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A B S T R A C T   

Three regioisomericaly pure 1,7-di-ethynyl bridged perylene-3,4,9,10-tetracarboxy tetrabutylesters functional
ized with triisopropylsilyl-ethynylen (PTE1), phenyl-ethynylen (PTE2) and tetraphenylsilyl-ethynylen (PTE3) 
groups were synthesized. Photophysical, thermal, electrochemical, and solution processed electroluminescence 
(EL) behaviours were investigated in comparison with a basic perylene-3,4,9,10-tetracarboxy tetrabutylester 
(PTEref) structure. Stepwise π conjugation, allowed tuning the absorption and photoluminescence wavelengths 
of the PTEs without disturbing the photo, thermal and electrochemical stabilities; ≫10h, >250 ◦C, and >50 
cycles, respectively. Electron mobility of PTE2 is measured to be more than 10-fold of the other PTE derivatives. 
Individual utilization of PTE derivatives as solid-state emitters in poly(N-vinylcarbazole) (PVK): 2-(4-Biphe
nylyl)-5-phenyl-1,3,4-oxadiazole (PBD) host matrix produced yellowish-green EL. Benefiting from higher elec
tron mobiliy, PTE2 emitter presented the best device efficiency values with an EL maximum of 535 nm. Whereas 
dual doping of the synthesized PTEs with PTEref resulted in greenish-white light with increased stability. 
Although the emitting layer contained no red emitting component, optimization of the dual doping ratio of 
PTEref:PTE3 produced a colour rendering index value of 76 with Commission Internationale d’Eclairage co
ordinates of (0.29, 0.37).   

1. Introduction 

The most well-known perylene derivatives are perylene diimides 
(PDIs) and perylene tetraesters (PTEs). Due to their high photo
luminescence quantum yields (PLQYs) in the visible range, excellent 
electrochemical, photo, and thermal stability, they have attracted 
attention in molecular photonic technologies such as organic or perov
skite solar cells, organic light emitting diodes (OLEDs), light emitting 
transistor displays and hybrid white LEDs [1–28]. 

Although planar PDIs suffer from low solubility in common organic 
solvents, and this restriction is relatively low for the PTEs, both PDI and 
PTE derivatives lose most of their PLQY due to dimer/aggregation for
mations in the film phase [19]. Therefore, especially in hybrid white 
LEDs, they are generally doped into optically inert polymers with very 
low mass ratios and to reach high colour rendering index (CRI) values, 
multiple layers of orange-red and green emitting PDI and/or PTE coat
ings become necessary [20,21]. 

The photoluminescence (PL) of PDIs is limited to orange-red and red 
regions, while emissions of PTEs can cover a wide range from blue-green 

to red. Non-functionalized PTEs have high band gaps due to their weak 
electron withdrawing esters, and exhibit blue-green PL in solution [21, 
29]. The most practical strategy to follow to shift the PL of PTEs towards 
the red region is to extend the π conjugation of the perylene core by 
electron donor groups. However, the application of this strategy results 
in low PLQYs even in solution phases [30]. On the other hand, curing the 
main PTE core with electron acceptor groups that contribute to the π 
conjugation not only allows the PL of the molecule to shift to longer 
wavelengths but also protects their PLQYs to some extent [31]. This 
situation increases the utilization potential of PTEs as emitters in single 
layer solution processed white OLEDs. 

White light is obtained using primary (blue and orange) or comple
mentary (red, green, blue- RGB) colours. The use of primary colours, 
which is widely used in the lighting industry, suffers from CRI values due 
to the absence of green region. Although using complementary colours is 
a remedy for this situation, in the case of narrow emission spectra, there 
will be spectral gaps between blue-green and green-red regions; cyan 
and yellow would be the missing regions [32,33]. Like most of the 
organic semiconductors, PTEs provide advantages with their wide 
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emission spectra [34]. 
In this study, a series of ethynyl bridged PTE derivatives with high 

PLQY, and optical-thermal-electrochemical stability were synthesized 
and their photophysical properties were investigated (Fig. 1). With the 
ethynyl, phenylethynyl and silanephenylethynyl groups modified PTEs, 
the conjugation was increased stepwise, and the band gap was nar
rowed; alternative emitters for green and green yellow regions were 
presented. Using synthesized PTEs as emitters in solution processed 
single layer OLEDs resulted in yellowish-green to greenish-white 
emission. 

