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ABSTRACT: [4]Cyclo-9,9-dipropyl-2,7-fluorene ([4]CF)
with the strain energy of 79.8 kcal/mol is synthesized in
high quantum yield. Impressively, hoop-shaped [4]CF exhibits

a green fluorescence emission around 512 nm onering a new
explanation for the green band (g-band) in polyfluorenes. The [
solution-processed [4]CF-based organic light emitting diode
(OLED) has also been fabricated with the a stronger green
band emission. Strained semiconductors offer a promising approach to fabricating multifunctional optoelectronic materials in
organic electronics and biomedicine.

H oop-shaped cycloparaphenylenes (CPPs) and related - Scheme 1. (a) [4]CF Unit in CNT is Shown in Color; (b)
conjugated molecules have attracted considerable atten- Chemical Structure of [4]CF and [4]LF

tion from synthetic chemists and theoreticians owing to their A —
aesthetic structure.” These strained molecules not only are used
as elegant segments for nanotechnology,2 host—guest molecules
for supramolecular systems,” ligands for metal coordination,* and
asymmetric inducer for catalysis chemistry” but also exhibit novel
size-dependent photophysical properties.” Therefore, these

series of molecules with radial p orbitals provide likely state-of- ::Eysjvlcm W,

the-art strained semiconductor models to tune z-channels and (b) Q 0 O.Q QO o0 i“;/\: n
optoelectronic properties in organic electronics. However, the el coll g o7 Y

low fluorescence quantum yield (®p) of strained molecules with Strain Energy: 0 kcalimol Strain Energy: 79.8 kcalimol
the high strain energy (>70 kcal/mol) restricts their application 4ILF (25%): Blue emission MICF (14%): Green emission
in OLEDs and organic lasers. 7 I’

Different from the 7-conjugated segments above, fluorene reports on fully fluorene-based [n]CF.™ Herein, hoop-shaped
exhibits inherent larger exciton binding energies and excellent [4]cyclo-9,9-dipropyl-2,7-fluorene ([4]CF, strain energy = 79.8
charge delocalization, enabling it to be an important building kcal/mol) as an example of strained semiconductors has belehni
block in the molecular design of the light-emitting materials with synthesized through another low toxicity method (Scheme 1).
high quantum yield.* In this regard, fluorene-based strained The molecular structure of [4]CF has been first validated by X-

ray crystallographic analysis. Contrary to the deep blue emission
of controlled linear quaterfluorene ([4]LF), the [4]CF gives rise
to stronger green emissions around 512 nm in the solution, film,
and crystal state. Finally, the preliminary [4] CF-based nondoped
OLED has been fabricated by solution-processed procedures.
[4]CF can be synthesized according to the literature of CPPs
which have been synthesized by four methods, such as Bertozzi

molecules could achieve both merits of CPPs and fluorene-based
emitters with high-efficiency feature, different from fluorene-
based macrocycles’ with the same luminescence behaviors
resembling linear oligofluorenes. Furthermore, it is noted that
strained [n]cyclofluorenes ([n]CF) would offer a series of
unprecedented models to obtain insight into the contribution of
out-of-plane bending conformations to green band emission in
polyfluorenes. In addition, [4]cyclo-2,7-fluorene is the key
junction fragment to connect ring parts with bow-shaped end- Received: October 31, 2015

caps in armchair CNTs (Scheme 1a). However, there are few Published: December 22, 2015
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and Jasti’s synthesis, *®" " Itami’s synthesis, = Yamago’s

synthesis,"™"* and Ni’mediated Stepien synthesis."" In this
work, Yamago’s method was chosen to prepare [4]CF via two
steps utilizing a li$and exchange reaction and reductive
elimination strategy. ™ The detailed synthetic route of the
[4]CF is fully outlined in Scheme 2. Besides, a propyl group was

Scheme 2. Synthetic Routes of [4]CF and [4]LF
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introduced as one of the alkyl groups at the 9-site of the fluorene
segments to obtain suitable solubility. First, diboronic ester 2 was
synthesized from dibromide 1 under Pd catalysis with a yield of
90%. 2 was heated with 1 equiv of PtCl,(cod) (cod = 1,5-
cyclooctadiene) and CsF in a refluxing tetrahydrofuran (THF) to
give an intermediate of square shape tetranuclear Pt-complex 3
with the yield of 85%. Then the Pt-complex was treated with 40
equiv of PPhy in toluene at 100 °C for 24 h to afford [4]CF. The
strain energy of [4]CF was estimated to be ~79.8 kcal/mol
(Scheme S1), higher than that of [8]CPP (72.2 kecal/mol)."*
Considering this point, the overall yield of [4]CF from the
commercially available and inexpensive starting material 1 was
reasonably high (14%). Besides, the linear quaterfluorene
([4]LF) can be obtained as a byproduct with an overall yield
of 25%. Another yellow solid byproduct 4 was isolated. The
structure of 4 was determined by using single-crystal X-ray
analysis (Figure S10)."° Interestingly, [4]CF exhibits better
solubility than CPPs in common organic solvents, such as
cyclohexane, dichloromethane (CH,Cl,), chloroform (CHCl,),
THE, and toluene, which is important for application in solution-
processed devices.

