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Abstract—A novel series of blue luminescent compounds, in which three identical functional groups, such as fluorene, anthracene, and spiro-
bifluorene, are linked distortedly around a perfluorocyclopentene core, have been synthesized and characterized. The introduction of a per-
fluorocyclopentene linkage into the molecular framework leads to an enhancement of the photoluminescence (PL) efficiency and thermal
stability. All compounds exhibit intense blue photoluminescence, which has been attributed to fluorene- or anthracene-based 7 — 7* transi-
tions. The maximum emission wavelengths of all compounds at room temperature are in the region of 420-480 nm, with higher PL quantum
efficiencies than in 9,10-diphenylanthracene. The electroluminescent (EL) properties of compound 4, 1,2-bis(9,9’-spirobifluoren-2-y1)-3,3,-
4,4,5,5-hexafluorocyclopentene, were investigated. A multilayer EL device with the configuration of ITO/2TNATA(60 nm)/NPB(20 nm)/

ADN:2%-compound-4(35 nm)/Alq3(20 nm)/LiF(2 nm)/Al has been successfully fabricated.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Luminescent organic/organometallic materials are currently
of great interest due to their various applications in photo-
chemistry,! organic light-emitting diodes (OLEDs),?> and
chemical sensors for small molecules.> Among these organic
materials, fluorene and/or anthracene-based compounds
have been regarded as excellent fluorescent materials
because of their ability to achieve high thermal stability as
well as high photoluminescent (PL) efficiency.* Fluorene
and/or anthracene-based compounds, in particular, are often
used as emitting materials in electroluminescent (EL) de-
vices.” Based on previous reports, promising low molecular
weight emitter for use in OLEDs should have an appropriate
HOMO/LUMO band gap as compared to those of the elec-
tron- and hole-transporting materials, high photolumines-
cent quantum yield (@Dpy), good film-forming properties,
and durability to heat during the vacuum deposition.® The
@pr is a major interest associated with the improvement of
EL device efficiency, since the two properties are generally
related.” With the aim of increasing PL efficiency, several
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approaches have been introduced. These include the attach-
ment of strongly fluorescent units,” such as anthracene,
fluorene, and pyrene to the molecular framework, the exten-
sion of 7t-conjugation® and the combination of host—guest
functions by energy transfer.> Especially, the introduction
of electron-withdrawing groups, such as fluoro- or cyano
groups, renders a molecule with high PL efficiency by inter-
or intramolecular interactions despite of the diminution of
the HOMO and LUMO levels.'® Moreover, it is well known
that the fluorine groups bound to molecular frameworks
enhance a molecule’s thermal stability and enable it to sub-
lime easily without decomposition.'!

During our ongoing effort on the development of a variety of
luminescent materials, we have observed that the presence
of a linker between two chromophores has a remarkable
influence on the thermal and photophysical properties.'?
The perfluorocyclopentene moiety as a linker was chosen
for following reasons: (i) in EL devices performance using
low-weight molecules, the molecules should be easily sub-
limed thermally stable, and have high PL efficiency, as the
fabrication of these devices is generally performed by
vacuum deposition at high temperature. Based on previous
reports, compounds bearing fluorinated functional groups
are satisfactory to these considerations. (ii) Photochromic
materials, such as diarylethene, have recently attracted
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interest in view of their potential applications for visible im-
age formation, optical data storage, and optical switching.'3
Dithienylethene derivatives were not only regarded as prom-
ising photochromic compounds, but they also showed high
thermal stability and excellent fatigue-resistant properties.
In diarylethene systems, the perfluorocyclopentene unit
could play a key role in the alteration of confomers and pho-
tophysical properties.!> Therefore, we expected that the
combination of highly fluorescent fluorene or anthracene
groups and fluorinated functional groups would be the best
way to develop efficient emitting materials and satisfy above
considerations. (iii) The introduction of two bulky triphenyl-
amine moieties into the dithienylethene framework in-
creases the population of the antiparallel conformer of the
molecule, leading to higher conversion of a photocyclization
reactions.'* Very high quantum efficiency is shown for
these molecules in photocyclization reactions (®,_.), how-
ever, the study on OLED performance using their derivatives
still remains scarce. Herein, we describe the results of our in-
vestigation on the preparation, structural characterization,
electrochemical behavior, optical properties, and the fabri-
cation of multilayer light-emitting devices of a series of
fluorene and anthracene derivatives based on perfluorocyclo-
pentene.
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2. Result and discussion
2.1. Syntheses and structures

