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Abstract

Neutral4t radical based open shell molecules foster newngatein light emitting diodes
because of their theoretical near-equity quantuficieficies. In this study, we report organic
light emitting diodes (OLEDs) based on a novel opshell molecule (2,4,6-
trichlorophenyl)methyl (TTM) as the electroluminest layer. The singly occupied molecular
orbital (SOMO) level and optical bandgap of TTM wadculated using cyclic voltammetry and
UV-visible absorption respectively. Thermogravinetanalysis showed a stable molecule
capable of sublimation. Two decidedly different eggehes, thermal evaporation and solution
processing, were employed to deposit TTM:host blird films for OLED device fabrication.
OLED devices fabricated via thermal evaporation aotution processing yielded external
quantum efficiencies of 2.78% and 0.28% and lunieanof 330 cdi and 78 cdrf
respectively. Further, the effect of doping ratiok the host materials on OLED device
performance were investigated and optimal ratioeevestablished. We report for the first time
solution processed open shell organic moleculeBdbt emitting diode applications. Our results
elucidate the potential for low-cost and high e#icy optoelectronic devices.

1.1 Introduction

After three decades of development, organic lighittng diodes (OLEDs) have
undergone significant advances to become the prssitechnology for flat panel displays and
solid-state lighting applications.[ld] OLEDs offer many advantages due to their ease of
fabrication, low-cost, and mechanical robustnessceStheir inception, several novel materials
and device structures have been reported to entmgrtoelectronic performance of OLEDs. Yet,

until recently, mostly closed shell organic molesuivere considered for OLED emitters. In the

ground state of a closed shell organic molecule @éhgztrons with opposite spin occupy the



highest occupied molecular orbital (HOMO) and oexeited, one of the electrons transitions to
the lowest unoccupied molecular orbital (LUMO). t&tically, there is a 25% probability of
forming a singlet state and 75% probability of forgha triplet state in such systems|[3]. Thus,
Pauli exclusion principle places a theoretical liofi 25% on the internal quantum efficiency of
the fluorescent emitters[4]. Much of the OLED resbaeffort was focused on harvesting these
otherwise lost triplets by means of phosphoreseenmtters[5], triplet fusion[6], and time delayed
fluoresce[7]. Another approach is to use neutrajugated radical molecules with an open outer
shell where a transition from the singly unoccumealecular orbital (SUMO) back down to the
ground singly occupied molecular orbital (SOMO)tstes spin allowed[8,9]. Because of this
inherent property, open shell molecules have ar#tieal upper limit of their internal quantum
efficiency of 100% which makes them attractive ltiw-cost and high performance luminescent
devices.

Several different device fabrication methods haeerb previously used to fabricate
OLEDs from closed shell molecules. These methodslwe vacuum based methods i.e. vapor
jet[10] and thermal evaporation[11] and solutiorsdzh techniques such as spin coating and
inkjet printing[12]. Vacuum based methods havewshdigher performance in OLEDs,
although, solution processed techniques offer gerredtive to further reduce fabrication costs
and complexities. While the current research omtgmi based processing is limited to closed
shell molecules, there has been no report for gpefi molecules. Hence there is a need for low
cost alternative fabrication techniques in additionexploring novel open shell molecules to
facilitate low cost and high efficiency OLEDSs.

Since the first persistent triarylmethyl radical smeeported by Gomberg[13], several

stable derivatives of this class of organic radidahve been reported.[14—-19] Polychlorinated



radicals such as tris(2,4,6-trichlorophenyl)metityiTM) radical[14] are particularly stable
owing to the unique steric protection afforded he triarylmethyl carbon by the chlorinated
arene rings. Despite minor delocalization of thgaired electron onto thertho- and para-
positions of each aryl ring,[20] the presence & thlorine atoms at these positions imparts
electronic shielding which kinetically stabilizdsetTTM radical toward sigma dimerization and
also enhances the stability of the radical towardgen.[15] However polyhalogenated
triarylmethyl radicals are sensitive to electroansfer reactions, and easily undergo redox
chemistry in the presence of electron donor anc@oc species.[18,21-23] This rich redox
chemistry is also valuable in the areas of orgamégnetic materials,[24—-2@)hd recently for
organic light-emitting diodes.[8] For these reasmeschose the TTM framework as a scaffold to
support additional derivatization in an effort tolar the photo-physical properties of this class
of stable organic radicals.

