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Abstract

Three novel perylene diimide derivatives with bulkipmatic moieties (fluorene, carbazolyl-
fluorene, and anthracyl-fluorene) connected vigldribonds with perylene core were
successfully designed and synthesizBoe chemical structure of prepared compounds was
confirmed by'H and *C NMR and mass spectrometry. Their optimized grestate
geometry and frontier molecular orbitals were tleéoally estimated based on density
functional theory. The compounds undergo the réverelectrochemical reduction process
and exhibit very low energy band gaps (1.56-1.9§ &¥ing promising for electronic
applicationsThey also display excellent solubility, high thetrstability and luminescence in
solution and in the solid state as a film in thed repectral region. The highest
photoluminescence quantum yield (79 % in solutiod @8 % in the film) was found for
perylene diimide bearing fluorene unit. All moleesilshowed the ability for light emission
under an applied voltage. The fabricated diodes h wit structure
ITO/PEDOT:PSS/compound/Al exhibited electrolumiresmze with maximum emission band
located between 685 and 732 nm. The most intengetreluminescence, which was
additionally plasmonically enhanced by incorporgtsilver nanowires, was observed for the
device based on molecules with anthracene structure
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1. Introduction

Perylene-3,4,9,10-tetracarboxylic acid diimidesryigme bisimides, PDIs) is a class
of aromatic compounds consisting of perylene caadfsld substituted by imide groups at
peri-3,4 and 9,10 positions. The imide groups with wdelfined electron-accepting properties
attached tor-rich perylene core create a donor-acceptor sy$iew). The rigid structure of
highly n-conjugated PDI molecule exhibit appealing eledtsruical and spectral properties
being used as stable organic semiconductors opa&{y-4]. They are characterized by high
electronic affinity (Es -4.0 eV) and good mobility of negative chargeshia solid state (19
- 10" cnf/Vs) [5,6], being thus favorably predestined fopligations in the area of organic
electronics. Moreover, perylene bisimides exhilbibrsg absorption in the visible region,
intense luminescence, and external high thermal cdmamnical (oxidative) stability [7-9].
However, the PDIs due to their flat structure tém@ggregate in the solid state as a result of
n-n interactions [10-12]. Modification of PDIs structuallows to obtain materials with the
desired physicochemical properties and to elimingtavorable intramolecular interactions,
which cause fluorescence quenching. The substitutib the nitrogen atom in PDIs by
aliphatic [13,14] and aryl [15,16] motifs allowsn a relatively easy and effective way - to
increase their solubility, and strongly inhibitdtetaggregation in the concentrated solution
[17]. The PDI with bulky terminal 2,4-dimethylpeBtyl substituents showed strong
fluorescence not only in the concentrated solutiat also in the solid state with the



fluorescence quantum yield nearly 100% [18]. Moerpwmodification of the PDI core by
substitution at 1,6,7 and 12- positions (bay-repiorcreases the steric strain between
naphthalene motifs and, as a consequence, leads ttwist of the perylene core and
disturbance of flat structure, which reduces thermolecular interactions [19-21]. The PDI
compounds substituted in the bay region by napétigabnd acenaphthalene moieties were
successfully applied as emissive layers in OLEDia#sy OLED device based on PDI with
acenaphthalene units exhibited the best efficiendie red spectral region (emission at 693
nm, CIE x = 0.69, y = 0.29) described up to novtha literature [20]. The introduction of
azaborine into bay position of PDI allowed to obttie fluorescence quantum yield of 81%
notwithstanding the constructed OLED devices wiitréase of doping ratio of azaborazine-
annulated perylene diimide have shown a decreatfieeaéxternal quantum efficiency (EQE)
even to 0.05% assigned to the aggregation indugedaling (AlQ) process [21]. The simple
OLED devices composed of layer of dendronized pewylderivatives with the external
guantum efficiency above 0.1% and red emission 5@ 6m were reported [22]. The
appealing physicochemical properties of perylenginbdes, including unique electrical
properties and relatively easy and effective PDucitire modification routes, make the
described compounds and their derivatives highivaetive for potential use on the organic
electronics substrate, including in particular oigdight-emitting diodes (OLEDs) [20-22],
organic field-effect transistors (OFETS) [23,24jganic photovoltaic cells (OPVs) [25-27],
dye lasers [28], sensors [29], and optical poweitdrs [30].