To develop new molecules with high fluorescence quantum
efficiency, we have designed and synthesized a novel class
of compounds based on diarylethene. The synthetic routes
to 1-4 are given in Scheme 1. These compounds were pre-
pared by the addition of octafluorocyclopentene to the corre-
sponding lithiated compound, prepared from the reaction of
a small excess of n-BuLi and the bromoarene at —78 °C. The
standard workup and crystallization from CH,Cly/hexane
gives the titled compounds as pure pale yellow or colorless
solids in moderate yields (69-82%). In addition, to evaluate
the effect of a perfluorocyclopentene ring on structural
features and photoluminescence, we have synthesized an
aromatic analogue of compound 1, compound 5, through
Pd-mediated Suzuki coupling. All compounds are stable in
air and soluble in common organic solvents but only slightly
soluble in hexane and pentane. The structures of 1-5 have
been characterized by 'H NMR, '3C NMR, and elemental
analyses, including X-ray diffraction analysis of 1 and 5.
In order for molecular organic materials to be useful in EL
devices, they should be thermally and morphologically

(5)

Scheme 1. Synthetic routes of 1-5. Reagents and conditions: (i) n-BuLi/THF at —78 °C, octafluorocyclopentene (0.5 equiv); (ii) K,COj3, benzyltrimethyl-

ammoniumchloride, Pd(PPh3)4 (5 mol %), toluene.
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Table 1. Thermal properties of 1-5

Compound T,/°C Tw/°C

— 116

365
115 273
— 173

[7 0 "N S
\

stable.!” Therefore, we performed DSC experiments to in-
vestigate the glass-transition temperatures and phase transi-
tions for compounds 1-5. Well-resolved melting transitions
were observed in all cases (Table 1).

Compounds 1-3 did not show glass transition during either
the first or second heating cycle. The melting transitions of
1,2, and 3 are at 116, 93, and 365 °C, respectively. This sug-
gests that the combination of the perfluorocyclopentene link-
age and anthracene unit leads to a dramatic increase in
melting transition. In contrast, the first heating cycle of 4
revealed high glass-transition temperature at 115 °C without
any crystallization transition, followed by melting at 273 °C.
The glass transition observed is likely attributable to a non-
planar structure and the spiro-linked bifluorene moieties of
4. All compounds showed consistent and fully reproducible
DSC diagrams during two cycles of heating and cooling,
indicating that these compounds are thermally stable up to
their melting points at least. The high glass-transition tem-
perature of 4 makes it potentially useful for applications in
EL devices.

To better understand the solid-state nature, single crystal
X-ray diffraction analysis was conducted for 1 and 5. Color-
less crystals of 1 and 5 suitable for X-ray analysis were
obtained by the slow evaporation in CH,Cl, and hexane.
The crystal structures and selected bond lengths and angles
of 1 and 5 are presented in Figures 1 and 2, respectively.

Figure 1. Molecular structure of 1 with atom labeling schemes and 50% ther-
mal ellipsoids. Selected bond distances and angles: F(1)-C(1) 1.359(4),
F(2)-C(1) 1.355(4), F(3)-C(2) 1.344(3), F(4)-C(2) 1.341(3), F(5)-C(3)
1.367(3), F(6)-C(3) 1.354(3), C(4)—-C(16) 1.475(4), C(5)-C(33) 1.484(4),
F(1)-C(1)-F(2) 105.8(2), F(3)-C(2)-F4) 107.9(2), F(5)-C(3)-F(6)
105.9(2), C(16)-C(4)-C(5)-C(33) 7.5(5).

Figure 2. Molecular structure of 5 with atom labeling schemes and 50% ther-
mal ellipsoids. Selected bond distances and angles: F(1)-C(20) 1.352(2),
F(2)-C(21) 1.356(2), C(11)-C(18) 1.494(3), C(18)-C(23), 1.411(3),
C(23)-C(24) 1.492(3), C(11)-C(18)-C(23)-C(24) 9.4(4).

