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ABSTRACT

Two supramolecular systems were constructed based on fluorene-based m-conjugated monomers
with or without spiro structures, respectively, and their self-assemble behaviour and optical
properties were investigated. Concentration-dependent 'H NMR and viscosity measurements
indicated a transition from cyclic or oligomeric species at low concentrations to linear supramo-
lecular polymers at high concentrations in the system without spiro structures. In contrast, the
formation of cyclic species is minimised and not observed in the system with spiro structures.
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Introduction

Supramolecular polymer materials combining the
advantages of noncovalent bonds and covalent bonds
have gained considerable interest in recent years (1-6).
Supramolecular polymers with different topological
structures offer a new way for creating novel supramo-
lecular polymer species and functional materials (7),
among which linear supramolecular polymers represent
the most basic (simplest) type of extended noncovalent
systems (8, 9), being direct counterparts of classical
covalent polymers, and the research of them will help
to further understand the basic construction principles
of supramolecular polymers.

During the past several years, optoelectronic func-
tional materials constructed by linear supramolecular
polymers, have attracted considerable attention due
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to their versatile applications in organic optoelectronic
devices and chemical sensors (10-20). The optical and
electronic functionalities in optoelectronic devices
mainly derive from the intrinsic molecular structures
of m-conjugated building blocks. Various m-conjugated
units such as phenylene-ethynylene (PE) (21), tetraphe-
nylethenes (22), fluorine (23-25), carbazole (12), thio-
phene (13) and their building blocks were introduced
into optoelectronic supramolecular polymers to meet
the requirements of organic devices. However, not so
many examples were available with respect to intro-
duce m-conjugated units into linear supramolecular
polymers (15, 22-25), and a small part of them was
about the introduction of fluorene-based m-conjugated
units (23-25), which combine several advantageous
properties that make them well-suited candidates for
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applications in organic optoelectronic devices (26).
Herein, we designed fluorene-based linear supramole-
cular polymers by crown ether-based molecular recog-
nition to study their supramolecular behaviour.

In our previous work (27), we proposed the strategy
of hindrance functionalisation that incorporates of func-
tional groups with steric hindrance effect into m-stacked
polymers to tune their electronic structures, stacked
conformations, morphological and thermal stability,
and we investigated the substituent effects of bulky
phenylfluorenyl moieties on the aggregate morpholo-
gies and device performances (28), and we found weak
interchain interactions of the polymers in the solid state
as a result of the steric hindrance of the spiro structures
or bulky phenylene substituents. As far as we know,
similar substituent effects on supramolecular polymers
have been seldom reported (29-31). In this paper, bulky
9,9"-spirobifluorene (SBF) monomers were introduced
into crown ether-based supramolecular systems, which
were formed by utilising the efficient nonbonding self-
assembly of luminescent SBF-based monomers, teth-
ered with either a crown ether or dibenzylammonium
unit. The secondary amines in the monomers are pro-
tonated and capable to be hosted by the crown ethers,
thereby the host and the guest can self-assemble into
supramolecular macromolecules via a host-guest
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Scheme 1. Synthetic route to the monomers 1a, 2a, 1b and 2b.
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interaction. For comparison, the counterparts of non-
spiro fluorene-based monomers were also researched,
in which the fluorene ring connected to the backbone
through a spiro-bridge was replaced by two alkyl
chains, and thus the substituent effects of spiro struc-
tures were investigated (Scheme 1).

Results and discussion
Synthesis and characterisation

As shown in Scheme 2, the host monomers 1a and 1b
were obtained by palladium-catalysed Suzuki cross-
coupling reactions after the precursor compound 4a
and 4b were synthesised. The guest monomers 2a and
2b were synthesised by a three-step procedure with
a high yield (see supplementary material for details).
Both compounds were fully characterised by 'H NMR
and ">C NMR spectroscopy, as well as by Matrix-assisted
laser desorption ionisation time-of-flight mass spectrome-
try. It is known that the association constant values of
dibenzo-24-crown-8 (DB24C8) and dibenzylammonium
hexafluorophosphate are desirably high (K, = 2.76 x 10*
M~ in D-chloroform at 25°C) (32, 33). Association of
homoditopic monomers, that spontaneously form linear
supramolecular polymers, is based on a pseudorotaxane
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Scheme 2. Cartoon representation of the formation of the supramolecular assemblies.