2. Experimental methods 

2.1. Synthesis of PTE derivatives and characterization 

The process known in the literature was repeated during the syn
thesis of regioisomericaly pure 1,7-dibromo PTE, PTEref, and ethynyl 
bridged TPhSi [35–37]. The ethynyl sources required for PTE1 and PTE2 
were purchased and used in Sonogashira reactions. A summary of the 
synthetic steps were represented below, and structural characterization 
spectra were provided in Supplementary Information (SI). 

2.1.1. Synthesis of 4-bromophenyl-triphenylsilane (mBr-TPhSi) 
Freshly dried THF (desilted with sodium and benzophenone indica

tor) and 10 g of 1,4-dibromobenzene were transferred to a 250 mL 2- 
necked flask pre-heated under vacuum and Ar was introduced into the 
reaction system. The reaction flask was placed in a dry ice-acetone 
mixture, and after stirring for 20 min, 16.9 mL of n-butyl lithium 
(nBuLi) was added dropwise into the flask. After stirring for 90 min, 
chloro-triphenylsilane was added and stirred for 1 h at − 78 ◦C (dry ice/ 
acetone). Finally, the reaction was continued at room temperature for a 

night and terminated by adding 10 mL of 1 M HCl (aq) to the reaction 
medium. The reaction mixture was poured into purified water and 
extracted with chloroform (four times x 100 mL). The organic phase was 
evaporated, and some of the solid was purified by column chromatog
raphy (SiO2: hexane). FTIR (KBr), ϑmax (cm− 1) (Fig. S1): 3063 (CAr-H), 
3007 (CAr-H), 1425, 1107, 748, 727, 696 cm− 1. 1H NMR (400 MHz, 
CDCl3, TMS/ppm) δ: 7.57–7.52 (m, 8H, Ar); 7.47–7.37 (m, 11H, Ar) 
(Fig. S2). 

2.1.2. Synthesis of trimethyl-4-triphenylsilylphenylethynylsilane (TMSiA- 
TPhSi) 

1.68 g of mBrTPhSi, 15 mL of toluene, and 30 mL of di(triisopropyl) 
amine was added to the 2-necked flask, and the reaction was stirred 
under Ar atmosphere. Then, 0.46 g Pd0 and 0.07 g CuI and 0.7 mL of 
ethynyltrimethylsilane were added, the reaction was continued for 3 
days at RT and terminated. The resulting solid was purified by column 
chromatography (SiO2: hexane) after evaporation of the reaction solvent 
on a rotary evaporator. FTIR (KBr), ϑmax (cm− 1): 3064 (CAr-H), 3015 (CAr- 

H), 2956, 2900 (CAlkyl-H), 2161, 1591, 1425, 1105, 748, 727, 696 cm− 1 

(Fig. S3). 1H NMR (400 MHz, CDCl3, TMS/ppm) δ:7.56–7.36 (m, 19H, 
Ar); 0.26 (s, 9H) (Fig. S4). 13C NMR (100 MHz, CDCl3, TMS/ppm) δ: 
136.34, 136.11, 135.12, 133.80, 131.13, 129.70, 127.92, 124.27, 
105.05, 95.37, 0.06 (Fig. S5). 

