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Highlights:

- Five novel phthalimide based acceptors with hrgiet levels (2.92-3.11 eV)

- Exciplex forming properties of acceptors weresstere to the molecules design

- A para- substituted phthalimide-benzophenonelamd with carbazole containing donor
showed sky-blue exciplex emission with small sitigliplet splitting (0.06+0.03eV).

Abstract

To provide high exciton utilization in organic ligamitting diodes, phthalimide derivatives
were designed and synthesized as exciplex-formiagemals. Due to high triplet levels
(2.92-3.11 eV) and ionization potentials (7.18-7.2¥), the developed phthalimide
derivatives were found to be not only appropriateeating materials for the formation of
different color exciplexes but also as bifunctiomaterials with a satisfactory hole and
exciton-blocking abilities. Solid-state blends loé tsynthesized phthalimides as acceptors and
a carbazole containing donors showed exciplex @oms$Bimolecular blends exhibited
multicolor exciplex emission which covered a visilspectrum from sky-blue to red colors,
depending on the donor used. However, the photolessence quantum efficiencies of the
studied exciplex-forming systems were found to &esgive to the molecular design of the
phthalimides. Acceptor with paraubstituted phthalimide showed better exciplexviog
properties in comparison to other compounds. Eggibbrming blend of (2-(4-
benzoylphenyl)isoindoline-1,3-dione) as an accemtod 1,3-di(9H-carbazol-9-yl)benzene
(mCP) as a donor showed the most efficient sky-ldoession with small singlet-triplet
splitting (0.06£0.03eV). Such exciplex-forming moléar mixture was implemented as the
light-emitting material in the sky-blue organic Higemitting diodes which showed the



brightness of 2500 cd fand maximum external quantum efficiency of 2.9 &e do the
employment of both singlet and triplet excitons.

1. Introduction

Organic light emitting diodes (OLEDs) have attractiee attention due to their application in
displays[1] and in solid-state lighting technoldgy. Organic molecules exhibiting thermally
activated delayed fluorescence (TADF) [3] are adagrinterest due to their applications in
OLEDs as efficient emitters and hosts [4]. Suchickss/can reach efficiency close to that of
phosphorescent OLEDs. A key factor to generateciefft TADF is small singlet-triplet
energy gap AEst <kT) [5]. Chemical obstacles arising during sysikeof such type of
molecules, often limit the realization of the TAPRenomenon via excited state of a single
molecule [4].

As an alternative, TADF can be achieved by usingseion from bimolecular excited
species, in particular, exciplexes [6,7]. Such na@tdm can operate in appropriately selected
donor (D) and acceptor (A) fluorescent low molecudamiconductor systems, with the
subsequent formation of excited intermolecular gaaransfer (CT) complexes (exciplexes).
An exciplex can be formed as a result of electrandfer from donor to acceptor molecules
under Coulomb interactions [8]. In such systemsM@Dand LUMO energy orbitals are
separated by a relatively long distance leadingntall exchange energy and efficient reverse
intersystem crossing (RISC) process from the tripkeited state to the singlet one. Owing to
harvesting of dark triplets excitons internal quemnt efficiency close to 100% can be
achieved [9]. Bimolecular charge-transfer (CT) egysd (exciplexes) find application in white
electroluminescence devices either as emitterdaibeoad emission spectrum [10,11,12] or
as hosts for fluorescent, phosphorescent or TADpadts [13,12]. Employing exciplex
forming pair as a host in OLEDs provided good openastability and long lifetime of
devices as a result of charge carrier balance iE@Ektructure [14]. Moreover, multicolor
OLEDs can be designed using efficient exciplex-fiognsystems with one acceptor and
several donors to achieve simultaneously multicdloninescence and efficient triplet
harvesting [10]. However, application of exciplexrhing systems as emitters is still
challenging due to the difficulties in developind efficient CT systems with high
photoluminescence (PL) and electroluminescence (fél)ds [7]. To obtain TADF the
charge-transfer singlet@T) and the charge-transfer tripl&€) states of exciplexes should
lie lower or close to the triplet levels of the m@ponding exciplex forming units.[15, 1&].

A progress in the field of high-efficiency exciplermission based OLEDs can be reached by
the design and synthesis of new suitable electomatihg and electron accepting molecules
with high triplet levels. Different types of compuis were tested as the electron donating
units, among them triphenylamine and a carbazotgeagung derivatives due to their good
electronic and optical properties and commercialilatility [4]. Also numerous accepting
molecules were developed as the electron acceptnmterparts such as derivatives of
triazine, phthalimide, benzimidazole, oxadiazolgjgine [18,19].



One of the well-known accepting unit is phthalimideiety, derivatives of which are used as
synthetic precursors for the synthesis of orgamimisonductors. Phthalimide derivatives
have found applications in optoelectronic and etedt devices such as solar cells [20,21],
organic thin-film transistors [22,23] and organight emitting diodes [24,25]. The main
advantages of phthalimides are cheap and simpléhetym synthesis, strong accepting
properties (low lying LUMO levels), high triplet ergy levels and high thermal stability
[20,25,26]. Recently application of phthalimide etyi as the acceptor building block in
TADF molecules was reported [27,28,29]. However,otr best knowledge, exciplex-
forming properties of phthalimide containing madégihave not been studied yet.