Here, we report on the synthesis and photophysitaiacterization of three perylene diimides
(PDIs) connectedvia triple bonds (€C) with bulky aromatic rings (fluorenePDI1),
carbazolyl-fluorene KDI2), and anthracyl-fluorenePDI3)) in the bay position, and
substituted at N positions by 2-ethylhexyl groupeTpresence of bulky substituents in PDIs
molecules significantly enhances their solubilitydanhibits the intermolecular interaction
and aggregation. We demonstrate that the noveldeiVatives are promising candidates for
deep red emissive OLEDs.



2. Experimental

2.1 Materials

All reagents were of analytical reagent grade, amede used without further purification.
Solvents were distilled by using standard methodspurged with argon before use.

Column chromatography was carried out on Merclkcailgel. Thin-layer chromatography
(TLC) was performed on silica gel (Merck TLC SiliGel 60). The key intermediatds13
and ethynyl derivativesEt-1 — Et-3) were synthesized according to the well-known
procedures with minor modifications, and charazteti by '"H NMR and *C NMR
spectroscopic analysis (see Supplementary Infoomatifor details). Poly[3,4-
(ethylenedioxy)thiophene]:poly-(styrenesulfonate PEDOT:PSS) (0.1-1.0 S/cm) and
substrates with pixilated ITO anodes were supfig®ssila.

2.2 Synthesis and characterization

General Sonogashira cross-coupling procedure for pgene bisimide derivatives (PDI1—
PDI3)

A solution 0f13 (100 mg, 0.138 mmol) in 50 mL degassed TEA wasestiand bubbled with
argon for 20 min. After this time, Pd(P§h(16 mg, 10%-mol), and Cul (3 mg, 10%-mol)
were added, and the resulting mixture was bubbliga a¥gon for another 10 mirtt-1 (69
mg, 0.166 mmol, 1.2 egkt-2 (96 mg, 0.166 mmol, 1.2 eq) &t-3 (102 mg, 0.166 mmol,
1.2 eq) in 10 mL TEA was then injected throughgbptum, and the mixture was stirred at 80
°C for 24h. The resulting mixture was filtered dilttation was evaporated under reduced
pressure. After removal of the solvent, the residas purified by column chromatography

giving target compound®DI11-PDI3).

1-(9,9-dioctylfluoren-2-ylethynyl)-N,N’-bis(2-ethiiexyl)-3,4,9,10-perylene diimidéPDI1).
The crude product was purified by column chromatpby (silica gel, chloroform). The
product was obtained as a dark red solid (109 % yield).'H NMR (400 MHz, CDC)): &
10.22 (dJ = 8.3 Hz, 1H), 8.72 (s, 1H), 8.62 = 8.3 Hz, 1H), 8.58 (d] = 8.0 Hz, 1H), 8.51
(d,J = 8.0 Hz, 1H), 8.44 (d] = 8.2 Hz, 2H), 7.82-7.76 (m, 2H), 7.71 (s, 1HR>(dd,J; =
7.8 Hz,J, = 1.2 Hz, 1H), 7.46-7.37 (m, 3H), 4.29-4.03 (m,)4R123-2.04 (m, 4H), 2.03-1.86
(m, 2H), 1.51-1.27 (m, 16H), 1.23-1.06 (m, 20HRD(td,J; = 7.2 Hz,J, = 1.3 Hz, 6H), 0.91



(t, J = 7.0 Hz, 6H), 0.82-0.65 (m, 10HYC NMR (126 MHz, CDGJ): & 163.70, 163.50,
163.47, 163.08, 151.50, 151.42, 143.20, 140.04,4538134.23, 134.05, 133.65, 133.13,
130.96, 130.89, 130.75, 130.64, 128.77, 128.18,9527127.10, 126.93, 126.60, 126.39,
126.33, 123.33, 123.21, 123.15, 123.09, 122.83,7622121.93, 120.49, 120.44, 120.23,
120.13, 102.30, 91.48, 55.42, 44.30, 40.33, 3732979, 30.82, 30.07, 29.33, 29.29, 28.76,
24.11, 23.94, 23.14, 23.12, 22.61, 14.17, 14.0866,010.64. HRMS (ESI) calcd. for
Cr1HeaN204 [M+H]* 1027.6353; found 1027.6350.