2.1.3. Synthesis of 4-(triphenylsilyl)-phenylacetylene (A-TPhSi) 
50 mL of methanol and 0.43g of K2CO3 were added to the single 

necked flask and mixed for 10 min. Then, TMSiA-TPhSi was added to it 
and stirred at RT for 4 h. The reaction was terminated by decanting into 
pure water. Precipitated material was filtered and dried. Yield 84%. 1H 
NMR (400 MHz, CDCl3, TMS/ppm) δ: 7.56–7.36 (m, 19H, Ar); 3.13 (s, 
1H, C–––C–H) (Fig. S6). 

Fig. 1. Reaction scheme and molecular structures of PTEref, PTE1, PTE2, and PTE3. i) Bromination reaction of PTEref, ii, iii, and iv) Sonogashira reaction of 
dibrominated PTE with ethynyl bridged structures. 
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2.1.4. Synthesis of 1,7-di-(triisopropylsilane)ethynyl-perylene-3,4,9,10- 
tetracarboxy tetrabutylester (PTE1) 

After adding 0.84 g of 1.7-DiBrPTE [36], 15 mL of diisopropylamine, 
19 mg of CuI, and 115 mg of Pd(0) catalyst into the 2-necked flask, a 
vacuum atmosphere was provided. 2.3 mL of triisopropylethynyl was 
added to the reaction medium, stirred for 10 min at RT, and the reaction 
was terminated by monitoring by TLC. After evaporation of the organic 
solvent, the solid was purified by column chromatography. Yield; 22%. 
(Solubility in Solvent: ~70 mg/mL chloroform and toluene.) FTIR (ATR) 
ϑmax (cm− 1): 2953, 2943, 2864 (aromatic and aliphatic C–H Stretching), 
2129 (alkyne), 1732 and 1712 (ester carbonyl) (Fig. S7).1H NMR (400 
MHz, chloroform-d, TMS/ppm) (Fig. S7): 9.71–9.69 (d, J:8Hz, 2H), 8.21 
(s, 2H), 8.04–8.02 (d, J:8Hz, 2H), 4.34 [(td, 8H), 1.77 (m, 8H), 1.48 (m, 
8H), 1.19 (m, 42H total), 0.99 (t, 12H) (Fig. S8). 13C NMR (100 MHz, 
chloroform-d, TMS/ppm) δ (Fig. S9):168.21, 167.88, 136.94, 133.61, 
132.28, 130.37, 130.00, 129.88, 129.38, 127.13, 127.07, 118.14, 
107.79, 99.90, 65.49, 65.30, 30.56, 30.52, 19.25, 19.21, 18.74, 13.78, 
11.36. 

2.1.5. Synthesis of 1,7-di-phenylethynyl-perylene-3,4,9,10-tetracarboxy 
tetrabutylester (PTE2) 

After adding 200 mg (2.47 × 10− 4 mol) of 1,7-dibromoPTE, 10 mL of 
diisopropylamine, and 10 mL of toluene to the reaction flask the mixture 
was stirred under atmospheric conditions for 10 min. Then 4.7 mg (2.47 
× 10− 5 mol) CuI and 16 mg (2.47 × 10− 5 mol) Pd(Cl2)(PPh3)2 was added 
and stirring was continued for another 10 min. Finally, 270 μL (2.47 ×
10− 3 mol) of phenylacetylene was added and was kept at RT for 3 days. 
After the reaction solvent was evaporated, it was purified by column 
chromatography [SiO2, chloroform: hexane (3:1)]. Yield; 84%. Solubi
lity in Solvent: ~40 mg/mL chloroform and ~20 mg/mL toluene. FTIR 
(ATR) ϑmax (cm− 1) (Fig. S7): 2957, 2931, 2872 (aromatic and aliphatic 
C–H Stretching), 2193 (alkyne), 1703 (ester carbonyl). 1H NMR PTE2 
(400 MHz, chloroform-d, TMS/ppm) δ (Fig. S10): 9.55–9.53 (d, J:8, 2H), 
8.31 (s, 2H), 8.16–8.14 (d, J:8, 2H), 7.63–7.61/7.62–7.60 (dd, J:8Hz, 
4H), 7.43 (m, 6H), 4.38–4.33 (q, J:8Hz, 8H), 1.78 (m, 8H), 1.49 (m, 8H), 
1.02–0.97 (q, 8Hz 12H). 13C NMR PTE2 (100 MHz, chloroform-d, TMS/ 
ppm) δ (Fig. S11):168.32, 167.94, 135.93, 133.48, 132.43, 131.79, 
129.11, 128.64, 126.78, 122.67, 118.11, 95.43, 90.78, 65.61, 30.63, 
30.58, 19.28, 13.82. 