In this work, we unclosed potential of phthalimuierivatives as accepting exciplex-forming
materials for OLEDs application and studied theedff their molecular structure
modifications on exciplex emission efficiency. Fivew phthalimide derivatives 2,2'-
(oxybis(4,1-phenylene))bis(isoindoline-1,3-dioi#&pOPhty), 2,2'-(pentane-1,5-diylbis(4,1-
phenylene))bis(isoindoline-1,3-dione) CyPh,Phty), 2-(2-benzoylphenyl)isoindoline-1,3-
dione @-BpPht), 2-(3-benzoylphenyl)isoindoline-1,3-dione  3-BpPht), 2-(4-
benzoylphenyl)isoindoline-1,3-dioned4-BpPht) (Figure 1) were designed, synthesized and
characterized.
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Figure 1. Chemical structures of the studied newhadimide derivatives: DPOPht
CyPhPht, 2-BpPht, 3-BpPht and 4-BpPht

Theoretical investigations by means of density fimmal theory (DFT) were performed to
determine the geometry and HOMO and LUMO distritrutof the synthesized compounds.
Their photophysical properties were studied to idate exciplex-forming ability. All
phthalimide derivatives showed high triplet levalsd low-lying HOMO levels. Moreover,
usingDPOPht, CyPh,Pht,, 2-BpPht, 3-BpPht, 4-BpPhtacceptors and 1,3-di(9H-carbazol-
9-yl)benzene (mMCP), 4:his(N-carbazolyl)-1,2biphenyl (CBP), poly(9-vinylcarbazole)
(PVK), tris(4-carbazoyl-9-ylphenyl)amine (TCTA) adectron donors, different exciplex-
forming systems emitting in sky-blue, green and megions were developed. The detailed
steady-state and time-resolved spectroscopic stwasee carried out to disclose the benefits
of the current design strategy of efficient exciplerming acceptors.



2. Experimental section

2.1. Materials. All reactions do not require special precautiongcligding moisture
influence) and were performed under air atmospHeing solvents and all the other reagents
were purchased from Sigma Aldrich or Alfa Aesar asdd without further purification.

General procedure for the synthesis of phthalimidecceptors

An equimolecular mixture of phthalic anhydride (5mwi) and corresponding amine (5

mmol) (in case of compounds DPOPhhd CyPhPht the ratio of reagents were 2:1) were
stirred under refluxing in glacial acetic acid (3% during 12 hr. Then acetic anhydride (15
ml) was added in one portion and mixture was stitneder refluxing for additional 5 hr. The

cold reaction mixture was poured into distilled g&ra(150 ml). Precipitated sediment was
filtered off and washed several times with distiliwater. The obtained crude material was
recrystallized from i-PrOH/DMF mixture of solvents.

2,2'-[Oxybis(4,1-phenylene)]bis(1H-isoindole-1,3(2Hdione) DPOPhb

White crystals, yield 70 %, mp 289-290°C (mp 29B@]J. *H NMR (250 MHz, CDG)), &:
7.98 — 7.93 (m, 4H), 7.83 — 7.77 (m, 4H), 7.44 Jdt,9.0, 2.3 Hz, 4H), 7.20 (di,= 9.0, 2.3
Hz, 4H).**C NMR (175 MHz, CDGJ), §: 167.37, 156.46, 134.47, 131.79, 128.21, 127.07,
123.81, 119.56. MS (MALDI-TOF) m/z [Micalcd for GgH1gN2Os: 460.45; found, 460.65.
Elemental analysis cal. for,§H:6N.Os C, 73.04; H, 3.50; N, 6.08. Found (%): C, 73.25; H
3.61; N, 6.13.

2,2'-[Cyclohexane-1,1-diylbis(4,1-phenylene)]bis(1ibkoindole-1,3(2H)-dione) CyPhPht,
Off-white crystals, yield 54 %, mp 283-284%& NMR (250 MHz, CDCJ), §: 8.00 — 7.91
(m, 4H), 7.83 — 7.74 (m, 4H), 7.45 (dtz 9.0, 2.3 Hz, 4H), 7.38 (di,= 9.0, 2.3 Hz, 4H),
2.38 — 2.31 (m, 4H), 1.66 — 1.49 (m, 6C NMR (175 MHz, CDGJ), &: 167.35, 147.95,
134.35, 131.85, 129.20, 128.04, 126.11, 123.7£64&7.24, 26.30, 22.85. MS (MALDI-
TOF) m/z [M+K] calcd for G4H26N204: 565.70; found, 565.75 Elemental analysis cal. for
C3qH26N20O4 C, 77.55; H, 4.98; N, 5.32. Found (%): C, 77.69465; N, 5.42.

2-(2-Benzoylphenyl)-1H-isoindole-1,3(2H)-dione 2-Bpht

White crystals, yield 68 %, mp 198-199°C (mp 198°1930]). *H NMR (250 MHz, CDC})

8 7.85 — 7.63 (m, 8H), 7.58 — 7.30 (m, 5FC NMR (175 MHz, CDGJ), &: 195.22, 167.14,
137.12, 136.07, 134.28, 132.78, 132.04, 131.72,8730130.54, 129.91, 129.33, 128.33,
128.22, 123.72. MS (MALDI-TOF) m/z [M+H]- calcd fo€;;H:4/NO5: 328.35; found,
328.51. Elemental analysis cal. fop;8:3NOs: C, 77.05; H, 4.00; N, 4.28. Found (%): C,
77.17; H, 4.09; N, 4.37.