1-((7-(carbazol-9-yl)-9,9-dioctylfluoren-2-ylethyijyN,N’-bis(2-ethylhexyl)-3,4,9,10-
perylene diimide(PDI2). The crude product was purified by column chrargedaphy (silica
gel, chloroform). The product was obtained as a@kkolid (172 mg, 70% vyieldHd NMR
(400 MHz, CDC})): 6 10.05 (dJ = 8.3 Hz, 1H), 8.56 (s, 1H), 8.46 (dH,= 13.5 HzJ, = 8.1
Hz, 2H), 8.33 (dJ = 8.0 Hz, 1H), 8.22 (ddl; = 8.1 Hz,J, = 6.7 Hz, 2H), 8.15 (d] = 7.8 Hz,
2H), 8.04 (dJ = 7.9 Hz, 1H), 7.91 (d] = 7.8 Hz, 1H), 7.83 (s, 1H), 7.71 (dd,= 7.7 Hz,J,

= 1.1 Hz, 1H), 7.68-7.63 (m, 2H), 7.50 (d, J = B2 2H), 7.46-7.40 (m, 2H), 7.34-7.27 (m,
2H), 4.27-4.02 (m, 4H), 2.35-2.10 (m, 4H), 2.089L(g, 2H), 1.54-1.33 (m, 16H), 1.32-1.14
(m, 20H), 1.05-0.98 (m, 6H), 0.97-0.91 (m, 6H),B®B76 (M, 10H)*C NMR (126 MHz,
CDCl3): 6 163.54, 163.37, 163.29, 162.93, 153.37, 151.88,314 140.89, 139.22, 138.29,
137.45, 133.96, 133.83, 133.39, 132.97, 131.23,6830130.59, 130.50, 128.64, 127.86,
126.72, 126.56, 126.45, 126.10, 126.00, 123.49,2023123.14, 122.76, 122.67, 121.91,
121.89, 121.69, 120.58, 120.46, 120.43, 120.17,0620.09.77, 102.20, 91.77, 55.82, 44.35,
44.32, 40.26, 38.02, 31.81, 30.86, 30.09, 29.4332928.78, 24.23, 24.14, 23.16, 23.14,
22.62, 14.19, 14.07, 10.66, 10.64. HRMS (ESI) cafod CgsHgoN304 [M+H]" 1192.6931;
found 1192.6929.

1-(7-(anthracen-9-ylethynyl)-9,9-dioctylfluoren-2lgthynyl)-N,N’-bis(2-ethylhexyl)-

3,4,9,10-perylene diimide (PDI3). The crude product was purified by column

chromatography (silica gel, chloroform). The pradweas obtained as a black solid (136 mg,

77% yield)."H NMR (400 MHz, CDCJ): § 10.18 (dJ = 8.3 Hz, 1H), 8.70 (s, 1H), 8.61 {,

= 9.7 Hz, 3H), 8.52 (d] = 8.0 Hz, 1H), 8.47 (d] = 8.0 Hz, 1H), 8.40-8.31 (m, 3H), 7.94 (d,

= 8.4 Hz, 2H), 7.83 (s, 2H), 7.81-7.76 (m, 3H),8(@,J = 7.7 Hz, 1H), 7.60-7.53 (m, 2H),

7.50-7.43 (m, 2H), 4.27-4.06 (m, 4H), 2.32-2.18 @Hl), 2.10-1.90 (m, 2H), 1.53-1.31 (m,

16H), 1.30-1.11 (m, 20H), 1.00 @,= 7.3 Hz, 6H), 0.94 (t) = 6.8 Hz, 6H), 0.90-0.81 (m,

4H), 0.76 (tJ = 6.5 Hz, 6H)*C NMR (126 MHz, CDGJ): § 206.97, 163.63, 163.45, 163.43,
5



163.05, 151.89, 151.78, 142.38, 140.49, 138.37,0634133.96, 133.47, 133.13, 132.48,
131.19, 131.14, 131.11, 130.77, 130.60, 128.66,9827127.72, 126.80, 126.68, 126.57,
126.52, 126.47, 126.15, 125.96, 125.65, 123.20,1823123.08, 123.04, 122.75, 122.66,
121.87, 120.78, 120.63, 120.18, 117.22, 102.07,81001.95, 87.12, 55.71, 44.32, 40.38,
38.04, 31.82, 30.95, 30.87, 30.12, 29.42, 29.358@8&24.15, 24.10, 23.17, 23.14, 22.63,
14.19, 14.07, 10.68, 10.67. HRMS (ESI) calcd. fasHgoN,04 [M+H]" 1227.6979; found
1227.7015.