We report a stable TTM radical as the emitter ofEDk using thermal evaporation
processes obtaining results comparable to the qusvieport.[8] Further we also show the
versatility of this TTM molecule for solution prazsed devices. Albeit solution processed
devices exhibit a lower performance, they providecpssing advantages in their cost-

effectiveness and printability.

1.2 Materialsand M ethods

Unless otherwise noted, all procedures were camigdising typical Schlenk techniques
under an atmosphere of nitrogen or in a nitrogkedfiglove box. Solvents were dried and
degassed by an Innovative Technology solvent atifin system and stored over a 3 A
molecular sieves in a nitrogen-filled glove boxBuatylammonium hydroxide 40% water,

tetrabutylammonium perchlorate(anhydrous, TBAP),d amagnesium sulfate (anhydrous



powder) were purchased from T.C.I and J.T. Bakéto®©form, hexanes and tetrahydrofuran
were dried under nitrogen over CaH and Na/K, resgedg and distilled prior to use. Aluminium
trichloride (anhydrous) and 1,3,5-trichlorobenz88&6 were purchased from Sigma Aldrich and
Beantown Chemical and used as received. Hydrochladid (0.1N) was prepared from
concentrated hydrochloric acid. Melting points wexeorded on a Mel-Temp apparatus in sealed
capillary tubes and are uncorrected. All other esdg were used as received. NMR spectra were
recorded on Bruker Avance 400 MHz/52mm spectrom€&tieemical shiftsd) are given in ppm
and are referenced to the residual solvent peakDels: 'H: 7.26 ppm; *C: 77.0 ppm. All
column chromatography was performed using 20 crarnonlwith silica gel (Aldrich), 700-230
mesh, 60 A, and pore volume of 0.75%gras the stationary phase. The synthesis of HTHl a

TTM have been modified slightly from those reporiethe literature.[14,16]
1.2.1 Synthessof TTM

Synthesis of tris(2,4,6-trichlorophenyl)methane (HTTM)

In a nitrogen-filled glove box, a 50 mL pressurask was charged with 1,3,5-
trichlorobenzene (13.68 g, 75.40 mmol), 0.67 micldbroform (1.00 g, 8.37 mmol), aluminum
trichloride (1.22 g, 9.14 mmol), and a magneticlséir. This mixture was heated to 90°C for 2 hr
under an atmosphere of nitrogen. After this time thixture was allowed to cool to room
temperature and 20 ml of HCI (0.1N) was added dvige over this mixture which was cooled
in an ice bath. The purple suspension immediatglyed into a yellow solution that was then
extracted from the aqueous byproducts using 50 inthlmroform in a separatory funnel. The
organic layer was dried over magnesium sulfatelfor and filtered over a scintillated glass frit.
The yellow solution was immediately concentratedarmvacuum and the obtained oily material

was added to 40 mL of hexanes which resulted inrtimediate precipitation of a white solid.



