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Abstract

Two series of fluorine-containing fluorenyl antheaes linked by a rigisp-hybridized carbon
atom have been synthesized and characterized. fidet ef a fluorine auxochrome at different
positions in fluorene moiety on bulk propertiesstsias photophysical, electrochemical properties
and thermal stabilities were investigated. The doped organic light-emitting diodes (OLEDSs)
utilizing C9-methylated fluorinated fluorenyl antttene4b as the emitter exhibits deep-blue
emissions CIE X, y (0.159, 0.106) with efficiendyld31 cd/A and a maximum brightness of 2040
cd/nf at 14 V. It was found that the introduction ofditine auxochrome to the C2 position of

fluorene could afford the best performances of OkEihong the fluorinated materials.

Keywords: Fluorenyl anthracenes, Twisted structure, Eldatninescence, Fluorine auxochrome,

Blue OLED.



1. Introduction

In recent decades, great effort has been focusettieomewly developed EL materials and the
fabrication of organic light-emitting diodes due tieeir promising applications in full-color
flat-panel displays and solid-state lightjig4]. Though a large number of EL materials hagerb
synthesized and investigated, exploitatitbmew blue-emitting materials with high performanc
remains to be a great challenge. Compared withngeeel red light-emitting devices, the EL
properties of blue-emitting devices still needb&improved, particularly in terms of efficiency,
color purity and lifetime for full-color applicatis [5-8]. Excellent blue-emitting materials are
important, not only as blue emitters, but also astdrfor dopant emitters to facilitate efficient

green and red emission.

Among the blue-emitting materials reported, flu@emd its derivatives are regarded as the
most promising candidates for blue OLEDs, due #oattractive building block with high
photoluminescence efficiency, high carrier mobilityd easy modification [9-13]. In our previous
work, a series of C-9 fluorene functionalized aatene derivatives [14, 15], in which the
anthracene and fluorene moieties were linked thrcaigetrahedrasp™hybridized carbon atom,
were studied. Similar to the spiro-annulated rigidlecule, the tetrahedrap’-hybridized atom
has presented an almost orthogonal linkage bettheeconnected conjugated moieties. Due to its
structural twisted configuration and non-planarithe C-9 linked fluorene functionalized
anthracene are expected to hinder close packingimtednolecular interactions, effectively
minimize its degree of intermolecular stacking he tsolid state, so that the tendency for

molecules to crystallize should be reduced.

The fluorine atom is known as its strong electratidrawing ability and with isolated
electron couple and fluorinated organic compouridg p key role in the remarkable progress of
medicinal, agricultural, and material sciences 206- Fluorination has been used in the past
decade as a route to improve the electron trangpsrhall molecules and polymer because of its
strong electron-withdrawing ability [21-25]. Thoudfuorine containing materials used as
light-emitting materials have been intensively gddn phosphorescent luminescent iridium ()

complexes [26-29], few examples of simple fluorgmtaining organic compounds being directly



used as fluorescent luminescence materials wesemtied in reported articles [30-32].

In this work, we report the synthesis and luminaesgeroperties of a series of fluorine
containing fluorenyl-anthracene derivatives, in eththe fluorine auxochrome was incorporated
onto different positions of the fluorene moiety.eTmfluences of fluorine auxochrome at the
different position in the sterically twisted C9-denyl anthracenes on optoelectronic property

were elucidated for blue electroluminescent materia
2. Experimental

2.1. Materialsand measurements

All the reagents and solvents used for the synthasd measurements were purchased from
commercial suppliers and were used without furfhaification unless otherwise noted. The IR
spectra were determined on a PE-1700 IR spectroptatér by dispersing samples in KBr disks.
'H, *C, F NMR spectra were recorded on Bruker AV-500 specgter with CDGJ as deuterium
solvent. High resolution mass spectra (HRMS) andgdvispectra (MS) were recorded using an
Electron impact (EI) or Electrospray ionization (E$echniques. Elemental analyses were
performed with Elemental Vario EL Il instrumentVWis absorption spectra were recorded on
CRAY-100 spectrophotometer. Fluorescence measutenvegre carried out with Perkin-Elmer
LS55 in a solution of I®mol/L and solid state, respectively. Oxidation-Retibn Potentials were
measured using a Solartron S| 1287 electrochemioakstation ys SCE). The melting points
were measured by DSC on Netzstch STA409PC usiegrangg rate of 18C /min with nitrogen
flushing. The redox potentials of the compoundsengtermined with cyclic voltammetry (CV)
using a Base 2000 CV system. HOMO values wereaeledéd from reported literature values as
HOMO = [EnseJred/ox (vs SCE) + 4.4, Eg = 1241/W\M.ey The luminance-Current-voltage
characteristics were measured simultaneously byptbgrammable Keithley model 2400 and PR
650 spectrometer. All measurements were performederuan ambient atmosphere at room

temperature.