2.3 Measurements

The NMR spectra were recorded in CBGh a Bruker Advance 400 MHz (féH and’C
NMR) or Bruker Advance 500 MHz (fdfC NMR — target compounds) instruments.
Thermogravimetric analysis (TGA) was carried outeoMettler Toledo TGA STARe system
with a heating rate of 10 °C-mfnn a constant stream of nitrogen (20 ml-WirDifferential
Scanning Calorimetry (DSC) was performed with a Pont 1090B apparatus using a
heating/cooling rate of 20 °C-riirunder nitrogen and aluminum sample pans. UV-Vis
absorption spectra of solutions were recorded usamg Evolution 220 UV-Visible
Spectrophotometer at the concentration of hbl/L and 1 cm quartz cell and Jasco V-550
Spectrophotometer for films. Photoluminescence tspenf solutions were measured using
Varian Carry Eclipse Spectrometer. Photolumineseespectra in the solid state were
monitored with Hitachi F-2500 Spectrometer. The rque yield (P;) measurements were
performed by using the integrating sphere AvantgaSphere-80 (Edinburgh Instruments)
and absolute method. The measurements were pedoameom temperature with solvent
(for liquid samples) or Spectralon® reflectancendtad (for powdered samples) as blanks.
Electrochemical measurements were carried out uBcm ChemieAutolab PGSTAT128n
potentiostat, glassy carbon electrode (diam. 2 npfajinum coil and silver wire as working,
auxiliary and a reference electrode, respectivBlytentials are referenced with respect to
ferrocene (Fc), which was used as the internaldstah Cyclic voltammetry experiments
were conducted in a standard one-compartment inelh;H,Cl, (Carlo Erba, HPLC grade),
under argon. 0.2 M BMWPFs (Aldrich, 99%) was used as the supporting elegteol The
concentration of compounds was equal 1.0-a@®l/dnt. Deaeration of the solution was
achieved by argon bubbling through the solutiondbout 10 min before measurement. All

electrochemical experiments were carried out uaddsient conditions. Electroluminescence



(EL) spectra were measured with the voltage applisthg a precise voltage supply
(Gwinstek PSP-405) and the sample was fixed toaA 3tage. Light from the OLED device
was collected through a 30 mm lens, focused ortir@nce slit (5@m) of a monochromator
(Shamrock SR-303i) and detected using a CCD detdétndor iDus 12305). Typical
acquisition times were equal to 10 seconds. Thaligement of the setup was done using a
405 nm laser. The layers' thickness were measwsed) an AFM Park XE-100 instrument
(Park System, Korea) operating in tapping modehm &ir with standard 12pm single-
crystal silicon cantilevers. The piezoelectric swanhad a scan range of approximately
100 pm x 100 pum.

2.4 Film preparation

Films on glass substrates were prepared from a genswus chloroform solution (10
mg/ml) by spin-coating method (1000 rpm, 60 simBiwere dried for 24h in a vacuum oven
at 50 °C.

2.5 Device preparation

Devices with sandwich configuration ITO/PEDOT:PBSI/Al were prepared on
OSSILA substrates with pixilated ITO anodes, cleawih detergent, deionized water, 10%
NaOH solution, water, and isopropyl alcohol in dtnasonic bath. Substrates were covered
with PEDOT:PSS film by spin-coating at 5000 rpm 66rs and annealed for 5 min at 120 °C.
The active layer was spin-coated on top of the PEIPSS layer from a chloroform solution
(10 mg/mL) at 1000 rpm for 60 s and annealed forib at 100 °C. Finally, Al was vacuum-
deposited at a pressure of 5°T®rr.

2.6 DFT calculation

The calculations were carried out using GaussidB@p program. Molecular geometries of
the singlet ground state of the compounds weraroptid in the gas phase at the B3LYP/6-
319" level of theory. For each compound a frequencyutation was carried out, verifying
that the obtained optimized molecular structurgesponds to an energy minimum, thus only
positive frequencies were expected. The contrilbubioa group (anthracene and carbazole) to

a molecular orbital was calculated using Millikenpplation analysis. GaussSum 3.0



program [32] was used to calculate group contrimdito the molecular orbitals and to

