123.45, 120.55,
120.28, 119.94, 116.44, 110.98, 101.65, 68.12, 58.17, 53.44, 31.57, 29.18, 25.73,
22.61, 14.05.

Synthesis of DOF-SFXSO

Under N2 atmosphere, a mixture of 2-bromo-9,9-dioctylfluorene (1.17 g, 2.5 mmol),
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)spiro[fluorene-9,9'-thioxanthene]
(0.63 g, 1.0 mmol), Pd(PPh3)4 (0.12 g, 0.1 mmol), 2M K2CO3 solution (1.8 ml) and
toluene/THF (20 ml, 1:1 v/v) was stirred and heated 90°C for 24h. The mixture was

abstracted with dichloromethane, and then the combined abstracts were dried by



anhydrous MgSOs4. The solvent was evaporated under vacuum condition. The crude
product was purified by silica gel column chromatography to afford white solid (0.95
g) with 82.1% yield. '"H NMR(400 Mz, CDCls) J 8.31(dd, J = 8.0, 0.8 Hz, 2H), 7.96
(d, J = 8.0 Hz, 2H), 7.81(dd, J = 8.0, 1.6 Hz, 2H), 7.77(s, 2H), 7.69-7.66 (m, 4H),
7.54-7.45 (m, 6H), 7.35-7.28 (m, 8H), 6.80 (d, J = 8.0 Hz, 2H), 1.96 (t, J = 8.0 Hz,
8H), 1.20-.1.13 (m, 8H), 1.12-1.02 (m, 32H), 0.80 (t, J = 6.8 Hz, 12H), 0.64-0.56 (m,
8H). C NMR(100 Mz, CDCl3) 6 153.22, 151.54, 151.02, 142.12, 140.81, 140.59,
140.16, 139.17, 138.75, 137.03, 132.95, 129.03, 128.47, 127.46, 127.09, 126.75,
125.75, 124.13, 123.59, 122.90, 120.91, 120.69, 120.00, 119.78, 58.36, 55.18, 40.31,
31.76, 29.99, 29.19, 23.76, 22.58, 14.07.

Synthesis of DOPhF-SFXSO.

Under N2 atmosphere, a mixture of
2-(9,9-bis(4-(octyloxy)phenyl)fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaboroane
(1.75 g, 2.5 mmol), 2,7-dibromospiro[ fluorene-9,9-thiaxanthene]-S,S-dioxide (0.54 g,
1.0 mmol), Pd(PPh3)s (0.115 g, 0.1 mmol), 2M K2COs solution (2.0 ml) and
toluene/THF (20 ml, 1:1 v/v) was stirred and heated 90°C for 24h. The mixture was
abstracted with dichloromethane, and then the combined abstracts were dried by
anhydrous MgSOs4. The solvent was evaporated under vacuum condition. The crude
product was purified by silica gel column chromatography to afford white solid (1.25
g) with 81.9% yield. 'TH NMR(400 Mz, CDCl3) 6 8.27(d, J = 8.0 Hz, 2H), 7.85(d, J =
8.4 Hz, 2H), 7.71(t, J = 7.6 Hz, 4H), 7.65(d, J = 2.4 Hz, 4H), 7.56(s, 2H), 7.50-7.45(m,

4H), 7.35-7.23(m, 8H), 7.11(d, J = 8.8 Hz, 8H), 6.73(d, J = 8.8 Hz, 8H), 6.69(d, J =



8.4 Hz, 2H), 3.88(t, J = 6.8 Hz, 8H), 1.77-1.70(m, 8H), 1.45-1.38(m, SH),
1.35-1.28(m, 32H), 0.88(t, J = 6.8 Hz, 12H). '3C NMR (100 Mz, CDCls) § 157.89,
153.16, 152.67, 152.24, 141.88, 140.04, 139.64, 139.58, 139.40, 139. 19, 137.69,
136.94, 132.91, 129.17, 129.04, 128.40, 127.73, 127.60, 127.33, 126.38, 126.06,
124.22, 124.18, 123.53, 120.61, 120.47, 120.24, 114.10, 67.88, 64.26, 58.28, 31.83,

29.37,29.32,29.25, 26.10, 22.67, 14.12.
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Figure S1. Cyclic voltammetry curves of terfluorene derivatives. The peak

around -1.0 V is the reduction peak of water. Related to Figure 1.