2-(3-Benzoylphenyl)-1H-isoindole-1,3(2H)-dione 3-Bpht

White crystals, yield 76 %, mp 179-180°C (mp 172730]). *H NMR (250 MHz,
CDCl), 8: 8.01 — 7.93 (m, 2H), 7.93 — 7.84 (m, 4H), 7.84.%#7 (m, 2H), 7.74 — 7.63 (m,
2H), 7.59 (dt,J = 6.2, 1.4 Hz, 1H), 7.55 — 7.47 (m, 2HJC NMR (175 MHz, CDGQ)) &
195.42, 167.00, 138.47, 137.17, 134.63, 132.72,8031131.67, 130.25, 130.19, 129.46,
129.25, 128.45, 128.23, 123.93. MS (MALDI-TOF) niMd+H]"  calcd for GiH1sNOs:
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328.35; found, 328.55. Elemental analysis cal.GgiH,3NOs: C, 77.05; H, 4.00; N, 4.28.
Found (%):C, 77.20; H, 4.11; N, 4.23.

2-(4-Benzoylphenyl)-1H-isoindole-1,3(2H)-dione 4-Bpht

White crystals, yield 72 %, mp 182-183°C (mp 183@]J. *H NMR (250 MHz, CDG)), &:
8.02 — 7.92 (m, 4H), 7.88 — 7.80 (m, 4H), 7.69577m, 3H), 7.56 — 7.46 (m, 2HYC NMR
(175 MHz, CDCY), o: 195.68, 166.88, 137.40, 136.69, 135.45, 134.832.64, 131.65,
130.89, 130.09, 128.42, 125.91, 124.01. MS (MALH) m/z [M+H] calcd for
C21H14NO3: 328.35; found, 328.51. Elemental analysis calCaH13NOs: C, 77.05; H, 4.00;
N, 4.28. Found (%): C, 77.15; H, 4.07; N, 4.17.

2.2. Methods.'H spectra were recorded on a Bruker 250 MHz NMRespmeter and’C
NMR spectra were recorded on a Bruker Ultra Shi#®@ MHz NMR spectrometer using
CDCl; as the solvent. Chemical shifty @re reported in ppm referenced to tetramethylsila
(TMS) as internal reference and coupling const@itsn Hz. Melting points were measured
using the Electrothermal MEL-TEMP melting point apgtus. The target compounds were
characterized by matrix-assisted laser desorptioization time-of-flight (MALDI-TOF)
using an Axima-Performance TOF spectrometer (ShmmaBiotech, Manchester, UK),
equipped with a nitrogen laser (337 nm). The pulsetlaction ion source accelerated the
ions to a kinetic energy of 20 keV. Elemental asalyvas performed on an Exeter Analytical
CE-440 elemental analyser.

2.3. Electrochemistry. Electrochemical measurements of 1.0 mM concentratiof
phthalimide derivatives were conducted in 0.1 Matetitylammonium hexafluorophosphate
(BuyNPFR) (99%, Sigma Aldrich, dried) as the electrolytedam dichloromethane
(CHROMASOLV®, 99.9% Sigma Aldrich) as the solveatl solutions were degassed using
argon before measurement. The electrochemicaktoeatprised: platinum electrode with a 1
mm diameter of working area as a working electr@e Ag/AgCl electrode as a reference
electrode and a platinum coil as an auxiliary etst. Cyclic voltammetry measurements
were conducted at room temperature with a scanofaf® mV §' were calibrated with a
ferrocene/ferrocenium redox couple. Electron affiniEa) was calculated from reduction
(Ered) potential, respectively, using following equati@ia = E.q+ 5.1[31,32].

2.4. PhotophysicsAbsorption spectra were recorded with a Carry §d@bian) spectrometer.
Photoluminescence spectra of thin films and sahgtiovere performed at room temperature
with an Edinburgh Instruments FLS980 fluorescenpecsometer with Xe-lamp as an
excitation source and R-928 photomultiplier detecitne photoluminescence quantum yields
(PLQY) of the blends were measured using a cablramtegrating sphere from Edinburgh
Instruments. Phosphorescence, prompt fluorescelREg, @nd delayed fluorescence (DF)
spectra and decays were acquired using nanosecatadl guminescence and lifetime
measurements (from 400 ps to 1 s) using eithegla émergy pulsed Nd:YAG laser emitting
at 355 nm (EKSPLA) or a Naser emitting at 337 nm. Sample emission wassedwnto a
spectrograph and gated iCCD camera (Stanford Cangdptics). PF/DF time-resolved
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measurements were performed by exponentially isgrgagate and integration times. Low-
temperature measurements were conducted usingiid hitrogen cryostat (Janis Research)
under a nitrogen atmosphere.

2.5. DevicesOLEDs have been fabricated on pre-cleaned, paiteindium-tin-oxide (ITO)
coated glass substrates with a sheet resistan2@ @fsq and ITO thickness of 100 nm. All
small molecules and cathode layers were thermatiyparated in Kurt J. Lesker Spectros Il
evaporation system under pressure of bfbar without breaking the vacuum. The sizes of
the pixels were 8 mfrand 16 mrh NPB (N,N'-di(1-naphthyl)N,N"-diphenyl-(1,1-biphenyl)-
4,4-diamine), TCTA (Tris(4-carbazoyl-9-ylphenyl)aming)ere used as a Hole Injection
Layer (HIL) and Hole Transport Layer (HTL), respeety. TmPyPB (3,3'-(5'-(3-(pyridin-3-
yhphenyl)-[1,1":3',1"-terphenyl]-3,3"-diyl)dipiline) was introduced as a Hole Blocking
Layer (HBL) and Electron Transport Layer (ETL). thium fluoride (LiF) and aluminium
were used as the cathode. Organic semiconductdralaminium were deposited at a rate of
1 As', and the LiF layer was deposited at 0.I*AShe characteristics of the devices were
recorded using 10-inch integrating sphere (Labsghswnnected to a Source Meter Unit and
Ocean Optics USB4000 spectrometer. All materialseewrirchased from Sigma Aldrich or
Lumtec and were purified by temperature-gradiebtiswation in a vacuum.