As shown in Figure 1, two fluorene groups connected by the
hexafluorocyclopentene linker in compound 1 are twisted
with respect to each other, and the hexafluorocyclopentene
ring is not coplanar with either of the two fluorene rings.
Interestingly, the dihedral angles between hexafluorocyclo-
pentene ring and two fluorene rings are not the same
(54.3(1)° and 29.3(1)° for the C1-C5 ring and the C33 or
C16 fluorene rings, respectively) and the dihedral angle be-
tween the two fluorene rings is 50.38(5)°. The nonplanarity
of 11is clearly caused by the steric hindrance between C32-H
and C17-H atoms. The bond lengths C5-C33 and C4-C16
are 1.484(4) and 1.475(4) A, respectively, and the torsion an-
gle of C33-C5-C4-C16is 7.5(5)°, similar to those of previ-
ously reported diarylethene compounds.'® Compound 1 has
several intermolecular interactions that appear to direct the
expanded packing of the solid-state structure. The packing
diagram (see Supplementary data) displays puckered 2-D
sheets of molecules with slipped C-H:-'F intermolecular
interactions (C9---F1, 3.602(4) A C9-H9-F1, 171.8°;
C28---F2, 3.298(4) A; C28-H28-F2, 128.4° Cl15---F5,
3. 305(3)A C15-H15-F5, 148.6°). Moreover, aF---Cr inter-
action (F4---C5) also exists between two adjacent sheets,
with a distance of ca. 3.160(3) A. Additional intermolecular
interactions, such as m—m stacking, were not found in the
packing structure of 1.

For compound 5, the bond lengths of C11-C18 and C23—
C24 are 1.494(3) and 1.492(3) A respectively, the torsion
angle of C11-C18-C23-C24 is 9.4(4)°, and the dihedral
angle between two fluorene rings is 54.95(3)°, which are
slightly longer and larger than those of compound 1. The
differences of these values between 1 and 5§ may be caused
by the fact that the geometry of the linker between the two
fluorene moieties changes from a pentagon to hexagon.
This geometrical change leads to a reduction in the linkage
angle from 72° to 60°. In contrast to 1, the dihedral angles in
5 between the phenyl ring and the two fluorene rings are al-
most identical (48.82(6)° and 44.80(7)° between the phenyl
ring and C11 or C24 fluorene ring, respectively). Several
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intermolecular interactions are also observed in crystal pack-
ing. The distances between the carbon (C9, C12, C15C, and
C32) and the fluorine (F1, F2) atoms on two adjacent mole-
cules are in the range of approximately 2.59-2.64 A. The
packing diagram (see Supplementary data) of 5 displays
a 1-D column-like structure along the b-axis, using the
C-H:-F intermolecular interactions.

Although compounds 1 and 5 have similar arrangements and
intermolecular interactions in the crystal lattice, it is note-
worthy that the perfluorocyclopentene ring of compound 1
has considerable conjugation with two fluorene groups, as
indicated by their much smaller dihedral angles (29.3(1)°—
35.7(1)°) with the perfluorocyclopentene ring relative to
those of compound 5. Both compounds 1 and § have interest-
ing spatial arrangements in the crystal lattice. The fluorene
groups linked by cyclopentene are oriented in the same
direction, despite the presence of bulky alkyl groups at the
fluorene 9-position.

2.2. Optical and electrochemical properties

The absorption and photoluminescence spectra in dilute
solution and in the solid state (thin film) are depicted in
Figures 3 and 4, respectively. Table 2 summarizes the optical
data of 1-5.

The optical band gaps of all compounds were determined by
their corresponding absorption threshold in thin films. UV-
vis spectra of 1, 2, and 4 exhibit intense absorption band
between 250 and 400 nm (£>23,800 mol~!dm?3cm™}),
indicating that the electronic transitions are mostly fluorene-
centered w—mt*. For compound 3, the absorption spectrum
exhibits the characteristic vibrational pattern of the isolated
anthracene group at 353, 370, and 409 nm. The absorption
patterns of 1, 2, and 4 are similar in the 280-450 nm region.
To examine the effect of the perfluorocyclopentene linkage
on the electronic transition, we measured the absorption
spectrum of §, in which perfluorocyclopentene is replaced
by 1,2-difluorobenzene, under the same conditions. Interest-
ingly, the maximum peak observed for 5 exhibits a significant
blue shift (A4,,,x=392 nm) relative to those of 1, 2, and 4. In
addition, the UV edge in S appears at much higher energy
than in 1, 2, and 4. This result can be explained by strong
Tt(fluorene) conjugation associated with 7t(perfluorocyclo-
pentene) in 1, 2, and 4. Considering these observations,

1.2 1.2

Abs(Normalized)
Intensity(Normalized)

280 380 480 580
Wavelength(nm)

Figure 3. Absorption and emission spectra of 1 and 5 in CH,Cl, at room
temperature; compound 1 (blue), compound 5 (black), respectively.
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Figure 4. Absorption and emission spectra of 1 and 5 in thin film at room
temperature; compound 1 (blue), compound 5 (black), respectively.