prepare the partial density of states (DOS) spectra

3. Result and discussion

3.1 Synthesis

The synthetic routes of intermediates and targetpounds are shown in Schemes 1 and 2.
The key intermediatek-13 and ethynyl derivative€(-1 — Et-3) were synthesized according
to the well-known procedures with minor modificaiso[33-41]. Briefly, the iodination of
fluorene gave 2-iodofluorerieand 2,7-diiodofluorend which reacted witm-octyl bromide

in the presence of tetrabutyl ammonium bromide (TBAB) as phase transfeéalgais (PTC)
formed 2-iodo-9,9-dioctylfluoren2 and 2,7-diiodo-9,9-dioctylfluorerewith high yield. The
Ullmann condensation of carbazole whin the presence of Cul/1,10-phenanthroline as
catalysts produced in 59% vyield. Next, a Sonogashira cross-couplirgction of
trimethylsilylacetylene (TMSA) witl2 and6 in the presence of [Pd(PH4/Cul as catalysts
afforded3 and7. Treatment with NaOH converted compourgdand7 into 2-ethynyl-9,9-
dioctylfluorene Et-1) and 2-ethynyl-7-(carbazol-9-yl)-9,9-dioctylfluore Et-2).

CompoundEt-3 was obtained in a four-step reaction. First, trebnation of fluorene gave

8 with 86% vyield. Then, N-alkylation o8 provided 2,7-dibromo-9,9-dioctylfluoren®)(
Sonogashira cross-coupling reaction of deficientfMSA with 9 afforded10 which was
converted to 1-(7-ethynyl-9,9-dioctylfluoren-2-yihgnylanthraceneHt-3) (73% vyield) by
treatment with NaOH. A brominated derivative of yyene bisimidel3 was obtained by
imidization reaction between 3,4,9,10-perylenetatrboxylic dianhydride and 2-
ethylhexylamine to give perylene bisimid@ in 83% vyield, theril2 was converted to key
intermediatel3 by a selective bromination reaction using bromifhke desired perylene
bisimide derivatives RDI1-PDI3) were prepared by Pd-catalyzed Sonogashira cross-
coupling reaction of the respective ethynyl dermxegEt-1, Et-2 or Et-3 with 13 (Scheme 2).
The obtained compoundBDI1-PDI3 were fully characterized by standard spectroscopic
methods ¥H and**C NMR, mass spectrometry). The final compoufi1-PDI3 exhibit
excellent solubility in common organic solvents,clsuas hexane, dichloromethane,

chloroform, toluene, and tetrahydrofuran.
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Scheme 1. Synthesis of compound4-13 Reagents and conditions.(a) I, HslOg,
AcOH/H,0O/H,SQy, 70 °C, 6h;(b) 50% NaOH, TBABN-CgH17Br, DMSO, room temp., 12h;
(c) TMSA, Pd(PPH)4, Cul, TEA, room temp., 24{d) NaOH, MeOH/THF, room temp., 6h;
(e) carbazole, Cul, BCOs;, 1,10-phenanthroline, DMF, reflux, 30() Br,, Fe, CHC}, 0 °C,
4h; (g) TMSA, Pd(PPh)4, Cul, TEA/PhMe, 35 °C, 20Hh) 9-ethynylanthracene, Pd(P{h
Cul, TEA, 80 °C, 30h{i) 2-ethylhexylamine, DMF, reflux, 8Kj) Br,, DCM, room temp.,
72h.



Et-1, Et-2 or Et-3

[Pd(PPh,),] / Cul
TEA, 80 °C, 24h

Scheme 2The synthetic route for the preparation of comusRDI1-PDI3.

3.2 DSC and TGA studies

The thermal properties of luminescent materialsraportant for achieving high performance
and long-lifetime optoelectronic devices [42] Thatmproperties of the synthesized
unsymmetrical bay substituted acetylene peryleimaidies PDI1-PDI3 were evaluated by
differential scanning calorimetry (DSC) and thermagmetric analysis (TGA) carried out

under a nitrogen atmosphere. The obtained datsuanenarized in Table 1.

Table 1. The thermal properties of synthesized perylermaide derivative$DI1-PDI3.