The "HNMR spectra of [4]CF, [4]LF, and the corresponding
monomer 1 in CDCl; are shown in Figure 1. Two aromatic
protons (H® and H¢) are much further downfield (~7.57 and
7.51 ppm) than is observed in monomer 1. However, the proton

R=CHy

100 °C, 24 h L =cod

4H(a, b)
2H(c)
-
2H(e)
B(c) | 12fi(a,b) 6H(g, f, d

7.75

Figure 1. 'H NMR spectra of [4]CF, [4]LF, and corresponding
monomer in CDCl,.
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signal of H* (~6.73 ppm) is shifted upfield by 0.71 ppm
compared with that in dibromide 1. Due to long-range coupling
between Ha and Hb, the proton signal of Hb is split further into
four peaks. [4]CF has been fully characterized by *C NMR and
high resolution (HR) mass spectrometry (MS) (see Supporting
Information).

Single crystals of [4] CF suitable for X-ray analysis are obtained
by the slow evaporation of THF solution at rt (Figure 2).

Figure 2. (a) X-ray diffraction crystallography of [4]CF. (b)
Herringbone packing alignment of [4]CF.

Structure characterization by X-ray analysis reveals that [4]CF
crystallizes in an achiral space group Pna2, at rt, which belongs to
10 polar point groups with the potential ferroelectric property,'®
different from most reported [n]CPPs with the achiral space
groups. Hoop-shaped [4]CF has an ellipsoidal cavity whose
minor axes are 19% shorter than the major axes. This large
deformation is probably due to steric hindrance associated with
the propyl group. And, the average fluorenyl-fluorenyl dihedral
angle for [4]CF is 34.60° lower than the calculated 38.90°.
Compared to other fluorene-based semiconductors, the most
arresting feature of [4]CF is out-of-plane distortion. The average
distance between the 2 and 7 site (6.65 A) in the fluorene is
shorter than that in normal fluorene (6.80—6.90 A)."” The
tertiary carbons in each molecule are displaced out of the
fluorene plane by an average of 28.93°. The bend angle (0) of
57.86° is also calculated according to the previous works.'® To
our knowledge, this conformation has the largest bend angle in
fluorene systems. Besides, from the position of the H* in the
molecules, the upfield-shifted signals of H* are probably due to
the magnetic field produced by the ring currents of the fluorenyl
m-system (Figure S9)."" The analysis of the crystal packing
structure indicates that the [4]CF can be self-organized into a
herringbone formation in the presence of the CH---7 and 7—7
contacts from the ¢ axis (Figure S11) and the tubular alignment
from the b axis (Figure 2b). Impressively, the orientation of
major axis helps to distinguish the array of the enantiomers in the
crystallg packing, which is probably induced by strain (Figure
S12).

The absorption and photoluminescence (PL) spectra of
[4]CF in solution, and film are illustrated in Figure 3a. [4]CF in
diluted solution exhibits a green color and has the maximum
absorption at 349 nm (/) and a shoulder-like absorption band
at 398 nm (A,,,) with weak oscillator strength. [4]CF shows
green photoluminescence with the emission maxima at 512 nm
and two shoulder peaks at 396 and 416 nm. The UV absorption
and PL spectra of [4]CF in toluene, CHCl;, and DCE are similar
to those in THF solution and film (Figure S14, Table S1). In
addition, the concentration-dependent PL spectra of [4]CF in
1,2-bichloroethane (DCE) solution, normalized through the
blue peak, are shown in Figure S15. The maximum emission at
512 nm is slightly changed with decreasing concentration from
107* to 107° M. The green index ¢ (¢ = Igreen/lblue) increases
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Figure 3. Optical properties of [4]CF and [4]LF. (a) UV and PL spectra
of [4]CF and [4]LF in THF solution (107> M) and spin-coated film
from CHCl,. (b)Transient decay spectra of [4]CF in THF solution
(107 M) and spin-coated film from CHCL,.

with the concentration from 10~ to 10~* M. The shape of the PL
spectrum of [4]CF in the crystal state is identical to that of other
states (Figure S18). However, the emissions around 512 nm are
not observed in the PL spectra of [4]LF in various states (Figure
$19-S20).