formation. The complexation behaviour of 1a and 2a in
solution was investigated by 'H nuclear magnetic reso-
nance (NMR) studies. The concentration-dependent
"H NMR spectra of an equimolar solution of 1a and 2a in
CDCI5-CF3COOD (3:1, v/v) at 25°C is shown in Figure 1. At
high concentrations (above 20 mM), the benzyl protons
have two sets of well-defined signals standing for the
cyclic and linear species, respectively (34). The signals of
the benzyl protons corresponding to the linear species at
6 = 4.43 ppm become more intense while the signals at 6
= 4.72 and 4.62 ppm corresponding to the cyclic species
become less intense as the concentration is increased. The
signals for the cyclic species appeared dramatically at
20 mM, and in addition, the signals are more intense,
and the signals for the linear species are dominant
below 20 mM. Similar to the complexation behaviour of
1a and 2a, the concentration-dependent "H NMR spectra
of a 1:1 mixture of 1b and 2b in CDCl5-CF;COOD (3:1, v/v)
at 25°C in solution is shown in Figure 1. Only one set of
signals of the benzyl protons is observed, which stand for
the linear species, the signals at 6 = 4.48 ppm gradually
move to 6 = 4.65 ppm and become more intense as the
concentration is increased. At high concentrations, all
signals become broad which confirms the formation of
high-molecular-weight aggregates (35, 36). It is worth
noting that the signals corresponding to cyclic species
are too weak to be found in SPb system.

The morphologies of the monomers and their supra-
molecular systems were investigated by scanning elec-
tron microscope (SEM) images (as shown in Figure 2).
These observations suggest that the twisted micro-
scopic fibres with an average diameter of over 9.0 um
were drawn from a low concentration solution of 1a:2a
(2 mM). The SEM images (Figure 2, Figure S23, S24) also

show that microscopic fibres with an average diameter
over 1.0 um were complexed by 1b and 2b in a low
concentration solution (2 mM). The observations of the
fibres can provide indirect evidence for the formation of
the supramolecular polymers.

Matrix-assisted laser desorption ionisation time-of-
flight (MALDI-TOF) mass spectrometry can give intuitive
information about the complexed behaviour of the host
and the guest. MALDI-TOF-ms was employed to study
the complexation behaviour of 1a and 2a (see Figure
S19 in the Supporting Information). The resultant spec-
trum reveals the existence of the self-organised struc-
ture of 1a and 2a: m/z 2061.728, probably
corresponding to [la+2a -2H-2PFs 1" or [n(1a+2a
-2H-2PF¢)1™*/n. The other main peaks at 1304.814 and
780.575, corresponding to [1a+Na]™ and [2a-2H-2PFg
1%, respectively, are also observed. Similarly, the strong
peaks at m/z 1916.316 for [1b+2b -2H-2PF]* or [n(1b
+2b -2H-2PF)]™/n and 1209.328 for [1b]* are
observed in MALDI-TOF-ms analysis of 1b and 2b
(Figure S20). The MALDI-TOF-ms analysis could support
the complexed behaviour of 1a and 2a, 1b and 2b.

The resonances of the host-guest complexes are
assigned by means of 2D NMR experiments. The
'H-"H correlation spectroscopy ('H-"H COSY) of 50 mM
equimolar solution of 1a and 2a in CDCl;-CF;COOD
(3:1, v/v) at 25°C is shown in Figure S21 (see the
Supporting Information). The cross peaks of (Hg, H,),
(Ha, Hs) show that 1a and 2a molecules interact
strongly to form the host-guest complexes, and the
diagonal peaks of (446 ppm, 4.46 ppm) (4.62 ppm,
4.62 ppm) and (4.72 ppm, 4.72 ppm) could be assigned
as the complexed 2a. Similar to the multicomponent
assemblies shown by 1a and 2a, the 'H-'H COSY NMR
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Figure 1. The stacked 'H NMR spectra (400 MHz, CDCl;—CF;COOD 3:1, v/v, 25°C) of solutions of 1a and 2a at different
concentrations: (a) 1a, (j) 2a, and equimolar solutions with concentrations (b) 1, (c) 2, (d) 5, (e) 10, (f) 20, (g) 50, (h) 100, and (i)
200 mM; The stacked 'H NMR spectra (400 MHz, CDCl;-CF3COOD 3:1, v/v, 25°C) of solutions of 1b and 2b at different
concentrations: (A) 1b, J) 2b, and equimolar solutions with concentrations (B) 1, (C) 2, (D) 5, (E) 10, (F) 20, (G) 50, (H)100, and (1)
200 mM. u: uncomplexed monomers, c: cyclic polymers, and I: linear supramolecular polymers.