DSC TGA
Code 4 o o Residue at 800°C
Tg [ C] T5 [ C] TlO[ C] [%]
PDI1 135 369 419 33
PDI2 130 419 440 10
PDI3 98 425 443 21

All compounds gave similar DSC profiles with glasmsition temperature {J registered at
135, 130 and 98 °C fd?DI1, PDI2, andPDI3, respectively (Fig. S1). It was observed that
the presence of second acetylene uniPI3 lowered the J value. The measurements
confirmed that the derivatives are amorphous nmateand no peaks due to crystallization
and melting appeared in DSC thermograms. TGA thgraros showed that for the obtained
compounds, thermal decomposition started when thetexs 5% weight loss {)lrabove 369

°C. Based on g and the temperature of 10% weight losg))Tt can be concluded that the
10



introduction of carbazold’Dl12) and anthracene uniPDI3) improves the thermal stability of

perylene diimide derivatives.

3.3 UV-Vis absorption and emission investigations

Absorption and emission properties of the preparedylene diimidesPDI1-PDI3 were
studied by means of UV-Vis and photoluminescenck) (8pectroscopy in chloroform
solution and in the solid state as thin film onsglaubstrates. Electroluminescence ability of
the obtained molecular glasses was studied forediodf the following configuration:
ITO/PEDOT:PSSIompoundAl. UV-Vis absorption spectra of investigated camapds both

in chloroform solution and as thin film were depittin Fig. 1, whereas the spectroscopic data

are summarized in Table 2.
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Fig. 1. (a) Normalized absorption spectraRidI1-PDI3 in chloroform solution and films; (b)
photoluminescence spectraRDI1 in solution under variousex and (c) PL spectra &DI1—

PDI3 in chloroform solution and films.

Table 2. UV-Vis, photoluminescence and electroluminescede¢a of bay substituted
perylene diimide$DI1-PDI3.

UV-Vis PL Aem [Nm] (Stokes

0)
Code denae [NM] (£-10%)2 shift [cm™Y) (®ru) [%0] N E[rﬁm]
CHCI° Film CHCI ¢ Film | CHCIS | Film | "B
278(1.3); 338 (18)]| . o
324: 400
377 (0.9); 448 (1.3)] 5244001 goq 691
PDIL | 479 (1.4): 529 (2.1); 48§é3§h26’ (1658) | (a540) | O | 28 706

563 (1.8)

291 (2.5); 344 (3.0);
PDI2 | 376 (2.4); 497 (1.8);
532 (1.9); 563 (2.0)

358:388; | 661(2633); 668

506: 591" | 711(3697)| (4792) | 1° 20 685

261 (2.9); 347 (1.8);

349:406;
opi3 | 410(2.1);:436 2.0 %0 613 720 17 19 220
495 (0.9); 526 (0.9)] cop.cggn | (1512) | (5269)

561 (0.9)

molecular absorption coefficient [dnmol*- cni’]; °c=10°mol/L

Typically PDI-based molecules exhibited strong apson in the range of 400-550 nm with
two sharp maximalmay at about 480 and 520 nm corresponding to 0-OCahdvibrational
transition of perylene diimide unit [43,44]. In tloase of investigated compounds except
absorption characteristic for perylene diimide ctee also band at higher energy in the range
of 300-400 nm due to the presence of fluorene dévie was seen. Compound bearing
anthracene moiety PDI3) exhibited additionally absorption band with a mpwanced
vibrational structure with\,ax at 410 and 436 nm. The absorption band at a highergy
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range of the compounds in films is slightly bathmehic shifted compared to its in solution,
indicating the weak aggregation in the solid s(gtg. S2).

The effect of the excitation wavelengthe{ on maximum emission band.f) and its
intensity was evaluated and representative PL spe€PDI1 obtained under various are
shown in Fig. 1b. The utilization dfex = 560 nm resulted in the highest PL intensity. All
studied perylene diimides were photoluminescenh litsolution and in the solid state and
emitted red radiation with PL quantum yield in thege of 15-79 % in solution and 19-28 %
in film, respectively. Compound8DI1-PDI3 in the solid state exhibited large Stokes shifts
ranging above 4540 ¢h Organic emitting compounds with large Stokedtstie desired for
various application including lighting and photoait technologies [45]. The presence of an
additional substituent at the fluorene uniRD(2 and PDI3) influences on the emission
spectra. It was found that substitution of fluoreméth N-carbazole moiety RDI2)
significantly reduced emission intensity and shifde,to lower energy in solution. On the
other handPDI2 in film emitted light with the highest intensitfhe presence of second
acetylene bond together with anthracene UPRIB) in film lowered PL intensity. However,
the relationship between structure and PL intenddgs not correspond to EL intensity.
Considering the EL spectra depicted in Fig. 2 coammglowithout substituted fluorene unit
(PDI1) showed the lowest intensity of emitted light uné&ternal voltage, which was the

most intense in the case of molecule bearing acghastructureRDI3).
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Fig. 2. Electroluminescence spectra of fabricated diodesfanction of the applied voltage.