Figure S2. Optical microscope images of plate and needle crystals of
DOSFX-SFXSO, the plate and needle crystals were obtained from
ethanol-chloroform and methanol-dichloromethane solutions, respectively, the

needle crystals were too tiny to perform single-crystal XRD. Related to Figure 2.
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Figure S3. Crystal structures, torsional angles, and molecular length of
conjugated backbone of spiro-terfluorenes. The alkyl or alkoxyl chains were
omitted for clarity. Both DOSFX-SFX and DOF-SFXSO were crystallized from
dichloromethane/ethanol solution, and the single crystals of DOSFX-SFXSO and
DHSFX-SFXSO were obtained from chloroform/methanol solution, and contain
chloroform and methanol molecules in lattice, respectively. In addition, both
DOSFX-SFXSO and DHSFX-SFXSO can crystallize into needle crystals in
dichloromethane/ethanol solution, while the crystals are too small to perform

single X-ray diffraction. Related to Figure 2.



Figure S4. Intermolecular interactions between DOSFX-SFX dimers. Related to

Figure 2.

Figure S5. Packing motif of DOSFX-SFX, view from b-axis. Related to Figure 2.



Related to

Intermolecular interactions in DOSFX-SFSO crystal.

Figure S6.
Figure 2.

Figure S7. Packing mode of DOSFX-SFSO crystal. Related to Figure 2.



Figure S8. Intermolecular interactions in DOF-SFXSO crystal. Related to Figure
2.



Figure S9. Packing mode of DOF-SFSO crystal view from a-axis. Related
Figure 2.

to



Figure S10. Intermolecular interactions between DHSFX-SFXSO dimers.
Related to Figure 2.
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Figure S12. Absorption and PL spectra of DOSFX-SFXSO and DHSFX-SFXSO

films after thermal annealing at 180 °C. Related to Figure 1.
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Figure S13. Absorption and PL spectra of two type single crystals of
DOSFX-SFXSO. Related to Figure 2.
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Figure S14. PL spectra of DHSFX-SFXSO microcrystals obtained from
chloroform-ethanol and dichloromethane-methanol solutions, respectively. The
maximum emission peaks are 427 and 447 nm, respectively. Related to Figure 2.
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Figure S15. PL spectra of DOSFX-SFXSO pristine flake single crystal and after
thermal annealing. Related to Figure 2.
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Figure S16. PL spectra of DOSFX-SFXSO pristine flake single crystal and after
thermal annealing. Related to Figure 2.



Figure S17. Fluorescence Microscope image of DOSFX-SFXSO spherulites.
Related to Figure 2.

Figure S18. TEM images of DOSFX-SFXSO nanowires. Related to Figure 2.



Figure S19. SEM images and its corresponding AFM images (Inset) of
DOSFX-SFSO pristine films (Right) and annealed films (Left). Related to Figure
2.
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Figure S20. Polarised light images of DOSFX-SFSO anneale films. The same
image but with different filters applied, revealing the texture and different
regions within the crystal. Related to Figure 2.
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Figure S21. Cross-polarised light microscope image of DOSFX-SFX and
DOSFX-SFSO annealed films. Related to Figure 2.
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Figure S22. Polarised light microscope image of DOSFX-SFSO annealed films
under thermal annealing at various temperatures. Related to Figure 2.
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Figure S23. Polarised light microscope image of DOSFX-SFSO annealed films at
different crystalline growth ratio. Related to Figure 2.
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Figure S24. XRD data of DOSFX-SFSO annealed films, plate and needle single
crystal. Related to Figure 2.
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Figure S25. Microscope images of DSFX-OSFX annealed films under
non-polarised light, polarized and cross-polarised light. Related to Figure 3.
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Figure S26. 0-0 - 0-1 peak intensity ratio of DOSFX-SFXSO annealed films upon
decreasing temperature from 290 to 10 K. Related to Figure 3.
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Figure S27. The PL spectra of DSFX-OSFX annealed (crystalline) film excited at
365 nm using a frequency-doubled, mode locked Ti:sapphire laser and measured
at 0 ns~4.5 ns following excitation. Related to Figure 3.
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Figure S28. 'H NMR spectrum of 2,7-dibromospiro[fluorene-9,9'-thioxanthene]
10°,10"-dioxide. Related to Figure 1.
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Figure S29. ¥*C NMR spectrum of 2,7-dibromospiro[fluorene-9,9'-thioxanthene]
10°,10'-dioxide. Related to Figure 1.



n Lo ‘( ?
,J'ﬂLi ,,,,, JvIHI\'\__.,i .,_J|L7L,JU”|JFL ,.,,;,ur'ﬂﬂ..i \ ;
Lyl el '_g _j/o\a_‘/;:: ( f; -’\ _B:D*\ o

o o
i b4 - x | \ ro
hil T T ; T T :\ T L T T s D/ \X'-f-/_\:-:’-"’l i o
8.2 8.0 7.8 7.6 7.4 72
f1 (ppm)
e LA h
moonow oo " &
T 83=8 E =
[ B S Rt A i 3
B B 80 75 70 65 60 355 50 45 40 35 30 25 20 15 1.0 05 O
f1 (ppm)
Figure S30. H NMR spectrum of

2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)spiro[fluorene-9,9'-thioxanthe
ne] 10",10'-dioxide. Related to Figure 1.
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Figure S31. 13C NMR spectrum of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan



-2-yl)spiro[fluorene-9,9'-thioxanthene] 10°,10'-dioxide. Related to Figure 1.
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Figure S33. 1*C NMR spectrum of DOSFX-SFX. Related to Figure 1.
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Figure S34. 'H NMR spectrum of DSFX-OSFX. Related to Figure 1.
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Figure S35. 13C NMR spectrum of DSFX-OSFX. Related to Figure 1.