To gain insight into the optical properties of [4]CF, time-
dependent DFT calculations are carried out at the B3LYP/6—
31G(d) level. According to calculation results (Scheme S2), the
strongest absorption Ay at 349 nm can be assigned to a
combination of HOMO — LUMO+1 (2) and HOMO—-1 (2) —
LUMO excitations. A weaker absorption 4, at 398 nm can be
described as the forbidden transition involving HOMO and
LUMO. Two emission bands at 396 and 416 nm for [4]CF can
be assigned to the 0—0, 0—1 intrachain transitions.”’ And the
maximum emission at 512 nm is assigned to the transition
corresponding to the HOMO—LUMO energy with the oscillator
strength (f) of 0.000. The structural relaxation from the Franck—
Condon state® or the self-trapping of the lowest excitonic state
due to electron—phonon coupling”' may induce the forbidden
transition.

The quantum yield for [4]CF in solution and spin-coated film
are estimated to be 045 and 0.48 (Figure 3b, Table S2),
respectively, similar to [4]CFR."” The values are higher than that
of other hoop-shaped molecules with a similar ring size, such as
[8]CPP (0.08°" or 0.107) and [4] cyclo-2,7-pyrenylene
([4]CPY) (0.05).* Further, the decay times of the blue emission
band are found to be biexponential decay with lifetimes of 0.70
(80.81%) and 3.17 (19.19%) ns for [4]CF, 0.60 (79.22%) and
2.00 (20.78%) ns for [4]LF, respectively (Figure S21, Table S2).
The decay time of the green emission for [4]CF exhibits single-
exponential decay (1A*) in dilute THF (7.7 ns) solution and film
(10.4 ns) suggesting that only a single fluorescent species. In this
regard, it is effectively concluded that the green emission at 512
nm is the intrinsic emitting property of [4]CF rather than the
intra- and intermolecular charge-transfer induced by photo,
interchain ketone-based excimers or fluorenone defects. Our
result strongly indicated that the distorted conformation or
entanglement chains of the fluorene segment probably induce
green emission, resulting in the poor spectral stability in wide-
band gap blue light-emitting polyfluorenes.® The bending mode
of chain would be the third mechanism of g-band formation after
ketone and aggregates/excimers.

The oxidation curve is found to be reversible for [4]CF,
indicating the stable radical cation intermediates. [4]CF has a
lower half-wave oxidation potential of 0.61 eV (vs the ferrocene/
ferrocenium couple) than [4]LF (0.88 eV) (Figures $22—23).
The HOMO and LUMO energy levels of [4]CF are estimated to
be about —5.35 and —2.35 eV from the above-mentioned
experiments, respectively. The energy gap of [4]CF is calculated
about 3.0 eV. Finally, the preliminary OLED using the [4]CF
spin-coated film from CHCI; as an active layer has been
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fabricated with a configuration of ITO/PODET:PSS (60 nm)/
[4]CF (60 nm)/TPBi (40 nm)/LiF (1.2 nm)/Al (80 nm)
(Figures S24—S25). And the electroluminescent (EL) spectra
show the green emission at 508 nm with CIE coordinates of
(0.25, 0.52) at the 5.38 V (turn-on voltage), similar to the
corresponding PL spectra, suggesting single molecular emission
in the film states (Figure 4). And OLED exhibits the maximum
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Figure 4. (a) Normalized EL spectra of devices at 6—11 V. (b) Current
density—voltage—luminance characteristics of devices.

brightness of 878 cd/ cm? at 10 V with a maximum luminescent
efficiency of 0.83 cd/A, which is the first OLED via fluorene-
based strained semiconductor used as the emissive material.

In conclusion, a fully fluorene-based strained semiconductor
([4]CF, strain energy = 79.8 kcal/mol) has been designed and
synthesized successfully. Dramatically different from linear
[4]LF, [4]CF showed a green emission at 512 nm with high-
efficiency @y > 45%. The bending conformation with a hoop
shape not only became a tool for modulating the photoelectric
properties of [4]CF but also offered an alternative explanation of
the origin of the g-band in polyfluorenes for the first time.
Furthermore, an OLED of a fluorene-based strained semi-
conductor has been fabricated via solution processing with a
stronger green emission of 508 nm and CIE coordinates of (0.25,
0.52). Steric strain will be a potential tool to design multifunc-
tional ferroelectric semiconductors for a wide range of memory
applications in the future.
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