2.1.6. Synthesis of 1,7-di-[(4-ethynylphenyl)(triphenyl)silyl]-perylene- 
3,4,9,10-tetracarboxy tetrabutylester (PTE3) 

The reaction conditions used for PTE1 were used in the synthesis of 
PTE3. In this reaction, 0.1g of 1.7-DiBrPTE, 5 mL of diisopropylamine, 
1.7 mg of CuI, 8 mg of Pd0 and 74 mg of TPhSiA were used. The reaction 
was terminated after monitoring by TLC. After the reaction solvent was 
removed by a rotary evaporator, the solid was purified by column 
chromatography (SiO2: chloroform: hexane, 1:1). Yield; 79%. Solubility 
in solvent: ~40 mg/mL chloroform and ~20 mg/mL toluene. FTIR 
(ATR) ϑmax (cm− 1) (Fig. S7): 2957, 2920, 2872 (aromatic and aliphatic 
C–H Stretching), 2193 (alkyne), 1709 (ester carbonyl). 1H NMR (400 
MHz, chloroform-d, TMS/ppm) (Fig. S12): 9.54–9.52 (d, J:8Hz, 2H), 
8.30 (S, 2H), 8.15–8.13 (d, 8Hz, 2H), 7.65–7.59 (m, 20H total), 
7.43–7.30 (m, 18H total), 4.36 (q, 8H), 1.79 (m, 8H), 1.14 (m, 8H), 0.99 
(t, 6H), 0.96 (t, 6H). 13C NMR (100 MHz, chloroform-d, TMS/ppm) δ 
(Fig. S13): 168.29, 167.93, 136.37, 136.48, 136.15, 133.59, 129.82, 
128.02, 127.23, 124.06, 123.75, 123.50, 118.02, 95.41, 91.72, 65.63, 
31.62, 30.56, 29.64, 19.22, 13.81. 

2.2. Device fabrication and characterization 

Indium tin oxide (ITO) glass substrates were patterned by HCl 
etching, cleaned by following the general methods [22,23], and then O2 
plasma treatment was applied for 8 min at 70 W. Poly(3, 
4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was 
filtered twice with RC 0.45 μm filter, coated using spin coating system 

under atmospheric conditions for 1 min at 3000 rpm and annealed at 
150 ◦C for 30 min. After the PEDOT:PSS coating, the substrates were 
transferred into an N2 filled glove box system. Poly (N-vinylcarbazole) 
(PVK): 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD) (60:40 wt% in 
chlorobenzene, 30 mg/ml) was utilized as the host matrix for the syn
thesized PTE derivatives. Active layers of PVK:PBD:PTEX (0.1 wt%) (X 
= ref, 1, 2, and 3), PVK:PBD:PTEref:PTE1-3 (0.06:0.06 wt%) and PTEref: 
PTE3 (0.06:0.06, 0.03:0.06, 0.03:0.06, and 0.03:0.03 wt%) were spin 
coated under inert atmosphere for 1 min at 3000 rpm and annealed at 
150 ◦C for 30 min. These active layers were labeled as the A, B, and C 
series, respectively. Cs2CO3 and Al were coated using physical thermal 
evaporation under 10− 6 mbar with a deposition rate of 0.2 Å/s and 2 
Å/s, respectively. Device labelling was done in accordance with the 
active layer label. D series devices contains 0.1 wt%:0.1 wt% and 0.2 wt 
%: 0.2 wt% of PTEref:PTEX (X:1, 2 or 3) in their active layer and named 
D1,D2, D3, D4, D5 and D6, respectively. Six parallel devices with 
structure of ITO/PEDOT:PSS(75 nm)/Active layer(85 nm)/Cs2CO3(2.3 
nm)/Al(100 nm) and active area of 7 mm2 were fabricated. 