Table 2. Optical and electrochemical data for 1-5

Compound Aabs (NM) Apr, (nm) Dy Eg"p'

Solution Film Solution Film V)
1 332, 353 323 455 458 >0.95 3.06
2 335 321 451 456 >0.95 3.19
3 353, 370, 392 362, 383, 409 421 501 041 2.76
4 328 309 459 461 0.90 3.09
5 312 314 392 421 >095 3.50

perfluorocyclopentene unit has a significant effect on the
electronic transition energies. The emission spectra of com-
pounds 1-5 in solution and as thin films at room temperature
are dominated by fluorescence in the region of 400-550 nm,
as supported by less than 1 ns lifetime in excited state. The
emissions of all compounds in thin films, prepared by spin
coating from a CH,Cl,/toluene solution onto a quartz plate,
exhibit red-shifts of 5-20 nm to those in dilute solution.
These red-shifts observed in the solid state are likely attribut-
able to the difference in dielectric constant of the envi-
ronment.'® For compounds 1, 2, and 4, the A, values of
emission spectra in both solution and thin films are similar
(~460 nm in thin films), and still red-shifted relative to 5.
This result can be also explained by correlating the elec-
tronic and structural effects due to the perfluorocyclopentene
unit. To further investigate the electronic effects caused by
the addition of perfluorocyclopentene unit, cyclic votamme-
try experiments were carried out using ferrocene (Fc/Fc*) as
the internal standard. Due to the limited range available in
CH,Cl,, and inability of our instrument to measure reliable
reduction potentials in the range of —2.4 to —3.5 V, we have
obtained only the reliable oxidation potentials for 1 and 5.
The electrochemical behavior in aryl-substituted fluorene
analogues has been described such that the irreversible
oxidative and reductive processes involve the fluorene and
various aryl-substituents, respectively.* Molecular orbital
calculations for 1 and 5 provide evidence that the HOMO
levels are mostly due to fluorene-based Tt-orbitals involving
some Tr-orbital contributions from the linker. Upon the
anodic sweep in a solvent mixture of CH,Cl, and CH;CN,
irreversible oxidations are observed at 0.86 and 0.89 V
for 1 and 5, respectively. However, similar onset potentials
of 1 and 5 appear at 0.75 and 0.74 V, respectively (see
Supplementary data). These electrochemical behaviors
indicate that the electron-withdrawing effect from the
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perfluorocyclopentene unit does not have a significant influ-
ence on the HOMO energy levels, as compared to 1,2-
difluorobenzene. The reductive process of the fluorene
derivatives was also shown to be due to the fluorine, and is
affected by the various substituents bound to the fluorene
moiety. More effective conjugation stabilizes the LUMO,
leading to a decreased reduction potential. Although we
could not observe the reductive process, the reduction poten-
tial of 1 should be lower relative to compound S, as sup-
ported by the structural data and the optical absorption
threshold. Another fact affecting the nature of the lumines-
cence in molecular materials is intermolecular interactions
in the solid state. There were F---Crt interactions in crystal
packing for 1, while the intermolecular interactions, such
as those of C-F, C—H, and m— stacking, were not observed
in 5. In general, effective intermolecular interactions con-
tribute to red-shifted absorption and emission energies, lead-
ing to lower band gaps. Therefore, the red-shifted absorption
and emission maxima for 2 could be attributed to the in-
crease of 7t-orbital conjugation between the perfluorocyclo-
pentene and fluorene rings as well as the presence of
intermolecular interactions in the solid state. Based on
our observations and above elucidations, we believe that
the observed red-shifted absorption and emission spectra
of compound 1 are likely due to the strong electron-with-
drawing effect of the perfluorocyclopentene unit and the
more extended conjugation. The PL efficiencies of 1, 2,
and 4 were noteworthy. It has been well known that DPA
(9,10-diphenylanthracene) is regarded as a standard for
blue fluorescence with a @pp of 0.95.2° As compared to
that of DPA, compounds 1, 2, and 4 show high PL quantum
efficiency and increase in the order 2>1>4>3. The ex-
tended conjugation and the lack of thermal vibrations caused
by strong C-F bonds may be responsible for the enhanced
PL efficiencies. To gain a deeper insight into the electronic
and luminescent properties, we performed ab initio calcula-
tions (level of calculation B3LYP/3-21G*) on 1 and 5
employing the Gaussian 98 package.?! The geometrical pa-
rameters employed in the calculations were taken from their
structural data. A contour plot showing the electron density
of highest occupied molecular orbitals (HOMO’s), second
HOMO’s, lowest unoccupied molecular orbitals (LUMO’s),
and second LUMO’s for compounds 1 and 5 along with the
orbital energy for each levels is depicted in Figure 5. As one
may see, the HOMOs and LUMOs of both compounds are
similar. The HOMOs of both compounds are dominated by
m-orbitals of fluorene but involve some contribution of the
m-orbital on the perfluorocyclopentene or benzene moiety.
The second HOMO of 1 shows that the 7t-orbitals of fluorene
overlap with the 7t-orbitals of the ethene unit in the perfluoro-
cyclopentene ring. In contrast, an effective mt-orbital overlap
between the benzene and fluorene units in the second
HOMO level for 5§ was not observed. The effective overlap
of the HOMO level for 1 certainly should lead to the
decrease of the HOMO energy level relative to that of 5.
Although the surfaces of the LUMOs of both compounds
are similar (fluorene-based 7t* orbitals), the 7t* orbitals con-
tribution of the perfluorocyclopentene ring for 1 is greater
than that of the difluorobenzene ring of 5. It is noteworthy
that the perfluorocyclopentene ring greatly influences the
LUMO Ilevels, as compared to the benzene moiety. The
energy differences between 1 and S in the LUMO level is
0.026 Hartree (16.315 kcal/mol), while in the HOMO level