3. Results and discussion

3.1. Synthesis

Exciplex-forming acceptors were obtained in higélgs by the simple one-pot condensation
reaction of phthalic anhydride with commercially adable amines Kigure 2). The
compounds were obtained as white crystals, withdgaaubility in polar organic solvents
(e.g., dichloromethane, chloroform, tetrahydrofgramhe synthesized compounds were
characterized byH, *C NMR spectroscopy, MALDI-TOF mass spectrometry ateinental
analysis (details are described in the Supportinfprination). Isomeric benzophenone
containing compound2{BpPht, 3-BpPht, 4-BpPht) were prepared in order to check the
influence of substitution pattern on electro-ogdtiaad exciplex-forming properties. On the
other hand, disubstituted compounds with symmetrigcture DPOPht,, CyPh,Pht,) were
designed to increase the number of phthalimideggq@er molecule.

(o]
HZNT E—— N+
= =
2 BpPht 3-BpPht, 4-BpPht
X = O (DPOPht2); C(CH2)5 (CyPh2Pht2)

Figure 2. Synthesis @& BpPht, 3-BpPht, 4-BpPht, DPOPht,, CyPh,Pht,

3.2. Theoretical calculations



To analyze the geometry and the values of enedjitiee highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbithUMO) quantum chemical
calculations were performed for the molecules desigusing density functional theory
(DFT). All the calculations were performed with theftware package Gaussian09 (Revision
A.02)[33] with B3LYP/6-311G(d,p) level of theory.

The geometries of the molecules determined thealti are presented ifrigure 3.
Different linkage topologies of the developed phthmle derivatives result in different
molecular structures from very twisted in the cas2-BpPht to completely liner in the case
of 4-BpPht (Figure 3, Figure S11). The theoretical HOMO and LUMO energy values of
compounds are given in Table 1. For almost allntieéecules LUMO orbitals predominantly
are located on phthalimide structural units, wkil@MO frontier orbitals are located on N-
aryl substituents. For compourfiBpPht due to orto-substitution of benzophenone and
phthalimide moieties, LUMO orbitals are locatedpirthalimide and closely situated benzoyl
unit of benzophenone moieties, while HOMO is lodat& phthalimide and N-phenyl units.
For all the synthesized compounds LUMO valuesatbe range of 2.4-2.6 eV, proving their

strong accepting properties.
Optimized structure HOMO UMO

m%&% &%

CyPh:Pht;
- < d -

DPOPht;,

2-BpPht

3-BpPht

4-BpPht

Figure 3. Fully optimized structures of studiedhatitmide derivatives and graphical
representation of the HOMO and LUMO calculatechatB3LYP/6-311G (d,p) level of
theory.

3.3. Photophysical properties

The normalized optical absorption spectra of thiaiteli solutions and thin films of the
acceptors are shown figure 4. Three main regions can be identified in the gitsam
spectra: the lower-energy bands in the range of2¥% nm, and the higher-energy bands in

the ranges of 240-260 nm and 200-250 nm.
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The higher energy absorption band corresponds bt tnansition and the lower energy
absorption band is related to the main* transition[34]. The observed absorption spectrum
originated mainly from the N-aryl-substituted pHimede moieties. Absorption maxima of
the phthalimide derivatives of the thin films ahgtstly red-shifted in comparison to those of
dilute solutions. Such a shift can be attributedhe intermolecular interactions between
molecules that are more likely to occur in thedsliate[35]. The optical band gapswere
estimated from the longest wavelength absorptigeed the UV-VIS spectra. THg, values
are given infable 1 4-BpPht showed the longest wavelength absorption centedrd0 nm,
with higher intensity than the other acceptors.sTolbservation can be explained by more
effective conjugation in this pasabstituted phthalimide derivative.

I ! [ ! I b I ! [ ! [ ! [ ! I
10 —DPOPht, | q_ ) ——DPOPth, |
CyPh,Pht, CyPh,Pth,
——2-BpPht —— 2-BpPth
50.8- ——3-BpPht 1 —~0.8 1 ——3-BpPth |
. —— 4-BpPht = ——4-BpPth
L {®
)
©0.6 4 8o6-
g &
5 2
2044 4 3044
< <
0.2 - 0.2 -
0.0 , , , 00 ——F—""F—""TF—"—T7——7
250 275 300 325 350 200 225 250 275 300 325 350
Wavelength (nm) Wavelength (nm)

Figure 4. UV-VIS absorption spectra of the dilutdusions (10°> M in THF) (a) and of spin-
coated thin layers (b) of the synthesized phthaleerivatives.

Photoluminescence spectiaiqure 5) revealed the main band, with a small Stokes ,shift
centered at 305 nm. Fluorescence bands of all ileaules studied have very similar shapes
with an identical position of maximum intensity. i$tobservation indicates that the main
transitions originate from phthalimide moiety. Ppestra of neat films ofDPOPht,,
CyPhyPht,, 2-BpPht, 3-BpPht and 4-BpPht were not analysed due to a very weak
photoluminescence. One of the crucial parameteexoiplex forming acceptor is relatively
high triplet levels where locally excited statesiofior or acceptofl(Ep or °LE,) lie close to
the CT of exciplex or visibly stay above tH€T because of efficient RISC[36,37,38]
Molecules 2-BpPht, 3-BpPht, 4-BpPht showed similarly structured (with 5 peaks)
phosphorescence which can be assigned tSLiReriplet emission. On another hand, two
symmetric moleculesDPOPht, and CyPh,Pht, exhibited broad, not structured CT
phosphorescencé&igure 5b). The values of triplet levels were estimated fribv@ onsets of
phosphorescence spectréalble 2). The substituents attached at orto-, meta- and-pa
positions of benzophenone moiety2«BpPht, 3-BpPht, 4-BpPht, respectively, do not have
any substantial influence on the phosphorescendealintriplet levels were found to be
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around 3.1eV. The onset of phosphorescence emistiBpPht was slightly red-shifted in
comparison to those of other two benzophenone pimid@ acceptors. Symmetric
phthalimide acceptor®POPht, and CyPh,Pht, exhibited triplet levels at 2.98 and 2.92 eV
which are slightly lower than those @fBpPht, 3-BpPht, 4-BpPht. This effect can be
explained by the presence of additional phthalinmabgety.