2.2. Synthesis of 9-(1-fluoro-9H-fluoren-9-yl)arstbene 8a)

Anthracene (1.78 g, 10 mmol), zinc powder (0.651Q, mmol), and 9-bromo-1-fluoro-



9H-fluorene (2.62 g, 10 mmol) were stirred in &S0 ml) and refluxed for 24 hours. After the
reaction was cooled to room temperature and theesblvas removed by distillation, the residue
was extracted with hot toluene and filtered to reenexcess zinc. On cooling, a light yellow
crystalline product was formed from the tolueneusoh, which was recrystallized from toluene
again, and dried in a vacuum oven to obtain palewerystal 2.3 g (64 %). M.p. 198-19¢, 'H
NMR (500 MHz, CDCY)): d/ppm 8.68 (1H, dJ=9.0 Hz), 8.43 (1H, s), 8.08 (1H, &38.0 Hz),
7.94 (1H, d,J=8.0 Hz), 7.88 (1H, dJ=8.5 Hz), 7.75(1H, dJ=7.5Hz), 7.61-7.58 (1H, m),
7.53-7.50 (1H, m), 7.41-7.37 (2H, m), 7.20-7.13 (24}, 7.03 (1H, dJ=7.5 Hz), 6.85-6.80 (2H,
m), 6.74 (1H, dJ=9.0 Hz), 6.62(1H, s)*C NMR (125 MHz, CDGJ): 8/ppm 159.8 {Jc.r =247.5
Hz), 148.8, 143.8, 143.6, 139.6, 134.1, 131.9, 7,3130.4, 129.7°0c.¢ =17.5 Hz), 129.3%0c.¢
=17.5Hz), 129.1, 128.2%c.r =20.0 Hz), 127.4, 126.4, 125.3, 124.8, 120.8,3{8c.F =3.7 Hz),
114.4 ek =20.0 Hz), 46.7 Pc.r =17.5 HZ).*°F NMR (470 MHz, CDG)): 8/ppm -118.00 (m).
IR (KBr) vmay/(cmi?) 3042, 1934, 1621, 1473, 1445, 1342, 1286, 116981877, 783, 740, 727.
HRMS (ESI-TOF): Found: [M+H] 361.1382; GH:gF requires [M+H] 361.1387. Elemental

Anal. Calcd for G;H47F: C, 89.97; H, 4.75 %; Found: C, 89.93; H, 4.78 %.
Compoundsb and3c were synthesized according to the procedure destfor3a.
2.3. Synthesis 9-(2-fluoro-9H-fluoren-9-yl)anthraeeg3b)

Yield 53%. M.p 185-186C."H NMR (500 MHz, CDCY): &/ppm 8.64 (1H, dJ=4.5 Hz), 8.49
(1H, s), 8.14 (1H, ddj=2.5 Hz), 7.95-7.91 (3H, m), 7.66-7.63(1H, m), 75A96 (1H, m), 7.43
(1H, t, J=7.5 Hz), 7.25-7.23 (1H, m), 7.17-7.14 (2H, m),67@H, dd,J=7.5 Hz,J=2.5 Hz),
6.88-6.74 (1H, m), 6.69 (1H, dd=7.5 Hz,J=1.0 Hz), 6.64 (1H, dJ=1.0Hz), 6.49 (1H, s)
¥C-NMR (125 MHz, CDG)): d/ppm 162.9 {Uc.r =252.5 Hz), 151.2, 148.9, 139.4, 136.3
(“Jc.F=2.5Hz), 132.2, 131.8, 129.9, 129.0, 128.2, 12%3«12.5Hz), 126.7, 125.5, 124.9, 124.5,
123.7, 121.5%0c..=12.5 Hz), 120.2, 114.43.=22.5 Hz), 112.0°0c.¢=22.5 Hz), 49.0°F-NMR
(470 MHz, CDC}): 8/ppm -114.25 (m). IR(KBrpmay/(cm™) 3036, 1615, 1557, 1462, 1324, 1159,
1026, 973, 892, 730. HRMS (ESI-TOF): Found: [M¥H861.1385; GHigF requires [M+H]

361.1387. Elemental Anal. Calcd fogAH7F: C, 89.97; H 4.75 %; Found: C, 89.99; H, 4.77 %.

2.4. Synthesis of 9-(3-fluoro-9H-fluoren-9-yl)arabene 8c)



Yield 62%. M.p. 177-178C. *H-NMR (500 MHz, CDC)): &/ppm 8.53 (1H, d,J=8.5 Hz),
8.37 (1H, s), 8.02 (1H, d=7.5 Hz), 7.85 (1H, dJ=8.0 Hz), 7.80 (1H, dJ=8.0 Hz), 7.59 (1H, dd,
J=9.0 Hz,J=2.5 Hz), 7.51-7.44 (2H, m), 7.35 (1HJ£7.5 Hz), 7.14-7.07 (2H, m), 6.99 (1H, dd,
J=7.5 Hz,J=1.5 Hz) , 6.89 (1H, dd]=8.5 Hz,J=1.5 Hz), 6.80-6.74 (2H, m), 6.63 (1H, d&9.0
Hz, J=2.5 Hz), 6.37(1H, s):*C-NMR (125 MHz, CDCJ) 8/ppm = 162.8'Jc.r =242.5 Hz), 149.9,
144.4 e =2.5 Hz), 142.1%0c.£=8.7 Hz), 139.4%0cr =3.7 Hz), 132.2, 132.0, 131.1, 129.7,
129.5, 128.9, 128.0, 127.3, 126.6, 125% (=8.7 Hz), 124.8, 123.7, 120.8, 1143 =23.7
Hz), 107.6 {c.r =23.7 Hz), 48.4°F-NMR (470 MHz,CDC}) &/ppm = -115.34 (m). IR(KBr)
vma/(cm®) = 3034, 1613, 1552, 1463, 1324, 1155, 1029, 898, 736. HRMS (ESI-TOF): Found:
[M+H]" 361.1383; GHigF requires [M+H] 361.1387. Elemental Anal. Calcd fop/8,7F: C,