The energy diagram of the fabricated devices is provided in Fig. 2. 

3. Result and discussion 

3.1. Steady state absorption and photophysical properties of PTEs 

UV–Vis absorption, PL, absolute PLQY, and lifetime (τ, ns) mea
surements were performed in both chloroform and film to determine the 
basic photophysical properties of PTEs. PTE1, PTE2, and PTE3 were 
functionalized with an ethynyl bridge from the − 1 and − 7 bay positions 
of PTEref. Active participation of these bridges in the π electron delo
calization of the perylene core resulted in red shifts of the maximum 
absorption (λabs

max) and maximum PL (λPL
max) peaks of PTE; λabs

max shifts of 29 
nm–46 nm and λPL

max shifts of 31 nm–59 nm were measured for PTE1-3 
compared to the corresponding values of PTEref. PTE2 and PTE3 
exhibited the highest λabs

max and λPL
max due to their further continued 

delocalization on the phenyl ring (Fig. 3 and Table 1). The extension of 
the delocalized conjugated π electron system with the addition of 
ethynyl and phenyl ethynyl substituents on the − 1 and − 7 bay positions 
of PTEref increased the Stokes shifts (Δλ, cm− 1) and reduced the self- 
absorption probability as well. However, it did not make a significant 
effect on the PLQY and τ values of PTEref; all of the synthesized de
rivatives exhibited general PTE properties of high PLQY (75.6%–94%) 
and short τ (5.6 ns–3.9 ns) [21,29,38] in chloroform (Table 1). 

Film phase absorption and PL spectra of PTEref and PTE1, PTE2, and 
PTE3 are given in Figs. S14a–d λabs

max and λPL
max of PTEs in the film are 494 

and 595 nm (PTEref), 502 and 583 nm (PTE1), 522 and 586 nm (PTE2), 
532 and 626 nm (PTE3), respectively (Table 1). They all presented 
wider, red shifted absorption and PL spectra and reduced PLQY values 
compared to their solution behaviours. This situation was especially 
significant for PTEref and attributed to excimer or dimer/aggregate 
formations in the film [21,31]. However, the aggregation tendencies of 
the derivatives are thought to be quite different from each other [39] as 
the increment ratios ( Δλfilm

Δλsolution) detected in Δλ values were 4.0, 3.1, 1.2, 
and 2.5 for PTEref, PTE1, PTE2, and PTE3, respectively. Additionally, 
the lifetime (τ) of PTEref has increased while the others showed a 
decrement in the partial or direct curves (Table 1 and Fig. S15b). It was 
thought that although the addition of silylethynyl substituents increased 
the steric effects, they could not prevent aggregation but affected the 
aggregation types [39]. This situation would influence their electro
chemical and electrical properties and consequently their PL and EL 
behaviours in optically inert hosts and OLEDs, respectively [20,21,40]. 

3.2. Electrochemical properties and stability behaviour of PTEs 

Electrochemical characterizations of PTE1, PTE2, and PTE3 were 
carried out to investigate the effect of 1,7-di ethynyl group on reduction, 
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oxidation potentials, highest occupied molecular orbital (HOMO), and 
lowest unoccupied molecular orbital (LUMO) levels by using cyclic 
voltammetry measurements (Fig. 4 and Table 2). Although PTE de
rivatives exhibit a double reduction potential similar to PDIs [31], they 
also have oxidation peaks [41]. This generates weaker electron acceptor 