The solid was collected on a frit, and washed Vmgixanes until the washings were colorless.
The white solid was dried under vacuum to get a¥ 8@eld which was used in the next step
without further purification. m.p. 246-2480¢H4 NMR (400 MHz) (CDC)): d 6.68 (s, 1H,
CHPh), 7.23-7.24(d, 3H, J = 2.3 Hz), 7.35-7.36(d, 3 = 2.3 Hz)*C NMR (100.61 MHz)3
49.80(CH), 128.43, 130.00, 133.78,133.82, 137.87,.90. The synthesis has been modified
slightly and the purification process as well. Glederization data of this compound is in
agreement with those reported in the literaturg.[16
Synthesis of tris(2,4,6-trichlorophenyl)methyl radical (TTM)

In a nitrogen-filled glove box, a 100 mL Schlen&sk was covered with aluminum foil
and charged with HTTM (3 g, 5.41 mmol), and 4.60 ofln-butylammonium hydroxide (4.56 g,
7.03 mmol) in 50 mL of THF was added to afford @mleed solution. The reaction was stirred
for 4 hr then p-chloranil (1.86 g, 7.57 mmol) dissal in 25 mL of THF was added. The reaction
mixture was allowed to stir for 12 hr, and then tesulting purple solution was concentrated
vacuo to give a purple dark solid. This solid was dissdl in 10 mL of dichloromethane and
silica gel (1.0 g) was added. The resulting suspensas then driedn vacuo to give a purple
solid that was loaded into the top of a silica fjédd column, and the product was purified by
chromatography using hexanes as the eluent. Adtaoval of the hexanas vacuo, the TTM
radical was isolated as a red solid in 83% yieldai@cterization data of this compound is in
agreement with those reported in the literaturel/@p

Cyclic voltammetry was performed using a CH Instemts (Model 600D) analyzer using
a glassy platinum working electrode, and platinunmewcounter electrode. The reference
electrode was built from a silver wire insertediatsmall glass tube fitted with a porous frit and

filled with a AgNGQ; solution in THF (0.01 M). Ferrocene was used falibcation, and all



reduction potentials are reported with respech®By, of the F&/Fc redox couple. All cyclic
voltammograms were recorded in dichloromethane gusintetrabutylammonium

perchlorate(TBAP) as the electrolyte (0.1M) at ans@te of 100 mVs,

All electron paramagnetic resonance (EPR) specén@ wecorded on an X-band Active
Spectrum Benchtop Micro-ESR spectrometer (9.5 GBRO Gauss sweep range). Field
calibration was accomplished by using a standardsafd 2,2-diphenyl-1-picrylhydrazyl
(DPPH), g = 2.0036. Spectra were recorded at roempérature in dichloromethane.
Thermogravimetric analysis (TGA) were performed ngsiTA Instruments TGA Q50.
Temperature was ramped up at a rate of 5.00 °Chain room temperature to 800°C with argon
as carrier gas. UV-visible absorption spectra vedtained using a Shimadzu UV-2501PC UV-
visible spectrometer. Absorption spectra were oethi from 1000 nm to 300 nm.
Photoluminescence (PL) spectra were obtained @smgartz substrate and quartz cuvette from a
0.74 m double spectrometer (Spex) using a He-CderLgKimmon) with an excitation

wavelength of 325 nm.

1.2.2 Materials
Bathophenanthroline (Bphen, 99.5%), N,N’-di-1-nd&piN,N’-diphenylbenzidine
(NPB,99.5%) and 4,4-bis(carbozol-9-yl)biphenyl (CB#9.5%) were purchased from Jilin
OLED Materials. Molybdenum trioxide (MaOPuratronic 99.9995%) was purchased from Alfa
Aesar. Lithium fluoride (LiF, 99.995%) and anhydsoahlorobenzene were purchased from
Sigma-Aldrich. Aluminum pellets (Al, 99.999%) wegvarchased from Kurt J. Lesker.
1.2.3 OLED Device Fabrication and Characterization (Evapor ation)