89.97; H, 4.75 %; Found: C, 89.92; H, 4.80 %.
2.5. Synthesis of 9-(1-fluoro-9-methyl-9H-fluoregb@anthracene4a)

A solution of 9-(1-fluoro-9H-fluoren-9-yl) anthrace (720 mg, 2 mmol) in anhydrous THF
(20 ml) was added with 1 ml ofButyl lithium (2.5 mmol 1.6 M) at 6C. After stirring for 3 hrs,
0.25 ml (4 mmol) of iodomethane was added to tlaetien mixture and stirred for 2 hrs. Then,
the reaction mixture was added to saturated ammorabloride solution. The mixture was
separated and extracted twice by 50 ml of ethylaeeThe combined organic layer was washed
with water, dried over magnesium sulfate and #iterThe solvent was removed and the residue
was purified by recrystallization from dichloromatie and petroleum ether to afford white crystal
620 mg (83%). M.p. 194-19%. 'H-NMR (500 MHz, CDC})): 8/ppm 8.28 (1H, s), 7.96 (1H, d,
J=7.0 Hz), 7.90 (2H, tJ=8.0 Hz), 7.72 (1H, dJ=8.5 Hz), 7.63 (1H, dd]=7.5 Hz J=2.5 Hz), 7.50
(1H, dd,J=8.0 Hz J=2.5 Hz), 7.32 (1H, t}=8.0 Hz), 7.21 (3H, m), 7.12 (1H, dd=8.5 Hz J*1.5
Hz), 7.07 (1H, tJ=8.0 Hz), 6.98 (1H, dJ=7.5 Hz), 6.90 (1H, dd]=8.5 Hz,J=2.5 Hz), 6.73 (1H,
dt, J=7.5 Hz J1.5 Hz), 1.84 (3H, s)"*C-NMR (125 MHz, CDGCJ): 8/ppm 162.8 {Jc.r =241.2
Hz), 155.7, 150.3*0c.r =2.5 Hz), 141.3%0cr =8.7 Hz), 138.5, 134.1, 132.8, 130.9, 130.7, 129.2
(“Jc.r =3.7 Hz), 128.8, 128.6, 127.2¢r =10.0 Hz), 127.2, 126.7, 125.4, 125°3( =8.7 Hz),
124.9, 124.6, 124.5, 124.4, 124.3,123.5, 120.9,61 4. =23.7 H3, 107.6 {Jc.r =23.7 Hz),
55.0, 30.91%F-NMR (470 MHz, CDGJ): 8/ppm -115.39(m). IR(KBrbma/(cm™) = 3032, 16186,

1560, 1460, 1328, 1159, 1028, 976, 898, 739. HRESI-TOF): Found: [M+H] 375.1540;



CugHooF: requires [M+H] 375.1544. Elemental Anal. Calcd fopg81oF: C, 89.81; H, 5.11 %;

Found: C, 89.85; H, 5.14 %.
Compoundgtb and4c was synthesized according to the procedure destfdr4a
2.6. Synthesis of 9-(2-fluoro-9-methyl-9H-fluoregb@anthracene 4b)

Yield 67%. M.p. 194-195C. "H-NMR (500 MHz, CDC}): 5/ppm 8.31 (1H, s), 8.05 (1H, d,
J=7.5 Hz), 7.99 (1H, d=8.5 Hz), 7.96-7.92 (2H, m), 7.81 (1H, 38.5 Hz), 7.59-7.55 (1H, dd,
J=7.5 Hz,J=1.0 Hz), 7.40-7.36 (1H, m), 7.31-7.28 (1H, m), &4 @H, s), 7.19-7.18 (2H, m),
7.13-7.09 (2H, m), 7.07-7.04 (1H, m), 6.74 (1H, 38.0 Hz,J=2.5 Hz), 1.92(3H, s)°C-NMR
(125 MHz, CDCY): 5/ppm 158.5 {Jc.r =252.5 Hz), 154.7, 138.5, 138.1, 135'3%¢ =2.5 Hz),
132.8, 131.0, 130.6, 129.20¢.¢ =8.75 Hz), 129.1, 128.7, 127.6, 127.4, 127.3, 1,225.6, 125.4,
125.3, 124.8, 124.51c.F =8.7 Hz), 123.3, 121.2Jc.F =8.7 Hz), 121.6, 120.3, 114.8){ =22.5
Hz), 110.9 {Jc.r =23.7 Hz), 55.5'0c.F =1.2 Hz), 30.8!°F-NMR (470 MHz, CDCJ): &/ppm
-113.42 (m). IR(KBr)vmad(cm?) 3034, 1620, 1562, 1460, 1324, 1159, 1029, 975, 837.
HRMS (ESI-TOF): Found: [M+H] 375.1546; GgH.oF: requires [M+H] 375.1544. Elemental

Anal. Calcd for GgH1oF: C, 89.81; H, 5.11 %; Found: C, 89.77; H, 5.09 %.