property of ester groups compared to the imides of PDIs, which makes 
the perylene core of PTE more electron-rich [31]. The first reduction 
potential values of PTEs were − 1.11, − 1.04, − 0.90, and − 0.94 V, 
respectively. When the ethynyl groups were substituted to the 1,7-posi
tions of PTE, this value was decreased by 0.07, 0.21 and 0.17 V, 
respectively, relative to PTEref. The LUMO energy levels of the PTEs 
were calculated using their first reduction potential and by utilizing the 
optical band gap calculated from the onset of the absorption spectrum, 
corresponding HOMO energy levels were extracted [42]. LUMO:HOMO 
energy levels of PTEref, PTE1, PTE2 and PTE3 are − 3.24 eV: − 5.74 eV, 
− 3.31 eV: − 5.67 eV, − 3.45 eV: − 5.71 eV and − 3.41 eV: − 5.67 eV, 
respectively. The decrements in the first reduction potentials and deeper 
LUMO energy levels of PTE1-3 suggested that they would be better 
electron acceptors and would present enhanced electron mobility (μe-) 

Fig. 2. Energy band diagram (left) and device structure (right) of fabricated OLEDs.  
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Fig. 3. a) Absorption and b) PL spectra of PTEref, PTE1, PTE2, and PTE3 in chloroform.  

Table 1 
Photophysical properties of PTEs in chloroform [1 × 10− 6 M] and film [maximum absorption, λabs

max and maximum PL, λPL
max peaks (nm); Stokes shift, Δλ (cm− 1); PLQY, 

(Φ%); lifetime, τ (ns); half-life, t1/2 (h)].  

PTEs In solution In film 

λabs
max λPL

max Δλ Φ% τ t1/2 λabs λPL
max Δλ Φ% τ 

ref 470 489 826 94.0 3.9 >10 494 595 3336 17.3 15.9 
1 499 522 882 86.5 5.1 >10 502 583 2767 1.2 a 

2 514 546 1140 98.0 5.6 >10 552 599 1421 2.8 a 

3 516 548 1131 75.6 5.4 >10 532 626 2822 5.3 a  

a Could not be detected due to fast decay (Fig. S15). 

Fig. 4. Voltammogram curves of solutions of PTEref, PTE1, PTE2, and PTE3 
with 0.1 M TBAPF6 in DCM. 

Table 2 
Reduction, oxidation, optical band gap, HOMO and LUMO energy levels of PTEs.  

PTEx ERed (V) EOxd (V) ΔEOpt (eV) HOMO (eV) LUMO (eV) 

Ref − 1.11/-1.40 1.40 2.50 − 5.74 − 3.24 
1 − 1.04/− 1.34 1.37 2.36 − 5.67 − 3.31 
2 − 0.90/− 1.20 1.39 2.26 − 5.71 − 3.45 
3 − 0.94/− 1.22 1.26 2.26 − 5.67 − 3.41  
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values compared to the PTEref. 
To support this suggestion on the expected enhanced μe- and to better 

understand the effects of molecular structure of synthesized PTEs on 
OLED performance, μe- studies were carried out with a device structure 
of ‘Al/PTEref or PTE1-3/Al’ by using space charge limited current 
(SCLC) model at room temperature. The μe- values were found as 3.9 ×
10− 4 2.3 × 10− 4, 2.0 × 10− 2 and 2.7 × 10− 3 cm2V− 1s− 1, respectively 
(Fig. S16). The order of magnitude of the μe- values was the same as the 
LUMO energy levels. 

Molecular models of the PTEref and PTE1-3 were computed, and 3D 
structures of the synthesized PTEs showed that their packaging in the 
film phase would be different (Table S1). The slightly increased μe- value 
of PTE1 compared to that of PTEref, was attributed to ethynyl bridged 
silane groups with tetrahedral geometry. Although PTE3 also contained 
silane groups with similar geometry, the TPhSi it contained has an extra 
phenyl group which increased the distance between the perylene core 
and substituent could not prevent the π- π stacking in the film phase as 
much as the free silane of PTE1. PTE2’s 3D structure revealed that it was 
the most favorable structure for electron delocalization within the PTEs 
since it lacked tetrahedral geometry and, with its table plate like form, it 
was the most likely structure for π- π stacking (Table S1 and the videos of 
synthesized PTE derivatives).The obtained μe- values were in accordance 
with the literature as they have increased with decreased π- π stacking 
distance [17,18]. 