experiments of 1b and 2b in the same conditions were
carried out. The cross peaks of (Hg, Hs), (Hs, He), (Hg, H7)
prove that 1b and 2b molecules interact strongly to
form the host-guest complexes, and the diagonal peak

of (4.57 ppm, 4.57 ppm) can be assigned as the com-
plexed 2b. NOESY NMR techniques can be helpful to
distinguish between linear species and cyclic species in
supramolecular systems. The "H-'H nuclear overhauser
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Figure 2. SEM images of the supramolecular systems: (a) 1a and 2a, (b) 1b and 2b.

effect spectroscopy ('H-'"H NOESY) of 50 mM equimolar
solution of 1a and 2a in CDCl;-CF;COQOD (3:1, v/v) at
25°C is shown in Figure 3. It is found that three inter-
molecular cross-peaks between the protons of crown
ether in 1a and complexed proton H, in 2a, which
could be corresponding to the linear signal Hy, and
only one intermolecular cross-peak between the pro-
tons H; in 1a and complexed proton H, in 2a which
could be corresponding to the cyclic signals Hy in the
"H-"H NOESY 2D NMR spectrum. It should be noted that
the complexation behaviour of 1b/2b is different from
those of 1a/2a in the "H-"H NOESY NMR in CDCl5-CF;
COOD (3:1, v/v) at 25°C (Figure 3a). There are five inter-
molecular cross-peaks between the complexed protons
and uncomplexed protons of crown ether in 1b and
complexed proton Hg in 2b, which only can be corre-
sponding to the linear signals Hg. These results suggest
that 1b and 2b favour the formation of linear polymers,
not cyclic species. In other words, if the linkers in the
ditopic monomers are spiro structures, the formation of
cyclic species, a side reaction in the formation of supra-
molecular polymers, is minimised.

Due to the reversibility in the bonding, supramolecular
polymers are often under thermodynamic control.
Interaction of the host and guest moieties in these mono-
mers is expected to produce cyclic and linear species, the
ratio of which depends on a number of factors, including
the concentrations and the nature of the linking groups.
Generally, linear oligomers and polymers are in equili-
brium with their cyclic counterparts, at low concentra-
tions supramolecular polymers are known to exist
preferably as cycles, whereas at higher concentrations
linear polymers are formed (37). And by tuning the ratio
of rigid units in the polymer chain on the basis of their
reversibility, the ring-chain equilibrium of supramolecular
polymerization can be controlled. Building blocks with
more rigid spacer groups favour the formation of linear
polymers, not cyclic oligomers (38, 39). For rigid polymers,

the probability of finding spacer ends within a bonding
distance is smaller than for flexible polymers, which leads
to a decrease in the total fraction of rings.

In this work, the spiro structure building blocks
favour the formation of linear, not cyclic species which
also can be considered as supramolecular steric hin-
drance effect as we early reported originating from
the combination of the steric hindrance effect of rigid
moieties with weak noncovalent interaction (40). It is
conceivable that the rigid core with a spiro structure of
SPb is bulky and rigid enough to suppress the dimer-
isation or cyclisation (Scheme 2). As a thermodynamic
explanation, it can be believed that in this system linear
species are more thermodynamically stable and
favoured over cyclic ones due to lower Gibbs free ener-
gies, which is related to the introduction of spiro
structures.