All the devices based on the PDI derivatives shoeledtroluminescence and emitted light
with a maximum of EL band ranging from 685 to 738 (Table 2). In the case of devices
based onPDI1 and PDI2 together with the increase of applied voltage itheease of
intensity of emitted light was observed contrarythie diode withPDI3 (Fig. S3). For diode
containsPDI3 the intense of electroluminescence rapidly deeabove external voltage
above 11 V. Device based d?DI3 exhibited the best performance considering the EL
intensity. Additionally, in order to test the pdsbty of the EL intensity enhancing in OLED
devices a layer of silver nanowires (AgNWSs) wasmporated during the preparation of the
diode based orPDI2. Device with structure ITO/PEDOT:PSS/AgNWs(1PIDM2/Al was
prepared. Considering the EL spectra of such diegcted in Fig. 2, wheRDI2 mixed with
plasmonically active silver nanowires, the compaurekhibited significantly stronger

electroluminescence signal, associated presumatityplasmonics enhancement [46,47].

14



3.4 Quantum calculations

To gain further insight into the electronic struetwf the compounds the quantum theoretical
calculations at the density functional theory leware performed. Based on the optimized
geometries the energy and electronic distributidn nmlecular frontier orbitals were
calculated in dichloromethane for a comparison wéhkperimental (electrochemical)
potentials. Three-dimensional plots of the electiensity for the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecwdbital (LUMO) of PDI1-PDI3 are
shown in Fig. 3, whereas the orbital energies amdpositions are summarized in Table S1 in
Sl.

LUMO HOMO

PDI1

PDI2
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PDI3

Fig. 3. Contours of HOMOs and LUMOs &DI1-PDI3 compounds.

Moreover, Fig. S4 in Supplementary Materials shdiwes partial density of states diagrams.
The molecule of each compound was divided intofragments such as perylene diimide, 2-
etynylfluorene (R) with appropriate alkyl chainsdaime substituent (Rin fluorene moiety,
respectively and their contribution to each molacwrbital was calculated. The electronic
structures of the compounds BDI2-PDI3 are similar and HOMOs are localized on the
substituent (R and R’) in the perylene moiety (FgFig. S4, and Table S1). In the case of
PDI1 both molecule aromatic fragments i.e. perylenmidie and 2-etynylfluorene participate
in HOMO. LUMOs in each case are localized on thighanding orbitals of perylene diimide
moiety. The calculated energies of LUMO are the esdior each molecule which is
understandable considering the electronic strustofethese compounds. HOMO energies
increase in the range &DI1 to PDI3. The increase of the HOMO energy is related to the
molecular structure of thR andR’ substituents and thus its effect on the electretriecture

of the molecule. So, in theDI2 andPDI3 molecules the LUMO is mainly localized on the
R’ substituent in the fluorene part i.e. carbazold ethynyl anthracene moieties, respectively
(Table S1).

3.5 Electrochemical properties

The electrochemical propertiesDI1-PDI3 were investigated in Ci€l, solution by means

of cyclic voltammetry (CV). The electrochemical dation and reduction onset potentials
16



were used for estimation of the HOMO and LUMO eregdor rather, ionization potentials
and electron affinities) of the materials (assumtingt IP of ferrocene equals -5.1 eV) [48].
The calculated HOMO and LUMO levels together wildgcerochemical energy band gap (Eg)
are presented in Table 3. All measurements wemgedaout on glassy carbon electrode (the
working electrode). In comparison to the platinulactgode, it allows to record up to three
separate reduction peaks (#8DI3), which was not possible on platinum wire (diatmmm)
electrode.

Table 3. The calculated HOMO and LUMO levels together vétactrochemical energy band

gap (Eg).

Code | Ered | g, | E,., | Eiox | Ezox | HOMO® ['LUMO® [ 'HOMO [ LUMO [ Egew' [ Eqorn
v Vi Vi \% \% (V) (CV) | (OFT) | (OFT) | [eV] | [eV]

PDI1 | -1.02 | -1.15 - 0.96 1.10 -6.06 -4.08 -5.66 -3.54 1.98 2.12
PDI2 | -0.99 | -1.10 - 0.74 1.05 -5.84 -4.11 -5.43 -3.54 1.73 1.89
PDI3 | -0.97 | -1.08 -2.01 0.59 - -5.69 -4.13 -5.12]} -3.58 561.| 1.65

®HOMO= -5.1- B, LUMO= -5.1-E.fE4= Ex (Onset) —RE{onset)

For each polyimide a fully reversible reduction ggss towards the formation of an anion
radical according to mechanism put forward by SHdiao et al. [49] was recorded (similar
as we reported before [50,51]).