The organic light-emitting diodes (OLEDs) were ¢tegbby evaporating the materials on

glass substrates commercially pre-coated with aiuim tin oxide (ITO)(110nm). The ITO



coated glass substrates were cleaned in succdsailie of detergent (Deconex OP 121), and
deionized water for 20mins in an ultrasonic cleattesn baked at 100°C for 10 min. The
substrates were then treated with air plasma fomit The plasma cleaned substrates were
loaded into a high vacuum evaporator (Travato 3G0@) pumped down to ~ arorr. The hole
injection layer (HIL) was deposited by evaporatmglybdenum trioxide(MoO3)(.75nm)/N,N’-
di-1-naphthyl-N,N’-diphenylbenzidine(NPB)(40nm) onthe glass ITO substrate. Tris(2,4,6,-
trichlorophenyl)methyl(TTM) material was doped thghh evaporation processes into a 4,4-
bis(carbozol-9-yl)biphenyl(CBP) matrix: TTM: (CBR)Iwt%, 2wt%, 3wt%, 5 wt%, 10wt%,
15wt% ,20wt%, 40wt%, 40nm) forming the emissiveelapf the OLED device. The electron
injection layer (EIL) was formed by gradually evaging (4,7-diphenyl-1,10-
phenanthroline)(Bphen)(40nm)/lithium fluoride (L{Ehm) and aluminum(100nm) as a cathode.
The fabricated OLEDs were then encapsulated in aaviig high-purity nitrogen gas
environment. Luminance, current density, and exegquantum efficiency characterization was
performed using a Thor Labs PDA10OA calibrated Botp detector coupled to Labsphere

model 2500 integrating sphere, and Agilent Techgie® U3606B source meter unit.

1.2.4 OLED Device Fabrication and Characterization (Solution Processed)

Solution processed OLEDs were created through dpposition on glass substrates
commercially pre-coated with an indium tin oxideoda (110nm). The substrates were cleaned
as discussed previously. The hole injection layit.\ was formed by spin coating (poly(3,4-
ethylenedioxythiophene)poly(styrenesul-phonate))eids Al 4083 PEDOT:PSS) on the
substrates at 4000 rpm for 30 seconds followed ding at 145°C for 30 min in air. The
emissive layer was formed by spin coating a bleott®n of TTM and Poly(9-vinyl-

carbozole)(PVK) dissolved in an anhydrous chloraleee solution with a concentration of



10mg/ml as TTM:PVK (5wt%, 10wt%, 15wt%, 20wt%, 50wt50nm) inside a flowing-high
purity nitrogen gas environment. The resulting TPMK solution was spin coated onto PEDOT
at 1000 rpm for 30 s and annealed at 80°C for 30 e substrates were then loaded into the
evaporator for thermal evaporation of EIL as disewdsbefore.

1.3 Results and Discussion
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Figure 1. (a) Chemical structure of TTM (b) Cyclickammetry in dichloromethane (c) The

EPR spectrum in dichloromethane at room temperdt)r€hermogravimetric analysis spectrum
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Figure 1a shows the chemical structure of the TT®Mecule with the centralized neutral
radical surrounded by six chlorine atoms. The bakthe TTM molecule is the same as the one
reported by Peng et al. where the authors repadttedarbazole derivative.[8] However, we
found that TTM without derivization is luminescemhen coated as film and in solutiovide
infra). We also found that the TTM molecule is stabledded to the protection offered by
chlorinated arene rings, which help to shield tharylmethyl carbon both electronically and
kinetically similar to the stability reported fohd carbazole derivative of TTM.[8] Cyclic
voltammetry was utilized to measure the singly @oed molecular orbital (SOMO) level of
TTM as shown in Figure 1b. From the oxidation rescbnset at 1.14V, the SOMO level was
calculated as -5.54 eV measured with a ferrocefexramce (4.5 eV). Furthermore, as seen in
Figure 1c, we experimentally obtained electron pegnetic resonance (EPR) spectrum and the
spin resonance of the unpaired electron withinTth# organic radical, providing evidence of
proper material synthesis. To ensure thermal #tgbdnd to measure the sublimation
temperature of TTM, TGA was performed as showniguie 1d. A subsequent weight reduction
of 5% occurs at an induced temperature of 231°@. TIAA spectrum provides evidence that the
TTM material is capable of being evaporated at lewperatures and does not chemically