104 a) —pDPOPHt, | D) ——DPOPHt,
' CyPh.Pht, ' iy CyPh,Pht,
—— 2-BpPht S : —— 2-BpPht -
—~0.8 - ——3-BpPht | & 5 —— 3-BpPht
= ——4-BpPht g ——4-BpPht 1
© 4=
~ 2 -
—
o 0.6 -4 2006
8 £
N 13 |
T 04 42044
g 0 : 0
o 4
Z S
0.2 1 1Z o i
12
’ Ny
" 1
0.0 — 0.0 et —————
275 300 325 350 375 400 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 5. Photoluminescence spectra of THF solat{@@°M) of the phthalimide derivatives
(a) and phosphorescence spectra of their moledigpersions in the zeonex matrix at 80K

(b).
3.4. Electrochemical properties

Electrochemical properties of the solutions of Hyathesized phthalimide derivatives in
dichloromethane (DCM) with 0.1 M tetrabutylammoniuhexafluorophosphate as the
electrolyte were studied by cyclic voltammetry (CMhe CV curves of compounds are
shown inFigure 6. The curves had similar shapes, and the compoerbibited close
reduction potentials, and as a consequence comeavalues of electron affinity (.
(Table 1). All the compounds were characterized by the nglike one-electron process. The
positions of the main peaks of CV curvdsdglre 6a) were conditioned by reduction of
phthalimide group, and small shifts were relatethedifferent substituents. The position of
the second peak (the second step of reductkigufe 6b) was found to be close to the limit
of the scanning range, which was restricted dutiheosolvent (DCM) instability within the
negative potential range. Non-halogenated solveoid not be used due to poor solubility
of the compoundsDPOPht,, CyPh,Pht, as well as3-BpPht and 4-BpPht showed the
similar positions of the™ peaks of reduction. These peaks correspondeceteettuction of
phthalimide and benzophenone groups[39,40]. Sniiééirdnces between positions of peaks
can be attributed to the different environmentexfax groups. Two parts &@yPh,Pht, are
linked by a non-conjugated bridge and thereforeaberas separate species. The absence of
the 29 peak in the CV curve of compou@eBpPht can apparently be explained by the steric



effect. Oxidation peaks were not observed in thecOkes, and consequently, the ionization
potentials (b)) were estimated using the UV-Vis spectroscopia.dat
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Figure 6. CV curves of phthalimide derivativeshntte first (a) and the second (b) steps of

reduction.

Table 1. Summary of electrochemical and opticahdat

EJ, | Eea”Vvs| Ea° | 159 | LUMO?® | HOMO®, | T,5,

eV | Eero V eV eV eV eV eV
DPOPhs | 3.84| -1.73| 3.37| 721 -2.48 -6.02 2.8
CyPhPht | 3.91| -1.74 | 3.36| 7.2y -2.42 -6.20 2.2
2-BpPht | 3.83 -1.75] 3.3 7.18 -2.52 -6.85 3|12
3-BpPht | 3.89 -1.7 340 7.29 -2.64 -6.82 3|11
4-BpPht | 390 -1.73| 337 7.7 -2.64 -6.73 3|08

Optical band gap estimated from the edges of eleittabsorption spectra

2E,.qare measured vs. ferrocene/ferrocenium

3Electron affinities measured by the electrochemicathod

“lonization potentials calculated from the band dag: Ea + E

®HOMO and LUMO energies calculated at the B3LYP/@G1(d,p) level “in a vacuum”.
6T, calculated from onset of phosphorescence spectra

3.5. Exciplex-forming properties

The main advantages of phthalimide acceptors acglex-forming properties which have
been detected for solid-state samples of molecnigiures with carbazole-containing donors
such as 1,3-bis(N-carbazolyl)benzene (mCP),-#g{N-carbazolyl)-1,tbiphenyl (CBP),
tris(4-carbazoyl-9-ylphenyl)amine (TCTA) and polx®nylcarbazole) (PVK). The
molecular mixtures formed with the mass ratio & tomponents 1:1 of all the synthesized
materials with appropriate donors showed emissiandb red shifted in comparison with
either the donor or acceptor pristine emission tspeand such broad Gaussian-type emission
bands are typical for exciplexeBidure S12 [8,41,42] Figure 7a (as well asFigure S13
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and Figure S149 show PL spectra of exciplex-forming blends camtag phthalimide
acceptors and mCP, CBP, PVK and TCTA as donorsacheptors have the similar electron
affinity (Ea) values in the range 3.3-3.4 eV and exhibit skyebémission with mCP 6.1
eV), blue-greenish emission with CBB=®.0 eV), green emission with PVK£b.8 eV) and
orange emission with TCTA#5.7 eV) Figure 7¢). Such colour tuning can be explained by
CT exciplex emission which is a function of thefeliénce between ionization potentigl)(l
of donors and electron affinity ( of accepting molecules.[42,43,44]. This is onethsd
advantages of exciplex emission. By selection gfrapriate materials (donor or acceptor),
CT emission can be tuned. Such bimolecular excifdexing materials can be adopted in
OLEDSs for emissive layers or as hosts for a widgeaof phosphorescent or TADF emitters.