Compound 1

Compound 5

2nd LUMO

LUMO

HOMO

2nd HOMO

Figure 5. Diagram showing the surfaces and energies of second HOMOs,
HOMOs, LUMOs, and second LUMOs for 1 and 5.

is 0.009 Hartree (5.648 kcal/mol). This result provides sup-
port to the evidence that the perfluorocyclopentene unit in 1
plays a key role in the diminution of LUMO energy, bringing
about a smaller band gap energy relative to 5.

The band gaps between the HOMO and LUMO are 3.81 eV
(325 nm) for 1 and 4.12 eV (301 nm) for 5, which are in
agreement with their corresponding UV-vis spectra. Judg-
ing from these calculations, the luminescence observed in
1-4 is indeed believed to originate from fluorene-based
T—7t* transitions from the perfluorocyclopentene linkage.

2.3. Electroluminescence properties

The electroluminescence (EL) properties of compound 4, as
a representative, were investigated because compound 4
showed high glass-transition temperature. We fabricated a
multilayer device with the configuration of ITO/2TNATA
(60 nm)/NPB(20 nm)/ADN:2%-compound-4(35 nm)/Alq;
(20 nm)/LiF(2 nm)/Al. The layers of the device consist of
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Figure 6. PL (thin film) and EL spectra of 4. (device structure: ITO/
2TNATA(60 nm)/NPB(20 nm)/ADN:2%-compound-4(35 nm)/Alqz(20 nm)/
LiF(2 nm)/Al).

ITO as the anode, 2TNATA as the hole injection layer, NPN
as the hole-transporting layer, AND:2%-compound-4 as the
emitter, Alqs as the electron transporting layer, LiF as the
electron injection layer, and Al as the cathode, respectively.
In this study, we chose ADN as the host material, which is
a prototypical host with a wide band gap for blue OLEDs.
In the EL device, compound 4 displays a blue emission
at Ap.x=458 nm with a shoulder at 438 nm, as shown in
Figure 6.

The dominant peak originates from compound 4, while the
shoulder originates from the ADN. The emission observed
in the EL device support the suggestion that an incomplete
energy transfer from the host to the dopant occurs at the
2 wt %-doped level. The operating voltage (defined as
20 mA/cmz) of the device is observed at 9 V, which is rela-
tively high. The ability to trap charges in the emissive layer
is considered as one of the most important factors in deter-
mining the operating voltage.?? Effective charge trapping
by the dopants gives rise to increasing driving voltages in
OLEDs. If the dopant material functions as a hole trap, the
HOMO level of the dopant could be above that of the host
material. In other words, materials having a lower oxidation
potential can function as effective hole trapping materials in
OLEDs.?” Therefore, the high operating voltage observed is
very likely to stem from the effective hole trapping caused
by perfluorocyclopentene unit. The luminescence efficiency
of 0.82 cd/A (1120 cd/m?),with CIE coordinates of x=0.169
and y=0.146, at a current density of 95 mA/cm? and a volt-
age of 12 V was achieved, as shown in Figure 7.

More detailed /-V-L characteristics are deposited in elec-
tronic supplementary material. The low efficiency in the
EL device could be due to the poor of energy transfer be-
tween the host and dopant. Although the efficiency is low,
we believe that high efficiency should be achieved by chang-
ing the concentration of compound 4. Energy transfers, in
general, are quite sensitive upon doping concentration, com-
plete energy transfers tend to emerge at higher doping levels.
Further improvement and optimization of EL devices using
compound 4 are being investigated in our laboratory.