decompose as it sublimes.
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Figure 2. (a)UV-Visible absorption spectrum of emagted TTM film, solution-processed TTM
film and TTM in dichloromethane solution (b) Thegpbluminescence spectrum of TTM in

dichloromethane solution and TTM evaporated as. film

The absorption spectra of evaporated and solutiocegsed TTM thin films is shown in
Figure 2a. The initial absorption onset of TTM oiwtion occurs at wavelength of 590 nm, with
a secondary band centered at 525 nm representiaggyergaps of 2.1 eV and 2.36 eV
respectively. In the absorption spectrum of thepevated TTM film there is a band centered at
575 nm representing an energy gap of 2.16 eV. Tdsoration spectrum of the solution
processed sample shows a band centered at 563pneseating an optical bandgap of 2.20 eV.
The small difference between the optical bandgaphefevaporation and solution-processed
devices could be due to the amorphous nature oévhporated thin film compared to solvent
induced ordering/aggregation in spin-coated film$his energy band gap represents a spin
allowed transition from the SOMO to the SUMO of tHeublet exciton. Unlike TTM in
solution, the evaporated and solution-processeglesntdo not exhibit a secondary absorption

band until near-UV possibly due to a forbidden ggdransition. As seen in Figure 2b the PL



spectrum for the evaporated TTM thin film is ceatermat 550 nm. A red shift occurs in the
photoluminescence spectrum for both the solutiatgssed sample (580nm) and as the pristine

TTM material is dissolved in anhydrous chlorobergzas solution (612nm).
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Figure 3. Density functional theory (DFT) calcutats for each of the orbital states.

Using density functional theory calculations, werevable to calculate the energy levels
of each of the orbital states: HOMO, SOMO, SUMAd &UMO as -7.25eV, -5.91eV, -3.66eV,
-1.72eV respectively as seen in Figure 3. Thesbfices between the calculated energy level of

the SOMO using CV and DFT data is due to the olodateaction of air. The optical bandgap,



2.25 eV, of TTM molecule calculated from absorptmmset shows that the transition occurs

from SOMO to SUMO.
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Figure 4 (a) Device structure of the TTM OLED. bY-L characteristics of the TTM OLED
devices (c) External quantum efficiency of the OLEDevices vs. voltage. d)
Electroluminescence of solution and evaporationretha®LED devices. The inset shows an
evaporated OLED device operating at 10 V.

Because organic radicals themselves are not emidsi® to aggregate caused quenching,
the TTM material must be doped into a matrix withast material. Two distinct devices were

designed in an effort to study the optoelectrorhi@aracteristics of OLEDs. The evaporated



OLED device structure was: ITO/Ma@Q.75nm)/ NPB (40nm)/TTM:CBP (40nm)/Bphen
(40nm)/LiF (Inm)/Al (100nm) which is schematicaliiepicted in Figure 4a. Various doping
ratios were investigated and the device with 5% Tamd 10% TTM doping ratios was found to
be optimal for solution and evaporated processedce® respectively. The doping levels for
evaporated devices were varied by adjusting th@aation rate of TTM with respect to the
evaporation rate of the CBP matrix. For solutioagaissed devices, different doping ratios were
obtained by mixing different volumes of PVK and TTiM chlorobenzene (10 mg/ml). The
emissive/electroluminescent layer was achieved iy soating a TTM:PVK thin films from
chlorobenzene solution onto PEDOT:PSS coated sibstr The solution processed OLED
device structure was: ITO/PEDOT P&Bnm)/TTM:PVK (50nm)/Bphen (40nm)/LiF (1nm)/Al
(100nm). Figure 4b shows the current density-veigninance (J-V-L) plot of evaporated and
solution processed TTM OLEDs. Each of the evapdrdi€M devices showed a relative low
turn on voltage of 7 V. The optimal current densitjtage-luminance (J-V-L) and external
quantum efficiency eqe) results were obtained from the evaporated TTM:GQBE wt.%)
sample. Figure 4b shows the J-V-L characteristithe@evaporated and solution processed TTM
devices. The evaporated TTM devices exhibited maminiuminance of 330 cd/and current
density of 48 mA/crh at 18 V bias voltage. On the other hand, solupoocessed devices
showed a maximum luminance of 78 c@/amd current density below 10 mA/énat 18 V bias