For direct physical evidence of the formation of large
self-assembled noncovalent polymers, concentration-
dependent viscosity measurements were investigated.
A double logarithmic representation of specific viscosity
versus the concentration of an equimolar solution of
host and guest in CHCl;-CF;COOH (3:1, v/v) is observed
(as shown in Figure 4). For the 1a:2a system, the slope
of Figure 4a at low concentrations is 0.42, this is attrib-
uted to the presence of cyclic species. Interestingly,
deviation from the line at low concentrations begins
at 19 mM, indicating that large oligomers are already
beginning to form. The slope at high concentrations,
1.99, is attributed to the formation of high molecular
weight polymers. For the 1b:2b system (Figure 4b), in
the low concentration range, the curve has a slope of
0.62, which is characteristic for non-interacting assem-
blies of constant size. As the concentrations increase
with a critical concentration about 20mM, the slope of
the curve significantly increases to 2.16, indicating the
dramatically increased viscosity due to the formation of
the linear supramolecular polymers (high molecular
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Figure 3. The "H-"H NOESY spectra (400 MHz, CDCl;—CF3COOD 3:1, v/v) of 50 mM equimolar solution of (a) 1a and 2a. (b) 1b and
2b. p: complexed monomers, c: cyclic polymers, and I: linear supramolecular polymers.

weight polymers). All the results indicate a transition
from cyclic or oligomeric species at low concentrations
to linear polymers at high concentrations.

To further determine the formation of the linear supra-
molecular polymers SPa and SPb, the thermal behaviors
of the supramolecular polymers SPa and SPb were inves-
tigated by differential scanning calorimetry (DSC) tests. As
shown in Figure 4c and d, the DSC studies show that SPa
has a distinct glass transition with a Ty of 95°C, which is
substantially higher than those of 1a (81°C) and 2a (54°C),

and SPb with a Ty of 93°C substantially higher than those
of 1b (54°C) and 2b (68°C), indicating the formation of the
supramolecular polymers. It should be noted that the
glass transition Ty of SPa is higher than that of SPb,
which is in accordance with their association constant
values of the host and guest. As shown in Figure S17
and S$18, the association constant values of an 50 mM
solution of SPa and SPb in CHCI;-CF;COOH (3:1, v/v) at
25°C are 2.69 x 10°M~" and 0.96 x 10°M™" respectively,
and the former is slightly higher than the later.
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Figure 4. (a) Viscosity at different concentrations of SPa. (b) Viscosity at different concentrations of SPb. (c) DSC plots of host 1a,

guest 2a and SPa. (d) DSC plots of host 1b, guest 2b and SPb.

UV-Vis absorption and fluorescence spectra of 1a, 2a,
SPa, 1b, 2b and SPb were all measured in CHCl;-CF5
COOH (3:1, v/v) at different concentrations (Figure S25-
S42). 1a shows two absorption peaks at 240 nm and 333
nm, and a broad PL spectrum which contains two peaks
at 378 nm and 392 nm with the onset at 500 nm. As the
concentration increases, the absorption at 240 nm gradu-
ally increases and is stronger than the absorption peak at
333 nm. As shown in the PL spectrum, the fluorescence
intensity increases with increasing concentrations at low
concentrations, yet decreases with increasing concentra-
tions at high concentrations, and the critical aggregation
concentration is ca. 200 uM. 2a shows two absorption
peaks at 236 nm and 335 nm, and an emission maximum
peak at 388 nm with a vibronic shoulder peak at 410 nm
(Figure S28-5S30), and an identifiable shoulder at around
550 nm with a long tail beyond 620 nm. The absorption
at 335 nm gradually increases as the concentration
increases, the critical concentration of PL is about 100
MM. SPa shows an absorption maximum peak at 334
nm and an emission maximum peak at 390 nm with
a vibronic shoulder peak at 413 nm (Figure S31-S33).
The absorption at 334 nm gradually increases as the
concentration increases, and the critical concentration is
ca. 200 pM, which is lower than that of the viscosity test,
indicating that the monomer molecules have begun to