T T T T T T T 10000 T T T T T T T T T 3
. a) ——4-BpPht:mCP ; —— Fitting 3
.04 = 4-BpPht:CBP ] Decay 4-BpPht:mCP 1
——4-BpPht:PVK | Decay 4-BpPht:CBP ]
= 4-BpPht:TCTA Decay 4-BpPht:PVK
’;.0.8 - 1 - Decay 4-BpPht:TCTA
: =1000 e
s 18 3
> ]
a06 1= ]
L o) [72]
£ 1€
© £
0.4 .
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(@]
Z
0.2 1 7
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400 500 600 700 800 400 800 1200 1600 2000
Wavelength (nm) Time (ns)
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< |}
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Figure 7. PL spectra (a) and PL decay curves (H)efayers of blends: 4-BpPht:mCP, 4-BpPht:CBP,
4-BpPht:PVK and 4-BpPht:TCTA. Schematic represémmadf energy band diagrams of exciplex-
forming carbazole-based donors gitthalimide acceptorg).

Considering the exciplex-forming properties, the Rlecay dynamics and the
photoluminescence quantum efficiencies (PLQY) dftaienty exciplex-forming systems
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were characterized at room temperatliable 2, Figure S13. The PL decay curves showed
biexpotential character. The life timasg, (t2) of the layers as well as the PLQY values of the
mixtures are given iffable 2 The exciplex-forming blends of studied compouwits mCP
exhibited sky blue emission with a maximum peakhm range of 494-497 nnkigure S13
Figure S14. The mCPDPOPhAt, and mCRCyPh,Pht, exciplexes exhibited low PLQY of
0.8% and 2 % respectively, and short-lived pronapt(30 — 40 ns) and delayed emission (
= ca.1l40ns). Bimolecular blends m@mBpPht, mCP3-BpPht, mCP4-BpPht exhibited
much higher PLQY values of 18%, 20% and 26% respaygtwith longer decay times equal
around 80 nst{) and 420 nstf) in comparison with mCBPOPht, and mCRCyPh,Pht,
exciplexes. Bimolecular blends with CBP as a d@imwed emission with a maximum peak
in the range of 504-510 nririgure S13 Figure S14. The values of PLQY were found to be
1.6% for CBPDPOPht;, 4% for CBP:CyPh,Pht,, 17% for CBP2-BpPht, 19% CBP3-
BpPht and 22% for CBR:-BpPht. The lifetimes {;, t2) of the emission of the exciplexes
based or2-BpPht, 3-BpPht and4-BpPht were found to be longer than those observed for
the exciplexes based on symmetric acceptbRQPht,, CyPh,Pht,). Bimolecular excited
states of the molecular mixtures containing PVKpldiged fluorescence maxima at 530-540
nm, i.e. in the green part of the visible spectréhotoluminescence quantum vyield of thin
films were found to be 2.5% and 3% for P\CKROPht, and PVKCyPh,Pht, exciplexes,
respectively.2-BpPht, 3-BpPht and 4-BpPht dispersed in PVK showed slightly higher
values of PLQY: 6%, 6% and 8%, respectively. PLagscof the blends with PVK showed
similar behavior, but a longer-lived component ¥KP2-BpPht, PVK:3-BpPht and PVK4-
BpPht exhibited twice longer emission lifetime than tmelecular mixtures of PVK with
another acceptor studieBigure S13 Figure S14. Indeed, the blends with PVK as a donor
showed less efficient exciplex emission than thdemdar mixtures with mCP and CBP.
This observation can be explained by the weak astem between the acceptor molecules
and the carbazole units of the polymer due to lomfigtance between the donor and the
acceptor molecules. The last group of materialgbéxig lower energy exciplex emission
contain TCTA as a donor. They emit light in an gmupart of the spectrum with peaks at
565-575 nm Figure S13 Figure S14. The solid films of the systems containing TCTA
showed low PLQY of exciplex emission. Taking aksle observations into account, one can
predict, that introducing of stronger acceptingtiwiower HOMO) connectors between the
phthalimide units should prevent the formation @# lenergy intramolecular CT-state. As a
result, significant enhancement of photophysical arciplex forming properties could be
expected.

The results described above show that the compowitisphthalimide moiety attached to
orto-, meta- and para position of benzophenone tyaexhibit good exciplex-forming
properties, and in particular thgaraisomer4-BpPht. This compound in combination with
mMCP forms exciplex with PLQY of 26 %, the highelserved in this work.

12



Table 2. Photopysical propreties of exciplex-forgnlends

Eciplexes PL | PLQY | ©ns(%) | tns (%) | ¥
Amax | (%)
(nm)
mCP.DPOPHt | 498 | 08 | 38.1(65] 138.9(35) 1.23
mCP:CyPBPh, | 496 2 | 36.8(69) 1458 (31) 128
mCP:2-BpPht | 494| 18 | 825(53) 4206 (47) 1|28
mCP:3-BpPht | 495| 20 | 80.3(66) 4202 (34) 1|23
mCP:4-BpPht | 497| 26 | 77.5(63) 418.9(37) 1|28
CBP:DPOPHt 510 1.6 24.1 (56 98.1 (44 1.25
CBP:CyPBPhy | 503 4 | 403(71) 131.9(29) 1.25