The first reduction peak onseti(f) is as high as -1.02, -0.99, and -0.97 VR@I1, PDI2,
andPDI3, respectively (Fig. S5). This process is ascritzethe reduction of the imide core
(i.e. PDI/PDI). However, the values in each case are signifigdotver compared with the
unsubstituted perylene derivatives [52]. This @iract consequence afexcessing moieties
incorporation in PDI's position 1, proving a strommgluence on physical properties. By
further lowering of potential all imides underwesgcond reduction step (PIRDF), also
fully reversible. It is worth noting that differe@®f ending group in the molecule chain in
each case affected reduction values, but not chémgehigh stability of PDI anion and
dianion itself. Finally, folPDI3 the third reduction peak at a potential slighiydw -2 V was
also recorded. In this potential region, only timslecule underwent the reduction process,
which suggests, that it is the reduction of anthnecmoiety (Fig. 4).
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Fig. 4. Cyclic voltammograms foPDI3. CV sweep rate= 100 mV/s, 0.1 M BiNPF; in
CHCl, with different lower vertex potential.

On the other hand, fa?DI1 andPDI3 oxidation was non-reversible (& type, which means
that reversible electrochemical reaction) (B followed by an irreversible chemical reaction
(C)), with onsets at 0.96 and 0.52 V, respectivalythe case oPDI2 oxidation is slightly
different in nature, giving characteristic carbafchrbazole response. Taking into
consideration this fact, the possibility of anopalymerization was evaluated. As can be seen

in Fig. 5 after first cycle new peak with onse0at6 appears.

25

204

154 —— 1st cycle
— next cycles

E\V vs Fc/Fc’

Fig. 5. Cyclic voltammograms foPDI2. CV sweep ratev = 100 mV/s, 0.1 M BiNPF; in
CH.Cl,. Arrows indicate shifts in peak maxima.
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Nevertheless, electrochemically determined band g@apthe investigated PDIs are as follow
1.97, 1.73, and 1.57 eV. FBDI1 this value is in agreement with optical band gapZ eV)
while in the case oPDI3 difference is quite high, suggesting that HOMO &tnMO are
separated in space. The electrochemical study shimatsntroduction into PDI molecule a
moiety with the desired redox properties can modlify electrochemical properties of the
final material. Very good reduction properties bé tstudied compounds, make them good
candidates for new organic n-type semiconductofsichvis extremely important for the

organic electronics field.

4. Conclusion

The synthesis and characterization of novel pegytirmides with bulky aromatic moieties in
bay positions were reported. The introduction afnaeitic substituents to perylene core as
well as N-substitution by 2-ethylhexyl group corsably improves solubility and prevents
aggregation and-nstacking of PDIs. The presence of substituentsain gositions of PDlIs
has an impact on their properties. The preparegliger diimides were amorphous and
showed T, ranging from 98 to 135 °C. The presence of caileagtoucture PDI2) resulted in

an increase of gl They exhibited high thermal stability with thegioening of decomposition
above 370 °C. All examined perylene diimides aret@hand electroluminescent. They
emitted light in the deep red region. The substitubf fluorene in diimide with carbazole
and anthracene units significantly reduced PL wsitgnin solution, however, had a less
pronounced impact on PL quantum vyield in the ssligke. The introduction of carbazole
derivative into PDI hypsochromically shifted, comg to the others, the maximum of PL
and EL bands. It was found that compound bearitigracene unitfDI3) exhibited the most
intense electroluminescence under the lowest appilidtage. Thus, it seems to be the most

promising for further investigations.
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Highlights

* Three novel perylene diimide (PDI) derivatives with bulky aromatic moieties were
synthesized.

* Photophysical properties of the obtained compounds were thoroughly studied and
compared with DTF calculations.

» The effect of substituents in bay positions of PDIs derivatives on photophysical
properties was discussed.

* The emission enhancement of perylene diimide derivatives was presented by

incorporation of silver nanowires due to plasmonics enhancement.