2.7. Synthesis of 9-(3-fluoro-9-methyl-9H-fluoregh@anthracene 4c)

Yield 78%. M.p. 165-166C. *H-NMR (500 MHz, CDC}): 8/ppm 8.28 (1H, s), 7.96 (1H, d,
J=7.0 Hz), 7.90 (2H, tJ=8.0 Hz), 7.72 (1H, d}=8.5 Hz), 7.63 (1H, ddl=7.5 Hz J=2.5 Hz), 7.50
(1H, dd,J=8.0 Hz J=2.5 Hz), 7.32 (1H, J=8.0 Hz), 7.21 (3H, m), 7.12 (1H, dd=8.5 Hz J1.5
Hz), 7.07 (1H, tJ=8.0 Hz), 6.98 (1H, dJ=7.5 Hz), 6.90 (1H, dd]=8.5 Hz,J=2.5 Hz), 6.73 (1H,
dt, J=7.5 Hz J1.5 Hz), 1.84 (3H, s):°C-NMR (125 MHz, CDCJ): 8/ppm 162.8 {Jc.r =241.2
Hz), 155.7, 150.3*0c.r =2.5 Hz), 141.3%0c.r =8.7 Hz), 138.5, 134.1, 132.8, 130.9, 130.7, 129.2
(“Jc.r =3.7 Hz), 128.8, 128.6, 127.2¢r =10.0 Hz), 127.2, 126.7, 125.4, 125°3( =8.7 Hz),
124.9, 124.6, 124.5, 124.4, 124.3,123.5, 120.9,61f4c.¢ =23.7 Hz), 107.6%c.c =23.7 Hz),
55.0, 30.92F-NMR (470 MHz, CDGJ) 8/ppm = -115.39(m). IR(KBrbmay/(cm?) 3032, 1616,
1560, 1460, 1328, 1159, 1028, 976, 898, 739. HRESI-TOF): Found: [M+H]| 375.1542;
CogHooF: requires [M+H] 375.1544. Elemental Anal. Calcd fopg81oF: C, 89.81; H, 5.11 %;

Found: C, 89.82; H, 5.13 %.



3. Results and Discussion

3.1. Synthesis of Fluorine-Containing Fluorenyl{fmancene Derivatives

The main synthetic routes of the fluorine-containistue light-emitting materials are shown in
Scheme 1. Three Fluorine-containing 9-fluorenonesewsynthesized from different starting
materials through rationally designed ways with djgields and the experiment details were
summarized in the supporting information for thiscée. Reduction of 9-fluorenones with sodium
borohydride in ethanol provided the fluorine-coniag 9-hydroxyl fluorene derivative$a-1c,
which were further treated with phosphorus tribagnith methylene dichloride to give the
corresponding 9-bromo fluorene derivativea-2c. Anthracene was refluxed with compounds
2a-2cin the presence of zinc powder for 24 hours to gga8a-3cin modest yields (53%-64%).
Finally, lithiation of compound$a-3c with n-butyl lithium (n-BuLi) at 0 °C, followed by the

treatment with iodomethane, gave the C-9 methylatepoundgla-4cin good yields (67-83%).

ID oo OO
seoliicecilivee
O oD OxQ

Scheme 1Synthetic route towards fluorine-containing Gitbfene-functionalized anthracene derivatives

Thus, novel fluorine-containing fluorene-functiomaldl anthracene derivativ8a-3¢ in which

a rigid linkage of a tetrahedralp-hybridized carbon atom between fluorinated fluereand



anthracene moieties (at the C-9 position of theréne) were prepared. In order to elevate rigidity,
as well as electrochemical stabilties of these ritecontaining fluorene-functionalized
anthracenes, further methylation of compouBds3cat theactive C9-Hresulted the formation of
C9-methylated anthracene derivatda-4¢ which were expected to exhibit stronger rigiditye

to the existance of steric effect of methyl grotipe chemical structures 8a-3cand4a-4cwere
confirmed by*H, *C, *F NMR and FT-IR spectroscopy. The results of thesrspectrometry and
elemental analysis also supported the formatiothefsix blue emitting materials and matched
well with the calculated data. Properties such a&vid absorption, photoluminescene, and
electroluminescence including EL efficiceny andocqdurity were evaluated. Compoungis-3c
and4a-4c have good solubility in common organic solventdtsd they can be easily purified by
column chromatography and recrystallization to tpginity for spectroscopy characterization and

OLEDs application.