voltage. Figure 4c shows the external quantumieffy (eqg) of each of the evaporate and

solution processed devices. The maximum externantgun efficiency obtained from
evaporated and solution processed devices wer&c2af82V and 0.28% at 10.5V respectively.

The evaporated devices showed better optoelectmeriormance than for the reported TTM-

1cz OLED devices i.e. higheteqe and luminance.[8,9}Vhile the luminance and efficiency of



evaporation processed devices were superior toothablution processed devices, the ease of
solution-based processing points to advantagee lscgle OLED manufacturing. This type of
fabrication technique allows for printability; priding a low-cost alternative for use in high-
throughput OLED manufacturing. With further optimiiion of device fabrication protocols and

novel open shell molecular design, the efficiencias be further improved.
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Figure 5. Electroluminescence of evaporated TTM Dldevices with different doping
guantities.

It was found that the optimal doping ratio for e&gbe of device architecture was
directly related to the opto-electrical propertdshe matrix used to create the emissive layer:
CBP and PVK respectively. Figure 5 shows the edaaninescence (EL) of evaporated TTM
OLEDSs. For solution processed devices emissionomnfsobserved for 5% doping ratio and
hence EL of the doping ratios were not comparedowtdoping quantities, the majority of the
light emission is produced from the CBP matrix @ohhe devices with pure CBP host emitted a
stable blue light with a peak at 436 nm which s $ime blue band emission previously

reported.[8] As the quantity of the dopant TTM eased to 3%, another band emerges in EL



spectra with a peak at 642 nm indicative of emis&iom TTM. With 5% doping the emission
from TTM was enhanced with a less dominant bluedlEmission from CBP. When the TTM
doping ratio was increased to 10% all emission ezedributed by TTM dopant itself revealing
an orange light as observed in Figure 3d. Dopdidsdeyond 15% showed no luminance and
hence were not compared.
1.4 Conclusions

In summary, we report a novel open shell neutraladical namely tris(2,4,6-
trichlorophenyl)methyl (TTM) for application in OUEBS. Unlike closed shell molecules, neutral
conjugated radicals have intrinsic advantages dued radiative decay of the doublet exciton.
Thermal gravimetric analysis showed thermal stb#ind the sublimation temperature of TTM
was calculated at 231°C. Using DFT data, the HOBMOMO, SUMO and LUMO were found
to be -7.25eV, -5.91eV, -3.66eV and -1.72eV respelst The nature of the unpaired electron’s
ability to take part in many opto-electrical proges was shown with an absorption band
centered at 563 nm, and a photoluminescence bameéred at 580 nm representing optical
bandgaps of 2.20 eV and 2.14 eV respectively. Teohrtiques were used namely evaporation

and solution processing to fabricate TTM based Oldelices. The optimal TTM doping ratio

for evaporated devices was 10% which exhibited &immam ngqe of 2.78% and luminance of

330 cd/m. Solution-processed devices with optimal dopinépraf 5% showed maximumege

of 0.28% and luminance of 78 cdinOur results provide insight and lay the framewfk
novel open shell molecular design through derigittn. Further we show that solution
processing of these open shell molecules can effatile and low cost high efficiency OLEDs

through systematic device optimization.