1200

1000

800

600

Luminance(cdlmz)
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200

0 2 4 6 8 10 12 14
voltage(V)

Figure 7. Luminance versus voltage characteristics of 4-doped devices.

3. Conclusions

In summary, a series of perfluorocyclopentene-based lumi-
nescent compounds have been synthesized and character-
ized, including their photo- and electroluminescent spectra
and electrochemical properties, and the nature of their
solid-state structures. The perfluorocyclopentene linkage
incorporated with fluorene, anthracene, or spiro-bifluorene
moieties can give rise to several distinct characteristics,
impacting their solid-state structures, the electrochemical
behavior, and photoluminescence. As expected, fluorine
atoms on the perfluorocyclopentene ring induce strong inter-
molecular interaction between two adjacent molecules, lead-
ing to high PL efficiency. Moreover, this functional group
considerably perturbed the absorption, redox potentials,
and photo- and electroluminescent efficiency. In particular,
lower HOMO and LUMO energies than those of related
compounds were observed, indicating that the perfluoro-
cyclopentene linkage induced a relative ease of hole trapping
and the diminution of the band gap. Compound 4, containing
spiro-bifluorene unit, exhibits a bright blue emission in
a multilayered EL device.

4. Experimental
4.1. General

All experiments were performed under dry N, atmospheres
using standard Schlenk techniques. All solvents were freshly
distilled over appropriate drying reagents prior to use. The
starting materials 2-bromo-9,9’-diethylfluorene, 2-bromo-
9,9'-dihexylfluorene, and 2-bromo-9,9’-spirobifluorene were
prepared according to the literature procedures.* For general
experimental details, see the electronic supplementary
material.

4.2. Fluorescence quantum yield measurements

The relative quantum yields of PL (@p) for all compounds
were determined relative to 9,10-diphenylanthracene (@p.=
0.95) as the standard in THF or CH,Cl, at 298 K. A range of
concentrations of solution of all compounds and standard
were measured such that absorbances were less than 0.10 at
the excitation wavelength (4.,=360 nm). The fluorescence
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quantum yield was then measured by the previously known

process.'*

4.3. X-ray crystallographic analysis

Suitable crystals of 1 and § were obtained from slow vapor
diffusion of benzene/hexane (1:1) into solutions of 1 or §
in CH,Cl,. The crystals of 1 and 5§ were attached to glass
fibers and mounted on a Bruker SMART diffractometer
equipped_ with graphite monochromated Mo Ka (A=
0.71073 A) radiation, operating at 50 kV and 30 mA, and
a CCD detector; 45 frames of two-dimensional diffraction
images were collected and processed to obtain the cell pa-
rameters and orientation matrix. All data collections were
performed at 173 K. The data collection 26 ranges for 1
and 5 are 3.32-52.74 and 3.54-56.64, respectively. The first
50 frames were retaken after complete data collection and
compared. Both crystals showed no significant decay and
no corrections were applied for the decay. The raw data
were processed to give structure factors using the SAINT
program.'> Each structure was solved by direction methods
and refined by full matrix least squares against F2 for all data
using SHELXTL software (version 5.10).!¢ All non-hydro-
gen atoms in compounds 1 and 5 were anisotropically
refined. All hydrogen atoms were placed in idealized posi-
tions and refined using a riding model. The crystal system
in compound 1 belongs to the monoclinic and P2,/c space
group. One methyl carbon atom of the ethyl groups at the
9-position of the fluorene unit in compound 1 is disordered.
The disordered carbon atom was modeled successfully and
its contribution to structure factor was included. The crystal
system in compound 5 belongs to the triclinic P-1 space
group. Crystal data for 1 and 5 are summarized in Table 3.
The refined atomic coordinates and anisotropic thermal pa-
rameters are included electronic supplementary data. Crys-
tallographic data for the structure reported here have been
deposited with the Cambridge Crystallographic Data Centre
(deposition no. CCDC-609630 for 1, CCDC-609631 for 5).
The data can be obtained free of charge via http://www.ccdc.
cam.ac.uk./perl/catreq/catreq.cgi (or from the CCDC,
12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223
336033; e-mail: deposit@ccdc.cam.ac.uk).