3.3. Thermal Properties

Thermal properties of the six fluorine-containingd @uorenyl-anthrancene compouris-3c
and 4a~4c were investigated by thermogravimetric analysi&A) and differential scanning
calorimetry (DSC) and summarized in Table 1. The i$ddefined by a 5%-weight-loss
temperature under a nitrogen atmosphere. It isdatmat the six compounds exhibit thermal
stabilities with decomposition temperatures abo®@ °€, as shown in the TGA measurements.
Compounds3a-3c show a little higher thermal stability than thasfethe correspondinga-4¢G
which indicate that the introduction of the metlybstituent at the C9-position of fluorene is
unbeneficial for improving the morphological stdlil and resistance to the thermal

decomposition. The tendency of both Td and Tm3fwr 3b>3c and4a>4b>4c show that the

closer position of fluorine atom to anthracene tyoreould afford higher thermal stability.

3.4. Optical and Photoluminescent Characteristics

UV-vis absorption of each compound was tested iahe, dichloromethane, chloroform,
ethylacetate, tetrahydrofuran and ethanol, respeygtito investigate the solvent effects. All
compounds exhibit the characteristic vibrationatgras of isolated anthracene group with three

strong absorption bands in the region of 340-42Qindicating the existence ofran* transition



derived from the substituted anthracene backbong: ©-4 nm shift based on different solvents
are observed (seen Fig.S7-Fig.S12 in Sl). A comparof the absorptions in dichloromethane
solution in Fig. 1 demonstrate that compouBds3cgive nearly the same vibronic patterns at 350
nm, 369 nm and 389 nm, while C9-methylated compsuiac provide the peak wavelength
around 343 nm, 363 nm and 381 nm. These resulisatedthat the fluorine auxochrome at
different position on the fluorene moiety in compds 3a-3c exhibit much less influence on
Uv-vis absorption than those of C9- methylated agads. A blue shift of less than 10 nm is
presented in the absorption spectra of C9- metyla-4c Compoundsgta-4cshow bigger UV

band edge thaBa-3¢ suggesting that the C9-methylated compounds wbaie larger energy

gap.

Absorbance (a.u)

T 4 T T T T T T T
300 340 360 380 420
Wavelength (nm)

Figure 1. UV-vis absorption of compour@s-3cand4a-4cin CH,Cl, solution (x10° M)

The photoluminescence of each compound was alssureghin hexane, dichloromethane,
chloroform, ethyl acetate, tetrahydrofuran and mtharespectively, to investigate the influence of
solvents (Seen Fig.S13-Fig.S18 in Sl). Shifts @sl¢han 4 nm are observed for three main
emission around 390 nm, 415 nm and 445 nm, whiehsamilar to the emission peaks of
anthracene. Fig. 2 (a) and Fig. 2 (b) show the @tuotinescence of all compounds in
dichloromethane solution and solid state at roomperature, respectively. The PL spectra of

compounds3a-3cin solution from Fig. 2(a) present almost idertit@orescent emission pattern



with three emission peaks at 394 nm, 418 nm andrid4donly 1 nm shift difference for each
compound3a-3cwith fluorine-containing group at different sulisted position. Compared with
the analogues of compoun8@a-3¢ a blue shift of around 10 nm is detected on Pecsp of

emission peaks located around 384 nm, 408 nm aha@For compoundda-4c

The PL spectra in solid states shown in Fig. 2¢)dll synthesized compounds exhibit a
maxima emission peak in the blue region of 420-480 which have red shift about 10 nm in
comparison with those in dilute solution. The batitomic shift on the fluorescent emissions is
probably due to the difference in dielectric constaf the environment. The PL spectra4arand
4b showed 2-3 nm red shift, compared with that4of The PL spectra in solid states for
compoundgta-4cshow almost the same spectra around 420 nm andm48uggesting that the
intermolecular interactions are restrained effedyivby the twisted bulky fluorenyl-anthracene
units after methylation of C9-H in compoun8a-3c These phenomena of PL in solid state are
also observed by careful studies between compoBad$b, which reveal that the fluorine
auxochrome at the 1- or 2-position of fluorene nyause little effect on the emission process.
However, the PL spectra around 430 nm and 451 ni@cfavhich has a fluorine substituent at the
3-position of fluorene, presents a stronger battwuit effect with the respect 8 and3b with
fluorine atom at 1- or 2-position. The fluorescemgmntum yield was measured by calibrating
against quinine sulfateg(= 0.55) [33]. The emission quantum yields are higtihie region of
0.79-0.92, indicating that these fluorine contagnioompounds would have good efficient

electroluminescent properties in OLED devices.

PL intensity (a.u)
PL intensity (a.u)

T T T T T T T T T T T T T
360 380 400 420 440 460 480 360 390 420 450 480 510 540 570 600
Wavelength (nm) Wavelength (nm)

Figure 2. Photoluminescene in dichloromethane sol{@ (x10° M) and in solid states (b)
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3.5. Electrochemical Behavior

To explore the influence of chemical structure be tlectrochemical properties of these
materials, the redox potentials of the compoundswetermined with cyclic voltammetry (CV)
measurements, which were carried out in a thregrelte cell setup with 0.1 M
tetrabutyl-ammonium hexafluorophosphate fBRF;) as a supporting electrolyte in anhydrous
CH.CI, to probe the electrochemical behavior of the nilterThe molecular orbital energy levels
of compounds3a-3c and 4a-4c have been derived from cyclic voltammetry (CV)g(FB) in
combination with the optical band gaps (Eg) deteediby the onset of the absorption in solution

and are presented in Table 1.