aggregate before the formation of the supramolecular
polymers. 1b exhibits an absorption maximum peak at
335 nm and an emission maximum peak at 387 nm with
a vibronic shoulder peak at 410 nm. The optical images
show that the absorption peak at 335 nm gradually
increases as the concentration increases, the fluorescence
peak at 387 nm gradually becomes more intense com-
pared to the peak at 410 nm (Figure $34-536), and the
critical concentration is ca. 200 uM. 2b exhibits three
absorption peaks at 239 nm, 310 nm and 335 nm, and
an emission maximum peak at 369 nm with a vibronic
shoulder peak at 385 nm (Figure S37-S39), and an identi-
fiable shoulder at around 500 nm with a long tail beyond
600 nm. When the concentration increases, the absorp-
tion peaks all gradually increase, the emission at 385 nm is
gradually stronger than the emission at 369 nm, and the
critical concentration is about 100 uM. SPb exhibits an
absorption maximum peak at 336 nm and an emission
maximum peak at 390 nm with a vibronic shoulder peak
at 411 nm (Figure S40-542). The absorption at 335 nm
gradually increases as the concentration increases, and
the critical concentration of PL is about 200 pM. It is
worth noticing that each one of the PL spectra of 1b
and 2b has a long tail extending to longer wavelength
direction (the spectrum “onsets” at 620 nm at the longer
wavelength side) and a shoulder at around 550 nm
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(Figure 5¢, d). This spectral feature is commonly observed
in 9,9-disubstituted polyfluorenes and can be attributed
to interchain excimers formation (41-44), which is proved
by time-resolved fluorescence measurements (see Figure
S43, S44 in the Supporting Information). In the region
with long-wavelength fluorescence with a concentration
at 10 mol/L, the mean fluorescence life-times are ca.
1.96 ns (for 2a at 550 nm), and 1.86 ns (for 2b at 500
nm) which are shortened to 0.86 ns (for 2a at 390 nm)
and 0.98 ns (for 2b at 385 nm) in the region with short-
wavelength fluorescence, respectively. The lengthening of
the fluorescence life-times is very characteristic for exci-
mer effects, in contrast to processes induced by the
aggregation phenomenon, where distinct life-time short-
ening or decay is usually observed (45, 46). Compared
with 2a and 2b, SPa and SPb show different PL spectra
without apparent excimers or exciplexes peaks, and it can
be understood that the hydrogen bonding interactions
between the guest monomers are replaced by host-guest
interactions between the hosts and the guests.

We also noted a marked difference among fluores-
cence spectra of them at different concentrations in the
relative intensity of the emission bands, with the second
(or shoulder) fluorescence band being more intense com-
pared to the first (Figure S29, S30, S38, S39) as the con-
centration is increased. This might be ascribed to self-
absorption phenomena due to the overlap of the 0-0
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transition emission band and the absorption band which
lead to a relative decrease of the intensity of the 0-0
transition (47). Above the critical concentration, all the
systems present apparent concentration weakening of
their fluorescence which is generally attributed to mole-
cular aggregation. With an increase in the concentration,
the probability of the formation of aggregates increases,
thereby accentuating the self-absorption and thus the
fluorescence weakening effect (48-50). The emission
spectra of most aromatic compounds are concentration
dependent. While at very low concentration fluorescence
from monomer alone is observed, at higher concentra-
tions emissions from both monomers and aggregates are
observed. In general, fluorescence is often weakened or
quenched at high concentrations due to a variety of
interactions, such as radiative and non-radiative transfer
and excimer formation. The latter two factors are typically
a result of the formation of aggregates, and apparently in
this work, the aggregates accentuating the self-
absorption are most probably responsible for the non-
radiative transfer and excimer formation.

Conclusions

In conclusion, conjugated monomers with or without spiro
structures were introduced into two supramolecular sys-
tems, respectively, and their self-assemble behaviour and
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Figure 5. UV-visible absorption and PL spectra in CHCl;—~CF;COOH (3:1, v/v) solution of (a) host 1a, guest 2a and SPa. (b) host 1b, guest
2b and SPb. Fluorescence spectra of 2a and 2b (from 1 pM increase to 5 mM) in CHCl;—-CF3COOH (3:1, v/v) solution of (c) 2a. (d) 2b.



intermolecular aggregation properties were investigated.
The identity of the synthesised compounds was confirmed
by NMR spectroscopy and mass spectral analysis. The
supramolecular assembly processes were monitored and
illustrated by concentration-dependent 'H NMR, 2D NMR,
SEM, DSC and viscosity measurements. The fluorescent
results show that the assemblies display fluorescence
weakening with the increase of concentration at high con-
centrations, and the formation of the excimers is found in
the guests with protonated amine groups. The results
suggest that the spiro structure building blocks probably
favour the formation of linear supramolecular polymers,
not cyclic species, which is most likely due to the substitu-
ent effects, and further study needs to be done to find the
precise reasons leading to such different supramolecular
polymerisation behaviour.