Table 3. Crystallographic data for 1 and 5§

1 5
Formula C39H34F6 C40H36F2
My 616.66 554.69
T/IK 173(2) 173(2)
Crystal system Monoclinic Triclinic
Space group P2,/c P-1
alA 9.5813(4) 8.5214(10)
bIA 22.8232(10) 11.8260(14)
/A 14.6165(6) 15.5735(18)
al/deg 78.631(2)
Bldeg 97.4790(10) 83.042(2)
yldeg 81.673(2)
VIA® 3169.1(2) 1515.4(3)
z 4 2
w(Mo Keoy/mm ™' 0.098 0.077
Crystal size/mm 0.35x0.30x0.30 0.30%x0.30x0.20
Reflections collected 18442 9779
Independent reflections 6437 6809
Goodness-of-fit on 1.153 0.992

Final R1, wR2 [I>20(])]
(All data)

0.0770, 0.1638
0.1007, 0.1752

0.0573, 0.1252
0.1225, 0.1522

4.4. Fabrication of electroluminescent devices

The glass substrate, pre-coated with indium-tin-oxide (ITO),
was cleaned by an ultrasonic bath of acetone, followed by
2-propanol. Surface treatment was carried out by exposing
ITO to a UV-ozone plasma. An OLED using AND (9,10-
bis(2-naphthyl)anthracene) as host material was fabricated
as follows. The hole-injecting layer, a 60 nm thick film
of 2TNATA (4,4’ 4" -tris[N-(2-naphthyl)-N-phenylamino)tri-
phenylamine) was deposited on the ITO surface by high vac-
uum thermal evaporation, and a 20 nm thickness of NPB
(N,N'-di(naphthalen-1-yl)-N,N’-diphenylbenzidine) as hole-
transporting layer was deposited onto the 2TNATA.
Compound 4 was 2 wt % doped into a host AND layer by
thermal co-evaporation on the NPB layer. A 20 nm thick
Alqgs (tris(8-hydroxyquinolinato)aluminum(IIl)) layer was
then deposited as an electron transporting layer. Finally,
LiF (2 nm) and Al (100 nm) were deposited on top of the
organic layers by thermal evaporation. The fabricated multi-
layer organic light-emitting device had the structure of ITO/
2TNATA(60 nm)/o-NPB(20 nm)/ADN-compound 4(35 nm)/
Alqz(20 nm)/LiF(2 nm)/Al(100 nm).

4.5. General syntheses of 1-4

A solution of n-BuLi (1.44 mmol, 1.6 M in hexane) was
added slowly to the corresponding bromoarenes (1.2 mmol)
in THF (25 mL) at —78 °C and stirred for 30 min. To this
solution was added octafluorocyclopentene (0.25 mL,
0.6 mmol). Upon addition of octafluorocyclopentene to the
lithiated solutions, the color changed rapidly from pale yel-
low to brown. The reaction mixture was warmed slowly to
ambient temperature and stirred overnight. The reaction
mixture was poured into water and repeatedly extracted
with CH,Cl, (3—50 mL). The combined organic layer was
dried over MgSQy, filtered, and concentrated under reduced
pressure. The pure corresponding compounds were isolated
by chromatographic workup.

4.5.1. 1,2-Bis(9,9’-diethylfluoren-2-yl)-3,3,4,4,5,5-hexa-
fluorocyclopentene (1). Yield: 67% (eluent: hexane,
R=0.15); mp 113-115°C MS(EI): m/z=618 [M]*. 'H
NMR (CDCls, 400 MHz) é: 7.67-7.65 (2H, m), 7.60 (2H,
d, J/=7.81 Hz), 7.35-7.28 (10H, m), 1.94-1.80 (8H, m),
0.24 (12H, t, J=7.34 Hz), 3C NMR (CDCls, 100 MHz) 6:
150.3, 150.2, 143.5, 140.3, 139.6, 128.4, 128.0, 127.0,
126.5, 123.9, 122.9, 120.1, 119.9, 116.6, 56.2, 32.4, 8.4
(C-F resonances not located). Anal. Calcd for C3oH34Fg:
C, 75.96; H, 5.56. Found: C, 75.81; H, 5.44.