CBP:2-BpPht | 504 17 | 63.6 (44

~

193.9 (5p) 1|15

CBP:3-BpPht | 503 19 | 64.3(52) 178.3(4B) 1)17
CBP:4-BpPht | 510 22 | 64.1(49) 1735(51) 1/13
PVK:DPOPhj | 540 25 | 54.1(59] 204.7(41) 1.25
PVK:CyPhPht | 530 3 69.7 (59) 255.9 (41) 1.19
PVK:2-BpPht | 525 6 86.1(38) 348.1(62) 1.07
PVK:3-BpPht | 528 6 99.2 (58) 389.4 (42) 1.p2
PVK:4-BpPht | 533 8 71.2 (54) 291.7 (46) 1.p0
TCTA:DPOPhs | 570 2 34.4 (84) 123.9 (16) 1.22
TCTA:CyPhPht | 566 2 43.1(79) 1432 (21) 1.27
TCTA2-BpPht | 569 2 65.1(79) 226.5(2]) 118
TCTA3-BpPht | 563 3 456 (79) 1709 (21) 1.p7
TCTA4-BpPht | 575 5 458 (83) 184.1(17) 1.p9

In general, photophysics of exciplex-forming syssammore complex than that of individual
compounds exhibiting intramolecular CT. We haveaeat, that the biexponential PL decay
curves with short- and long-lived components araratteristic of the studied molecular
mixtures. Long-lived components can be of differemgin and require deeper investigations.
To characterize the exciplex between mCP &fpPht and to study the driving mechanisms
of it, the time-resolved PL measurements have pedormed.

Figure 8a shows PL decay of mCRBpPht recorded at 295K and 80K. At both
temperatures, the PL decays of the blend relatedetshort-lived prompt fluorescence and
the long-lived TADF clearly follow exponential dgciaws. Delayed emission of bimolecular
CT at 80K showed longer lifetime (up to 100 msgrttat room temperature (up to 200 us)
which is typical behavior for the TADF materialhi$ observation is consistent with the fact
that at high temperature due to thermal activatien RISC become more efficient causing
shorter-lived delayed emission[9]. To confirm theADF exciplex mechanism, the
dependence of the delayed fluorescence intensitgses pulse energy was plottdeigure
8d). The linear relationship with the slope close 1t0(0.89) confirms that the delayed
fluorescent mechanism in the studied exciplex mmidated by TADF process rather than by
triplet-triplet annihilation[45].
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Figure 8. Time-resolved fluorescence decay curvethe layer of mCRt-BpPht blend
recorded at 295K and 80K (a). Time-resolved norredliemission spectra recorded at 80K
(b). Prompt and delayed fluorescence spectra oifpkexeforming blend mCR:-BpPht
recorded at 295 K and 80 K and phosphorescencérapecdonor and acceptor (c). Laser
power dependence of delayed fluorescence of #BPPht recorded at room temperature

(d).

Figure 8b shows the time-resolved photoluminescence spetmaCP4-BpPht at 80K. At
the short delay time (3.4ns) thE€T state emission with a maximum peak at 475 nm was
detected. With the increase of delay time, a rétishithe *CT emission band was observed
up to 495 nm at a delay time of 12.6 us. The furiherease of delay time did not affect the
'CT band. At low temperature, tH€T->CT states live longer due to the slower RISC.
Concerning time-resolved emission spectra recoralie@®95K FEFigure S15 the similar
behavior of'CT relaxation was observed but with stronger retishiis observation can be
explained by the more efficient relaxation of tH@T at room temperature due to the
increased vibrational energy.

From the energy of onset of prompt fluorescencenGP4-BpPht at 295K Figure 8¢ it is
possible to determine tHET energy level, which was found to be 2.98+ 0.02Ekm the
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phosphorescence spectra of the donor and accemiecutes shown in the Figure 8c the
energies of locally excited state of the dorfhE() and locally excited state of the acceptor
(LE,A) were determined as 2.92+0.02eV and 3.08+ 0.0Besfectively. In our systerfl,Ex

is above'CT, but®LEp is located close to th&CT state Figure 8c). In such situation’CT
can be in resonance withEp, which allows spin-orbit coupling interaction diese states.
This case of triplet harvesting is in good agreemdth exciplexes that reported earlier[46].
The singlet-triplet splitting could be calculatesl adifference between CT energy &hfp
energy and was found to be of 0.06+0.03eV. It istiwv¢o note that at long delay time (ms
range) at 80K, in the spectrum of the blend als® ghosphorescence of mCP could be
observed, as a result of the significant singigldt gap. In addition, the exciplex-forming
molecular mixture at 80K showed enhanced promptdatalyed emission in comparison with
the signals observed at 295 K. This observationbmexplained by a high contribution of
non-radiative transitions from singlet and tripgédtes[45].

To sum up, sky-blue mC&BpPht exciplex-forming blend showed singlet-triplet $jtig
around 0.06+£0.03eV and 26% of PLQY as a resulhefdecreased contribution of TADF in
exciplex blend.

3.6. Device fabrication.

Since the layers of mCRBpPht showed the highest PLQY value, this blend was aseah
emitter to fabricate OLEDs.The device structure was as follows: ITO/ (NPB){@0h
TCTA(10nm)/ mCP(5nm)/ mCRB:BpPht(20nm)/ TmPyPB(50nm)/ LiF(1nm)/ Al[(100nm). A
thin layer of mCP was introduced into the devic@revent lower energy exciplex formation
between TCTA and-BpPht and triplet exciton quenching[47]. An emitting éayof mCP4-
BpPht with the mass ratio of the components of 1:1 wesodited by co-deposition of donor
(mCP) and acceptod{BpPht) from different evaporators at the identical rd&&]. A 50 nm
thick layer of TmPyPB was used as an ETL layer mprbve electron transport since
TmPyPB shows high electron mobility[49].