Experimental
Materials and methods

All reagents were obtained from commercial sources with-
out further purification unless otherwise mentioned. The
compounds of 4a, 4b were prepared according to the
literature procedures (51, 52). NMR was recorded on
a Bruker 400 MHz spectrometer using CDCl;, MeOD-d,,
DMSO-dg and CDCls—CF;COOD (3:1, v/v) as solvents.
MALDI-TOF mass spectra were taken on a Bruker BIFLEX lI
ultra-high resolution Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometer with a-cyano-4-hydroxy-
cinnamic acid as matrix. DSC measurements were acquired
using a Shimadzu Instruments DSC-60A. DSC data were
collected from 30°C to 210°C at a rate of 5°C/min for both
of the baseline and sample. SEM images were obtained
using a Hitachi S-4800 field-emission scanning electron
microscopy. Specific viscosity was obtained using
a Viscosimeter (0.5-0.6 mm). Absorption spectra (1 uM
increase to 50 mM in CHCls—CF;COOH, 3:1, v/v) were mea-
sured with a Shimadzu UV-3600 spectrometer at 25°C, and
emission spectra (1 M increase to 50 mM in CHCls—CF5
COOH, 3:1, v/v) were recorded on a Shimadzu RF-5301(PC)
luminescence spectrometer. The fluorescence decay was
measured using an Edinburgh FLSP920 fluorescence spec-
trophotometer equipped with a xenon arc lamp (Xe900).

Synthetic procedures

Synthesis of compounds 1a and 1b
2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane) (4a) (0.85 g, 1.5 mmol),
4-Bromo-dibenzo-24-crown-8 (1.62 g, 3.08 mmol),
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and tetrakis(triphenylphosphine)palladium [Pd(PPhs),]
(110 mg) were added to a 100 mL two-necked round-
bottomed flask. Toluene (10 mL), THF (10 mL), KF and
K,COs each 1mol/L hydroxide (3 mL) were added to
the flask under nitrogen. The mixture was refluxed for
24 h under a nitrogen atmosphere. After the mixture
had been cooled to room temperature, the mixture
was poured into brine. Then, the mixture was
extracted with dichloromethane, the two phases
were separated, and the aqueous phase was extracted
twice with dichloromethane. The combined organic
extracts were washed three times with water, dried
over MgSO,, evaporated, and purified with column
chromatography (silica gel, ethyl acetate-dichloro-
methane (4/1) as eluent) to yield 670 mg (Yield:
37.0%) of 1a as a light yellow semi-solid. 'H NMR
(400 MHz, Chloroform-d) & 7.79-7.75 (d, J = 8.1 Hz,
2H), 7.57-7.53 (d, J = 7.5 Hz, 2H), 7.51 (s, 2H), 7.39-7.33
(d, J = 10.3 Hz, 4H), 7.20-7.16 (d, J = 8.2 Hz, 2H),
7.11-7.04 (m, 8H), 4.45-4.26 (m, 16H), 3.88-3.75 (m,
16H), 3.69-3.60 (m, 16H). 'C NMR (400 MHz,
Chloroform-d) & 148.23, 137.16, 125.90, 123.63,
123.40, 122.27, 121.10, 120.20, 116.92, 116.54, 116.25,
115.75, 69.29, 69.04, 68.48, 68.25, 67.76, 67.62, 67.51,
67.31, 67.21, 55.41, 40.38, 31.77, 29.99, 29.71, 29.21,
23.87, 22.59, 14.09 . MS (Madi-Tof): calcd [M]*
1282.717, [M+Na]* 1305.706, Found: [M]* 1282.672,
[M+Nal* 1305.672, [M+K]*™ 1321.673.

The methods for preparing 1b are the same. Yield:
30.4%. The proton NMR spectrum of 1b is shown in
Figure S6. "H NMR (400 MHz, Chloroform-d) 6 7.90-7.84
(d, J = 7.9 Hz, 4H), 7.56-7.52 (dd, J = 8.0, 1.6 Hz, 2H),
7.40-7.35 (t, ) = 7.5 Hz, 2H), 7.14-7.09 (t, J = 7.5 Hz, 2H),
6.95 (s, 2H), 6.94-6.91 (d, J = 2.1 Hz, 2H), 6.89-6.84 (m,
8H), 6.84 (s, 2H), 6.83-6.77 (t, J = 8.4 Hz, 4H), 4.17-4.08
(m, 16H), 3.93-3.84 (dt, J = 8.5, 5.1 Hz, 16H), 3.83-3.77
(d, J = 3.4 Hz, 16H). "3C NMR (400 MHz, Chloroform-d) &
149.74, 148.92, 148.91, 148.88, 148.58, 140.46, 134.50,
127.90, 127.75, 126.60, 124.29, 122.26, 121.42, 120.23,
120.18, 120.07, 114.06, 113.98, 113.55, 71.24, 71.19,
69.91, 69.85, 69.76, 69.44, 69.37, 69.34, 29.72 . MS (Madi-
Tof): caled [M]* 1208.513, [M+Na]* 1230.421. Found (%):
[M]" 1207.411, [M+Nal* 1230.421, [M+k]* 1246.416.