HOMO values were calculated from HOMO=JE] eqi0x (VS SCE) + 4.4, Eg=1240/ UV(onset)
[34]. All compounds show a reversible oxidation ga@ss, indicating their electrochemical
stabilities. As seen from Fig. 3 and Table 1, aDMO energies of the fluorine-containing
fluorenyl-anthracene derivertives are at about 5.6270 eV. Such a low HOMO energy level
greatly reduces the energy barrier for hole injgcfrom indium tin oxide (ITO) to the emissive
fluorine-containing anthracene-fluorene derivativd$ie energy band gaps (Eg), which are
estimated from the onset of the absorption speet@,located around 3.10 eV for compounds
3a3c and 3.15 eV for compoundéa-4c, respectively, suggesting that these newly prepare
compounds are potentially suitable as blue emittiragerials. A lager energy gaps (EQ) 4er4c
than those oBa-3cwould be resulted from the distorteetonjugation on the fluorenyl anthracene
molecule due to the replacement of C9-H with thikyomethyl group. The LUMO energies are
calculated around 2.5 eV-2.6 eV by combining the MD energy levels together with the
bandgaps obtained from the absorption edge. Compaite the analogues of compouBd-3c,
compoundgla-4c show relatively lower HOMOs and LUMOs energieshwirger bandgaps (EQ).
The substitution position of the fluorine atom doofene moiety doesn’'t show considerable
difference on molecular orbital energy on the s8iand4. The energy gap for these compounds
are found to show little relationship with the sitinged position of fluorine atom on fluorine

moiety.
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Figure 3. The curves of cyclic voltammetry for therine-containing compounda-3c and4a-4c

Current (10°A)
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Table 1. Optical, thermal and electrical propsrtié compounds

Ama, Abs Ama, PL Ama, PL QE Ep HOMO LUMO Eg Ty T
Compd.

(nm)? (nm)* (nm)° @° @& (V) ev) (v) (o (c)f
3a  350,369389 394,417, 442 439 079 129 569 261 308 385 198
3b 351,370,390 395,418, 443 440 082 131 570 260 310 355 185
3c 352,369,389 394,418,442 430,451 086 131 570 260 3.10 332 177
4a 343,362,381 384,407,430 420,442 089 123 562 247 315 339 194
4b 344,363,382 385,408,431 420,443 092 122 563 249 314 312 183
4c 343,362,381 384,408,430 419,440 084 123 563 249 314 308 165

@ Measured in CkCl, solution.® Film samples®Fluorescence quantum efficiency, relative to quéngulfate in

cyclohexaned = 0.55).% Melting point
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Three-dimensional geometries and the frontier maéecorbital energy levels of compounds
3a3c and 4a-4c were accomplished using density functional the@¥T) calculations at the
B3LYP/6-31G* level on Gaussian 03 programs [35-3FHeir ground geometries and the orbital
plots of the HOMO-LOMOs were illustrated in Figude Obviously, they exhibit large torsion
angles in the optimized geometries. The calculggaimetries and that comparison with X-ray
diffraction analysis of the known fluorine-free &ogue [14, 15] demonstrate that the
fluorine-containing fluorene and the anthraceneetiws are significantly twisted against each
other through the linkage of treg*-hybridized carbon atom, resulting in a non-coptamasted
conformation in each molecule. Due to the introauciof the bulky methyl group, compound
4a-4c exhibit an almost orthogonal conformation. Thesardhtically twisted conformations can
effectively prevent intermolecular interactions vibe¢n r-systems of aromatic rings, which are
proposed to suppress the crystallization of theerias and finally improve the morphological
stability of these molecules. Such a unique twisigdctural feature of fluorenyl-anthracene is
beneficial for their suppressing on fluorescentrgping induced by the aggregation in the solid
states and for the formation of uniform amorphowsghology in the film state of OLED device.
The calculated electron densities of the HOMOs &biMOs are mainly localized on the
anthracene moiety, indicating that the absorptioth @nission process are only attributed to the
TETC transition centered on the anthracene moiety.sTlthe excellent luminescence luminescene

efficiency of anthracene moiety in the synthesieethpounds can be maintained.
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Figure 4. HOMO and LUMO electronic density disttilbns of3a-3c and4a-4c