Acknowledgements

This work was partially supported by ACS Petrolet®asearch Fund #56095-UNI6 (AZ,

Program Manager Askar Fahr). TWH is grateful to Megional Science Foundation for their

generous support of this project (CHE-1552359) cipe¢hanks to Randall Archer for assistance

with the TGA analysis.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

S.R. Forrest, The path to ubiquitous and lowtarganic electronic appliances on plastic.,
Nature. 428 (2004) 911-918. doi:10.1038/nature02498

R. Meerheim, B. Lissem, K. Leo, Efficiency a8thbility of p-i-n TypeOrganic Light
Emitting Diodes forDisplay and Lighting ApplicatisnProc. IEEE. 97 (2015) 1606-1626.

A.R. Brown, K. Pichler, N.C. Greenham, D.D.CaBley, R.H. Friend, A.B. Holmes,
Optical spectroscopy of triplet excitons and chédrgecitations in poly(p-
phenylenevinylene) light-emitting diodes, Chem. £Hett. 210 (1993) 61-66.
doi:10.1016/0009-2614(93)89100-V.

M.A. Baldo, D.F. O’'Brien, M.E. Thompson, S.Rofffest, Excitonic singlet-triplet ratio in
a semiconducting organic thin film, Phys. Rev. B.(6999) 14422-14428.
doi:10.1103/PhysRevB.60.14422.

C. Adachi, M.A. Baldo, M.E. Thompson, S.R. Fest, Nearly 100% internal
phosphorescence efficiency in an organic light gngjtdevice, J. Appl. Phys. 90 (2001)
5048-5051. doi:10.1063/1.1409582.

D.Y. Kondakov, T.D. Pawlik, T.K. Hatwar, J.Ppi@dler, Triplet annihilation exceeding
spin statistical limit in highly efficient fluoresat organic light-emitting diodes, J. Appl.
Phys. 106 (2009) 124510. doi:10.1063/1.3273407.

Q. Zhang, J. Li, K. Shizu, S. Huang, S. Hird#a Miyazaki, C. Adachi, Design of
Efficient Thermally Activated Delayed Fluorescemdaterials for Pure Blue Organic
Light Emitting Diodes, J. Am. Chem. Soc. 134 (2012Y06-147009.
doi:10.1021/ja306538w.

Q. Peng, A. Obolda, M. Zhang, F. Li, Organighi-Emitting Diodes Using a Neutral
Radical as Emitter: The Emission from a Doublehgéw. Chem. Int. Ed. Engl. 54
(2015) 7091-5. doi:10.1002/anie.201500242.

A. Obolda, M. Zhang, F. Li, Evolution of emissi manners of organic light-emitting
diodes: From emission of singlet exciton to emisgibdoublet exciton, Chinese Chem.
Lett. 27 (2016) 1345-1349. doi:10.1016/j.cclet.2066030.

M. Shtein, P. Peumans, J.B. Benziger, S.Redsby Direct mask-free patterning of
molecular organic semiconductors using organic v@giqrinting, J. Appl. Phys. 96
(2004) 4500. d0i:10.1063/1.1791760.



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

H. Sasabe, J. Kido, Recent Progress in Phaspbent Organic Light-Emitting Devices,
European J. Org. Chem. 2013 (2013) 7653—-7663.@ai002/ejoc.201300544.

S. Ho, S. Liu, Y. Chen, F. So, Review of reicgrogress in multilayer solution-processed
organic light-emitting diodes, J. Photonics Enefg{2015) 57611.
doi:10.1117/1.JPE.5.057611.

M. Gomberg, An instance of trivalent carbamptienylmethyl., 3. Am. Chem. Soc. 22
(1900) 757—771. doi:10.1021/ja02049a006.

O. Armet, J. Veciana, C. Rovira, J. RieraCdstaner, E. Molins, J. Rius, C. Miravitlles, S.
Olivella, J. Brichfeus, Inert carbon free radic@sPolychlorotriphenylmethyl radicals:
synthesis, structure, and spin-density distribytdbriPhys. Chem. 91 (1987) 5608-5616.
doi:10.1021/j100306a023.