Synthesis of compounds 2a and 2b
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9"-
spirobi[fluorene] (5) (1.42 g, 2.5 mmol), N-benzyl-1-(4-bro-
mophenyl)methanamine (1.72 g, 6.25 mmol), and tetrakis-
(triphenylphosphine)palladium [Pd(PPhs),] (180 mg) were
added to a 100 mL two-necked round-bottomed flask.
Toluene (15 mL), THF (15 mL), KF and K,CO3 each 1mol/
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L hydroxide (5 mL) were added to the flask under nitro-
gen. The mixture was refluxed for 24 h under a nitrogen
atmosphere. After the mixture had been cooled to room
temperature, pour dilute hydrochloric acid (0.5 M, 50 mL)
into the mixture. Then, the mixture was extracted with
dichloromethane, the two phases were separated, and
the aqueous phase was extracted twice with dichloro-
methane. The combined organic extracts were filtered,
and dichloromethane was removed with a rota evapora-
tor. The solid was washed three times with 50 mL of ethyl
acetate dried, the mixture was filtered and the solid was
poured into water. The mixture was added to a saturated
NH,4PF¢ solution to produce a precipitate. It was collected
by suction filtration and recrystallised from deionised
water three times to afford to yield 1.12 g (63.5%) of 2a
as a light grey semi-solid. "H NMR (400 MHz, Chloroform-
d) §9.99 (s, 4H), 7.63 (s, 8H), 7.58 (s, 4H), 7.56 (s, 2H), 7.49 (s,
2H), 7.38 (s, 4H), 7.36 (s, 4H), 4.06-3.89 (d, J = 20.9 Hz, 8H),
1.96 (s, 4H), 1.17-1.10 (m, 4H), 1.08-1.08 (d, J = 13.4 Hz,
16H), 0.78-0.73 (t, = 6.9 Hz, 6H), 0.68 (s, 4H). >C NMR (400
MHz, Methanol-d;) & 151.64, 142.60, 140.61, 139.13,
131.07, 13044, 129.81, 129.31, 128.92, 127.37, 125.92,
121.04, 120.11, 55.26, 50.61, 50.35, 48.27, 48.06, 47.85,
47.63, 4742, 47.21, 47.00, 39.93, 31.41, 2940, 28.74,
28.68, 23.44, 22.23, 13.02. MS (Madi-Tof): calcd 1072.488,
found [M-2H-2PF¢ 1" 780.598.

The methods for preparing 2b are the same. Yield:
52.4%. The proton NMR spectrum of 2b is shown in
Figure S12. "H NMR (400 MHz, DMSO-dg) & 9.71 (s, 4H),
8.20-8.15 (d, J = 7.9 Hz, 2H), 8.07-8.02 (d, J = 7.6 Hz, 2H),
7.81-7.75(d,J=9.6 Hz, 2H), 7.52 (s, 2H), 7.50 (s, 4H), 7.50 (s,
4H), 7.48 (s, 2H), 7.44-7.40 (m, 2H), 7.40-7.39 (m, 2H), 7.38
(s,2H), 7.37 (s, 2H), 7.17-7.12 (t, ) = 7.9 Hz, 2H), 6.82 (s, 2H),
6.74-6.69 (d, J = 7.6 Hz, 2H), 4.16-3.97 (d, J = 9.7 Hz, 8H).
>C NMR (400 MHz, DMSO-dg) & 150.05, 148.36, 141.83,
140.44, 139.81, 13295, 132.37, 131.46, 131.24, 130.59,
129.29, 129.01, 128.67, 128.61, 12748, 127.07, 124.05,
121.96, 121.63, 121.22, 66.08, 49.98, 49.68. MS (Madi-Tof):
calcd 998.284, found [M-2H-2PF "]+ 705.716.
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