4.5.2. 1,2-Bis(9,9'-dihexylfluoren-2-yl)-3,3,4,4,5,5-hexa-
fluorocyclopentene (2). Yield: 67% (eluent: hexane,
R=0.35); mp 100-103 °C. MS(EID): m/z=841 [M]". 'H
NMR (CDCl;, 400 MHz) ¢6: 7.64-7.62 (2H, m), 7.58 (2H,
d, J=7.86 Hz), 7.34-7.29 (10H, m), 1.90-1.74 (8H, m),
1.09-1.03 (8H, m), 1.01-0.94 (16H, m), 0.75 (12H, t,
J=7.07 Hz), 0.52-0.51 (8H, m), '3C NMR (CDCl,,
100 MHz) 6: 151.1, 151.0, 143.1, 139.8, 128.3, 128.0,
126.9, 126.4, 123.8, 122.8, 120.2, 119.9, 55.2, 40.2, 31.5,
29.6, 23.6, 22.5, 13.9 (C-F resonances not located). Anal.
Calcd for CssHgFg: C, 78.54; H, 7.91. Found: C, 78.48;
H, 7.85.
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4.5.3. 1,2-Bis(anthracen-9-yl)-3,3,4,4,5,5-hexafluoro-
cyclopentene (3). The pure compound 3 was obtained by
the recrystallization from CH,Cl, and hexane. Yield: 59%;
mp 362-364°C. MS(ED): m/z=528 [M]*. 'H NMR
(CDCl3, 400 MHz) 6: 8.23 (4H, d, J=8.82 Hz), 8.11 (s,
2H), 7.66 (4H, t, J=8.45Hz), 7.42 (4H, t, J=7.71 Hz),
7.28 (4H, t, J=8.03 Hz), '*C NMR (CDCl;, 100 MHz) o:
130.7, 130.0, 129.6, 128.9, 128.4, 126.1, 125.2 (C-F reso-
nances not located). Anal. Calcd for C33H;gFg: C, 75.00;
H, 3.43. Found: C, 74.87; H, 3.39.

4.5.4. 1,2-Bis(9,9 -spirobifluoren-2-yl)-3,3,4,4,5,5-hexa-
fluorocyclopentene (4). Yield: 70% (eluent: ethylacetate/
hexane (1/20:v/v), R;=0.25); mp 275-277 °C. MS(ED): m/z=
804 [M]*. 'H NMR (CDCl;, 400 MHz) é: 7.82 (2H, d, J=
7.66 Hz), 7.73 (4H, d, J/=7.63 Hz), 7.60 (2H, d, /=8.02 Hz),
7.40 2H,t,J=7.49 Hz),7.25 (6H, t,J=7.11 Hz), 7.15 (2H, t,
J=7.51Hz), 7.08 (4H, t, J=7.50Hz), 6.66 (2H, d,
J=7.59 Hz), 6.55 (4H, d, J=7.53 Hz), 6.50 (2H, s), 3C
NMR (CDCl;, 100 MHz) §: 149.6, 148.8, 147.6, 143.8,
141.5, 140.2, 128.9, 128.7, 127.9, 127.8, 127.7, 126.8,
124.9, 123.9, 123.8, 120.6, 120.2, 119.9, 65.7, 53.4, 31.6,
22.6, 14.1 (C-F resonances not located). Anal. Calcd for
CssHsoFg: C, 82.08; H, 3.76. Found: C, 82.05; H, 3.59.

4.5.5. Synthesis of 1,2-difluoro-4,5-bis(9,9’-diethylfluo-
ren-2-yl)benzene (5). Aqueous K,CO3 (2.0 M, 3.0 mL) and
benzyltrimethylammoniumchloride (30.6 mg, 0.165 mmol)
were added to a solution of 1,2-dibromo-4,5-difluorobenzene
(4447 mg, 1.648 mmol) and 2-(9,9-diethyl-9H-fluoren-
2-y1)-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (1435 mg,
4.12 mmol) in toluene (17 mL). The mixture was degassed
and tetrakis(triphenylphosphine)palladium (76 mg, 4 mol %)
was added in one portion under an atmosphere of N,. The
reaction mixture was refluxed for 24 h. After the solution
cooled, the solvent was evaporated under vacuum and then
extracted with CH,Cl,. The solution was washed with brine
and H,O, and then dried over MgSO,. Evaporation of the
solvent, followed by column chromatography from hexane,
afforded titled product. Yield: 61% (eluent: hexane,
R;=0.15); mp 175-177 °C. MS(ED): m/z=554 [M]*. 'H
NMR (CDCl;, 400 MHz) ¢: 7.61-7.59 (2H, m), 7.50 (2H,
d, J/=8.03 Hz), 7.34 (2H, t, J/=9.64 Hz), 7.28-7.26 (6H, m),
1.89-1.75 (8H, m), 0.22 (12H, t, J=7.23 Hz), '*C NMR
(CDCl;, 100 MHz) 6: 150.1, 149.8, 141.0, 140.5, 138.5,
137.8, 128.7, 127.1, 126.8, 124.4, 122.8, 119.6, 119.3,
119.3,119.2, 119.2, 119.1, 56.0, 32.5, 8.5 (C—F resonances
not located). Anal. Calcd for C4oH3oF,: C, 86.61; H, 6.54.
Found: C, 86.55; H, 6.59.
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