M. Ballester, J. Castaner, J. Riera, A. IbadePujadas, Inert carbon free radicals. 2.
Monofunctionalized tetradecachlorotriphenylmettadicals and related compounds, J.
Org. Chem. 47 (1982) 259-264. do0i:10.1021/jo0034%a0

M. Ballester, J. Riera, J. Castaner, C. RoW@aArmet, An Easy, High-yield Synthesis of
Highly Chlorinated Mono-, Di- and TriarymethaneSynthesis (Stuttg). 1986 (1986) 64—
66.

M. Ballester, I. Pascual, C. Carreras, J. \f{@dancedo, Syntheses and Spectra of Some
Inert Triphenylmethyl Diradicals. A Concurrent Ddieal Form, J. Am. Chem. Soc. 116
(1994) 4205-4210. doi:10.1021/ja00089a0089.

J. Carilla, L. Fajari, L. Julia, J. Riera,\iadel, Two functionalized free radicals of the
tris(2,4,6-trichlorophenyl)methyl radical seriegngesis, stability and EPR analysis,
Tetrahedron Lett. 35 (1994) 6529-6532. doi:10.180640-4039(00)78264-5.

V.M. Domingo, J. Castaner, J. Riera, A. Lahahhert Carbon Free Radicals. 11.
Synthesis and Magnetic Behavior of (4,4’-Dicarboxgcachlorotriphenyl)methyl
Radical and Related Results, J. Org. Chem. 59 (12624—-2607.
doi:10.1021/jo00088a052.

[. Alcén, S.T. Bromley, Structural control avepin localization in triarylmethyls, RSC
Adv. 5 (2015) 98593-98599. d0i:10.1039/C5RA19008H.

M. Ballester, I. Pascual, J. Torres, Uniguggge-electron transfers between chemically
inert triphenylmethyl radicals and triphenylmethaylions, J. Org. Chem. 55 (1990) 3035—
3044. doi:10.1021/jo00297a017.

M. Steeger, S. Griesbeck, A. Schmiedel, M.zagpffel, I. Krummenacher, H.
Braunschweig, C. Lambert, On the relation of enengy electron transfer in
multidimensional chromophores based on polychl¢eith@riphenylmethyl radicals and
triarylamines, Phys. Chem. Chem. Phys. 17 (2018%8111867.
doi:10.1039/C4CP05929H.

S. Chopin, J. Cousseau, E. Levillain, C. Rayil. Veciana, A.S.D. Sandanayaka, Y.
Araki, O. Ito, [60]Fullerene—perchlorotriphenylmité anion triads. Synthesis and study
of photoinduced intramolecular electron-transfergesses, J. Mater. Chem. 16 (2006)
112-121. doi:10.1039/B514882K.

L. Teruel, L. Viadel, J. Carilla, L. Fajari, Brillas, J. Safé, J. Rius, L. Julia, (4-Amino-



[25]

[26]

2,6-dichlorophenyl)- bis(2,4,6-trichlorophenyl)mgtiiRadical: A New Constituent of
Organic Magnetic Materials, J. Org. Chem. 61 (1985)3—6066.
doi:10.1021/j0960451v.

N. Roques, S. Perruchas, D. Maspoch, A. DécWurst, J.P. Sutter, C. Rovira, J.
Veciana, Europium (llI) complexes derived from aatyic-substituted
polychlorotriphenylmethyl radicals, Inorganica ChifAtta. 360 (2007) 3861-3869.
doi:10.1016/j.ica.2007.03.021.

S. Castellanos, D. Velasco, F. Lopez-Calahdgra&rillas, L. Julia, Taking Advantage of
the Radical Character of Tris(2,4,6-trichlorophg@mgthyl To Synthesize New
Paramagnetic Glassy Molecular Materials, J. Orgen@h/3 (2008) 3759-3767.
doi:10.1021/j0702723k.



»  Solution-processed open shell organic molecules for OLED applications
* OLEDs based on (2,4,6-trichlorophenyl)methyl as the electroluminescent layer
*  Open shell molecular design through derivitization