3.6. OLED Fabrication

To investigate their potential applications in OLEDBRhese fluorine-containing
fluorenyl anthrancene derivativés-3c and4a-4c were used as emitting layer by thermal
evaporation technique with following configuratiom fabricate simple non-doped OLED

devices. The device structure is depicted in Fighréa): ITO/MoOx (4 nm)/NPB (20 nm)
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/Emitting layer(30 nm) /Bphen (20 nm) /LiF (0.7 riA) where N, N’-diphenylN, N’-bis
(1-naphthyl)-(1,1-biphenyl)-4,4’-diamine (NPB), 4jiphenyl-1,10- phenanthroline (Bphen) were
used as hole-transporting and electron-transpoléiyer, respectively. The combination of a thin
LiF layer and Al were applied to form an efficiar@thode and ITO (indium tin oxide) was used as
anode. The ITO glass substrate was cleaned wittrgigtt and deionized water and dried in an
oven. It was then treated with UV-ozone for 30 nésubefore loading into a deposition chamber.
The organic films of NPB, emitting material, Bphamnd LiF/Al were sequentially deposited onto
the ITO substrate at a pressure of arountd3 Pa. The EL spectra and luminance were recorded

on a PR650 spectrometer. Luminance-voltage anckmmdvoltage characteristics were measured

at room temperature.

a  meo, Lymo LIF b —
. 7’\ 3a
24 |94 - [ 1 3c
26 3 1 ——4a
E 30 4.2 g ] \ —_— 4b
S, ) = 1 —«—4cC
= = Al 2 I Al
48 = 5 o % X
=1 "1 5 | = i1y 50 mA
@
3 | 3 d | \
f
5.3 1+1=_L_*_ &
56
6-4 T T T T
unit:eV HOMO 300 400 500 600 700 800
Wavelength (nm)

Figure 5. Schematic energy level of different lag@rand EL spectra of six fluorine- containing

fluorenyl-anthracene derivatives at 50 mA (b)

As shown in the schematic energy level diagram bEDs in Fig.5 (a), the hole-injection
barrier at NPB/emitter is about 0.3 V, while theatton-injection barrier at the emitter is about 0.
V. These small injection barriers could enhanceetffieient injection of both holes and electrons
into the emission layer. Fig. 5 (b) showes thedgpEL spectra of OLEDs based 8a-3c and
4a4c as the emitting layers, suggesting that carriecombination is effectively restricted in
these blue materials when compared with their Pésorll devices exhibit blue emission with

peak maxima between 444-468 nm. A stable emissidlispectra and CIE coordinates from all
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diodes obtained on different applied voltages destrate that these fluorine-containing
compounds reveal excellent operating stabilities Btue emission. In comparison with the
corresponding PL of solid states, the El spectractompounds3a-3c and 4a-4c are found to
afford a red shift of about 20 nm, which may besgaliby the intermolecular interactions and the
electrical field polarization in the excited stat€ompounds8a shows the emission peak at 468
nm with a width at half maximum (FWHM) about 80 rand compoundg8b, 3c afford the
emission peak at 464 nm with a width at half maxm@&wWHM) about 70 nm, giving only 4 nm
blue shift difference according the study on tHfeuemce of different fluorine substituted position.
While, compound4a provides the emission peak at 468 nm with a FWHMua 80 nm and
compound4c gives the emission peak at 462 nm with a FWHM &bB@unm, respectively. It is
interesting to find that compountb, which has a fluorine substitutent at 2-position on fluare
moiety of C9-methylated fluorene-anthracene deneatexhibits the emission peak at 444 nm
with thenarrowest FWHM around 60 nm among all the deriestj\giving nearly 20 nm blue shift
in comparsion witl8Bb or 4a. Those resultsdicate that the incorporation of a fluorine atomo
the C2-position of fluorene moiety in the methytafeiorene-anthracene would have significant
steric hindrance and greatly reduce the aggregébionation emitting at longer wavelength [38,
39].

The EL performance of the six devices is studiedrigure 6, and the key parameters are

collected in Table 2.

The devices based on compour@s 3b and 4a show a sky-blue emission with CIE
coordinates foBa (0.169, 0.313)3b (0.168, 0.230M4a (0.157, 0.272), while a deep-blue emission
for devices from3c (0.160, 0.165)4c (0.162, 0.122), especially that for compoutid (0.159,
0.106), which is very close to the pure blue lightl59, 0.080) presented. However, it is found
that compound8a, 3b and4a exhibit CIE coordinates of y>0.23 with an obvicusservation of
red shift of emission peak and wider FWHM. By asalyon the coordinates of compourdds3b
and 3c, it can be clearly observed that incorporationflabrine atom further away from
anthracene moiety would provide deeper blue (smalleoordinates) emitting. Interestingly,
compound4b is endowed with significant deep-blue emission mgnda-4c. This might be

ascribed to the collaborative effect for an isaladéectron couple, electron-withdrawing ability of
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fluorine atom and the steric effect of C9 methylugp.