A wbut'u; ‘I mﬁp” J

-8 ] —'OC o AT >~ o
D o O O
\c NN <t NN-—i i N :
78 77 76 15 14 73 72 71 10 i
f1 (ppm)

_4_ﬁ Juk ;147 - .‘Ik Inlv',r,
= en oo o < o o % m
D A S X = N T el
— T |m '_'| v r'1| T T L] ‘w T T T T m ﬁnﬁ |'_. T L]
S0 T3 70 65 B0 B35 50 &5 .40 35 30 25 20 15 10 05 00

f1 (ppm)

ppm (t1)

Figure S37. 13C NMR spectrum of DOSFX-SFXSO. Related to Figure 1.
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Figure S38. 'H NMR spectrum of DHSFX-SFXSO. Related to Figure 1.
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Figure S39. 13C NMR spectrum of DHSFX-SFXSO. Related to Figure 1.
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Figure S41. 13C NMR spectrum of DOF-SFXSO. Related to Figure 1.
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Figure S43. 13C NMR spectrum of DOPhF-SFXSO. Related to Figure 1.
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Figure S47. MALDI-TOF mass spectrum of DOPhF-SFXSO. Related to Figure 1.
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Table S1. Electrochemical properties of terfluorenes. Related to Figure 1.

Ered,on® Eox,on’ LUMO® HOMO?  Egp®

Entry \% A% eV eV eV
DOSFX-SFXSO  -2.08 0.93 -2.66 -5.67 3.01
DOSFX-SFX 2.20 0.89 -2.54 -5.63 3.09
DOF-SFXSO -2.10 0.86 -2.64 -5.60 2.96
DOPhF-SFXSO  -2.13 0.88 2.61 -5.62 3.01
DSFX-OSFX 2.16 0.90 -2.58 -5.64 3.06
DHSFX-SFXSO  -2.05 0.98 -2.69 -5.72 3.03

%0n-set reduction potential. "On-set oxidation potential. ‘LUMO = -(Eyeq.on-E¢)-4.80 eV, where E,
is potential of ferrocene. tHOMO = -(Eox on-E¢)-4.80 eV. °Egyp = LUMO — HOMO.

Table S2. Crystal data of bulk terfluorenes. Related to Figure 12.

name DOSFX-SFX DOF-SFXSO DOSFX-SFXSO | DHSFX-SFXSO
CCDC No. 1448974 1860090 1887107 1887099
formula Cio7H10807 Cs3Ho6028 CinHi12Cin2088 Co9Ho920sS
fw[g/mol] 1505.93 1157.65 2031.46 1441.78
crystal color colorless colorless colorless colorless
size [mm)] 0.23*0.20%0.15 0.31¥0.12%0.07 0.30*0.15*0.05 0.14*0.11*0.06
T [K] 100 173 173 173
lattice type monoclinic triclinic monoclinic monoclinic
space group P2\/c P-1 C2/c P2/n
a[A] 18.8804(15) 12.5322 (9) 55.433 (3) 24.7839 (15)
b[A] 10.6661(9) 13.8332 (11) 10.9061 (5) 10.9378 (6)
c [A] 42.297(3) 20.1569 (16) 16.7183 (8) 32.4523 (18)
a[°] 90 96.504 (5) 90 90
BI°] 105.485(3) 102.145 (4) 94.057 (4) 110.920 (3)
v [°] 90 92.417 (4) 90 90
V [A%] 8208.59 (11) 3386.4 (5) 10081.8 (38) 8217.3 (8)
zZ 4 2 4 4
F(000) 3224 1252 4248 3064
absorption 0.074 0.774 3.663 0.755
coefficient [mm™]
measured 14456 9032 7083 9919
observed 11340 11545 8289 14355
0 range [°] 1.0-25.0 3.22-65.17 3.20-63.87 2.92-66.38
R1 0.0588 0.1033 0.1689 0.0868
®R2 0.1364 0.2851 0.4260 0.2502
completeness 0.999 0.987 0.991 0.986
S 1.049 1.039 1.049 1.024
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