The exemplary output characteristics of OLED aresented irFigure 9; the energylevels
diagram of the device is presentedFigure 9c. The wavelength of maximum intensity of
electroluminescence (EL) spectrum of the devia@n®ost the same as that of PL spectrum of
molecular mixture mCRB:=BpPht (Figure 9a). Commission Internationale de I'Eclairage
(CIE 1931) chromaticity coordinates (x, y) of OLBiEre determined as (0.24;0.41). Sky-
blue OLED showed a turn-on voltage of 5 VpgVand maximum brightness (kL) of 2500
cd m?at 12 V (Figure 9b). Maximum EQRdma), POWer flo,ma) and current efficiencies
(ML,may) Were found to be 2.9%, 2.2 LmYdnd 4.9 cd A respectively.

15



10°

a) b)
1.0 ——PL mCP:CB16
——ELOLED
107+ 10°
£} 15
5 0.84 £ -
c08 5 :
2 <10 -
2 1€ -
Q06 > 10° @
£ %104 1)
< s
g | % <
© 0.4- - =
c 1 =
S %10 m
w E 10'
S
0.2 0,02
0.0 . ‘ ; : T T 10° T T T : —10°
400 450 500 550 600 650 700 750 0 2 4 6 8 10 12
] Wavelength (nm) . Voltage (V) .
3 : . 3 : :
- 3.5
././._ /‘o\ 34 3/.\‘\‘
o s \/ : 2
< %7 ¢ >E97 '
S E, T 5 - . <
i § 21 ) g
>3] ] S N <
Q = \\ >
QC) 2 T 22,40 -2.40 -2.40 -2.40 045 LCJ
2 i N S W = \ &
L= 22 =) ‘i‘ 1 ©
o L1 4l NeB | retal o | e LBAL € W\ %
< 1ITO g p-BpPhy TmPyPB = \'\. et
g 5 T 470 o2 . g
8 6 530 TS0 e e \. o
s ) oy =
7 L__ -6.68 =
v 727 w
1 T T 0.5 T T T
10’ 10 10° 10° 10’ 10
Drinhtnana /Ad na2) P PR SR PIUD Y NN
~
NMyuic J. LL OPTLUA Ul ULLL iU L JPYSLUA Ul IHUDPI L UIGHU  \Q), current

density—voltage and luminance-voltage charactesstb), current efficiency(energy band
diagram of OLED) (c), power efficiency and quantefficiency of the device based on
CB16:mCP exciplex (d).

In addition, the maximum theoretical external quamtefficiency of the fabricated
device based on the exciplex-forming light-emittiager of mCP4-BpPht was analyzed
using the equation[50]:

Next=Y X PpL XY *MNout (Eq. 1)

wherey corresponds to the charge-balance faapgr,is the photoluminescence quantum
efficiency ©@p. =0.26 for the mCR-BpPht),  is the efficiency of exciton productiog=0.25

or y=1 in case of the fluorescence or TADF type devicespectively), ando,: corresponds
to the outcoupling efficiencyhu:is usually from 0.2 to 0.3). Assumingl, x=0.25 (in case

of only singlet exciton utilization) amgy,:=0.3, the maximum theoretical external quantum
efficiency for the fabricated device is only 1.958% PLQY of 26 % was obtained for the
solid layer of mCRt-BpPh. Since the experimentally obtained max. externanium
efficiency is much higher - 2.9 % - utilization d&oth singlet and triplet excitons in
electroluminescence of the studied device is gjedgmonstrated. We have to note, however,
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that the maximum theoretical external quantum igfficy for the fabricated device is 7.8 %
assumingy=1, y=1 (in case of the singlet and triplet excitonimétion) andne,=0.3. This
maximum theoretical EQE is much higher than theeexpental one. The efficiency of this
OLED can be limited due to significant singlet-lefpenergy gap and increased amount of
non-radioactive losses in exciplex. We demonstrdted potential of phthalimide based
derivatives as exciplex-forming materials for @it devices exploiting utilization of both
singlet and triplet excitons.

4. Conclusions

Synthesis and characterization of five phthalindeevatives are reported. For the first time,
exciplex forming properties of phthalimides basedeptors were described with carbazole
containing donorsThe difference in the molecular architecture otenales did not effect for
values of electron affinity and triplet levels boéd an influence on exciplex forming
properties. The compounds showed high triplet B{8192-3.11 eV) and similar electron
affinities (3.3-3.4 eV). Phthalimide derivatives neesuitable to achieve multicolor exciplex
emission with carbazole containing donors, whicheced a large part of the visible spectrum
from sky-blue to orange colors. On the basis oftpbloysical investigation best performance
showed phthalimide-benzophenone acceptors rathan ttwo phthalimide moieties
containing acceptors. Exciplxes containing non-swtnim phthalimide-benzophenone
acceptors showed highest photoluminescence quayiticin the solid state in comparison
with symmetric phthalimide derivatives. The mai@agen is intramolecular charge transfer
state which is indicated by the broad non-structupdosphorescence spectra of these
materials and lower value of triplet levels. A pasabstituted phthalimide-benzophenode (
BpPht) showed better exciplex-forming properties in canmgon to other materials and in
the mixture with mCP exhibited sky blue exciplexigsion with the highest among studied
systems photoluminescence quantum yield of 26%mHRme-resolved PL measurements at
80K and 295K a singlet-triplet energy splitting®06+0.03eV was determined. OLED based
on this emitting system showed the maximum exteuantum efficiency of 2.9% and
brightness of 2500 cd frat 12V with triplet harvesting.
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