As shown by the voltage-current density-luminankbaracteristics (Fig. 6 (a) and Fig. 6(b))
and the efficiency curves (Fig.6 (c)), the devitesed on the blue emitteBa-3c exhibit a
maximum current efficiency of 1.01 cd/A, 1.06 cd{Ad 1.17 cd/A with a maximum brightness of
1219 cd/rh, 1808 cd/rh and 1826 cd/mat 14 V, respectively. However, much-higher EL
efficiencies are obtained with a maximum currefficieihcy of 1.46 cd/A, 1.31 cd/A, 1.27 cd/A
and a maximum brightness of 2070 cl/@040 cd/rfy, 1795 cd/rh for 4a, 4b and 4c at 12V,
respectively. It is interesting to find that a betiuminescence efficiency would be obtained when
the fluorine substituent is positioned away frortheacene moiety in compourdad-3c In contrast,
an opposite trend of luminescence efficiency wdmddobserved in the case of C9-methylated
fluorenyl-anthrancenda-4c It is obvious that the current density and maximorightness for
4b-based device provided the best performance amasg thf the corresponding devices, despite
the identical device configuration applied. Asstknown that the fluorine atom exhibits very
strong electron-withdrawing ability and the possibiiteraction of fluorine atom with the adjacent
aromatic-H, compound 4b  would probably  present the most  suitable
electric and steric effect among the prepared Cwiated fluorinated fluorenyl anthracene, due
to the incorporation of the fluorine atom into th2-position on fluorenyl moiety.
The steric and electronic configuration 4b would contribute to the best performance among
4a4c. It is also found from Fig. 6 (c) that the effio@es for these fluorine-containing derivatives
have only a mild decrease as the current densitease. The devices based4ar+-4cprovide
better luminous efficiencies than those for thenterpart3a—3¢ indicating that the highly twisted
structure and strong rigidity of the fluorine-cantag fluorenyl-anthracene molecules induced by
the steric effect of the methyl group would play ieaportant role in the improvement of the
luminous efficiency. Additionally, all devices hatign-on voltages of 4.2-5.1 V at a brightness of
1 cd/nf. One important reason for such similar turn-ortages is that the injection barriers in the

devices are very close to each other.
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Figure. 6. Luminescence-Voltage (V) (a), Curremigdy (I)-voltage (V) (b) and.-C (luminance efficiencys

current density) characteristics (c) for the siiofine- containing fluorenyl- anthracene derivadive
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Table 2 Electroluminescene properties of compounds

Compd. ELmax Brightness Efficiency CIE
(hm) (cd/nef) (cd /A) (X, y)
3a 468 1219 1.01 0.169, 0.313
3b 464 1808 1.06 0.168, 0.230
3c 464 1826 1.17 0.160, 0.165
4a 468 2070 1.46 0.157, 0.272
4b 444 2040 1.31 0.159, 0.106
4c 462 1795 1.27 0.162, 0.122

%the data were measured at 14 V, b: the data vieeéned at 12 V

Conclusion

In summary, six fluorinated fluorenyl functionalizeanthracenes, which contain a twisted
configuration due to the rigid linkage of sp™-hybridized carbon atom were prepared and
described. The DFT theoretical calculation suppdfiat the synthesized materials have
non-coplanar structures with large intramolecutasion angles, which would avoid stacking
in the solid state. The experimental results wee# supported by DFT theoretical calculations.
The compound8a-3c and 4a-4c exhibit strong blue PL emissions, good thermabibtg and
good film forming property. The effects of the flie auxochrome at the substituted position of
the fluorene moiety on the photophysical, electemsital properties and thermal stabilities, as
well as the performance of non-doped blue-lightténg OLED have been discussed. The
introduction of fluorine atom into fluorenyl funotialized anthracene at C2-positiatb) could
give the excellent electroluminescent performameray the host emitter materials synthesized in

this work.
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Scheme and Figure captions

Scheme 1. Synthetic route towards fluorine-contgnC-9 fluorene-functionalized anthracene

derivatives

Fig. 1. UV—vis absorption of compoun8a-3cand4a-4cin CH,Cl, solution (&x10° M)

Fig. 2. Photoluminescene in dichloromethane sol(@n(1x10° M) and in solid states (b)
Fig. 3. The curves of cyclic voltammetry for thedtine-containing compoun®s-3c and4a-4c
Fig. 4. HOMO and LUMO electronic density distrilars of3a-3c and4a-4c

Fig. 5. Schematic energy level of different layay and EL spectra of six fluorine- containing
fluorenyl-anthracene derivatives at 50 mA (b)

Fig. 6. Luminescence-Voltage (V) (a), Current dinsi)-voltage (V) (b) and.-C (luminance
efficiency vs. current density) characteristics (c) for the $lixorine- containing fluorenyl-

anthracene derivatives
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» Six new fluorine-containing C9-fluorenyl anthracenes linked by a rigid sp*-hybridized carbon
atoms were synthesized and characterized. » The effect of fluorine auxochrome at different
position in fluorene moiety on photophysical, electrochemical properties and thermal stabilities
were investigated. » The non-doped organic light-emitting diodes (OLEDs) utilizing
C9-methylated fluorinated fluorenyl anthracene 4b as the emitter exhibits deep-blue emissions
CIE x, y (0.159, 0.106) with efficiency of 1.31 cd/A and a maximum brightness of 2040 cd/m? at
14 V. » Theintroduction of fluorine atom into fluorenyl functionalized anthracene at C2-position
(4b) could give the excellent electroluminescent performance among the host emitter materials
synthesized in this work.