Continuous cyclic investigation of the PTEs in the range of +1.6 V to 
− 1.6 V was made, and the 52nd measurements were taken by degassing 
with nitrogen gas. Comparison of their 1st and 52nd measurements 
addressed their high electrochemical stability (Fig. S17). 

Photostability and thermal stability tests were also carried out. All 
PTEs were stimulated at their λabs

max, and the PL intensities (λPL
max) were 

monitored for 1 h by taking data per second. The time dependent PL 
intensities pointed out their great photostability (Fig. S18). 

In thermal gravimetric analysis, the temperatures at which PTEs 
started to decompose were determined. The first mass losses were 
detected at 340 ◦C, 345 ◦C, 300 ◦C and 284 ◦C for PTEref, PTE1, PTE2, 
and PTE3, respectively (Fig. S19). 

3.3. Yellowish-green to greenish-white electroluminescence 

Synthesized PTEs were embedded in PVK:PBD host and used as n- 
type emitters in the active layer of ‘ITO/PEDOT:PSS/Host:PTE/Cs2CO3/ 
Al’ device structure. Device characteristics of A (0.1 wt% PTEref, PTE1, 
2 and 3, named as Aref, A1, A2, and A3, respectively), B (PTEref:PTE1, 
PTEref:PTE2 and PTEref:PTE3 with 0.06:0.06 ratio, named as B1, B2 
and B3, respectively) and C (PTEref:PTE3 rations of 0.06:0.06, 
0.03:0.06, 0.03:0.06, and 0.03:0.03 named as C1, C2, C3, and C4, 
respectively) series devices containing different emitter combinations 
are given in Figs. S20–S24 and summarized in Tables 3–5. 

The blue component observed in EL versus λ curves of the devices at 
437 nm was generated from the host (Fig. 5) [22] and the shifts observed 
between 500 nm and 550 nm were consistent with the PL behaviours 
(Fig. 3b). Although the wavelength coverage of all devices was the same, 
the wavelength correspondences and intensities of the peaks were quite 
different. A1-3 devices presented the formation of a new peak at 470 nm 
(Fig. 5a). The probability of electroplex formation is eliminated with the 

voltage dependent EL measurements as the intensity of this peak did not 
change with the applied voltage (Fig. S21) [22,43]. It is thought that this 
peak should remain in B (Fig. 5b) and C (Fig. 5c) series devices and 
appear in the PL of films of active layers of A1-A3 (Fig. S22a) in case it 
was generating from the exciplex formation between the host and the 
PTEs. Further investigation on the nature of this peak was performed 
through lifetime measurements by collecting the luminesce decays at 
470 nm (Fig. S22b) and excitation at 441 nm, where all the PTEs could, 
but the host could not be excited. The τ values of 43.4 ns, 5.1 ns, and 
11.1 ns that has the same tendency with the increment ratios of Δλ of 
PTE1, PTE2 and PTE3 were obtained for the active layers of A1, A2 and 
A3 devices, respectively. This result corroborated that the peak at 470 
nm could be attributed to different π-π stacking properties of PTE1-3 
than that of PTEref as discussed above. 

Luminance and maximum current efficiency values of Aref, A1, A2 
and A3 were measured as 233, 35, 442, 196 cd/m2 and 0.23, 0.023, 
0.436 and 0.184 cd/A, respectively. Although these values can be 
considered below the state of the art of greenish emitting OLED litera
ture based on PTE derivatives [19,24–28], it is thought that they have a 
decent position with their vacuum thermal evaporated hole transfer, 
electron transfer and/or hole blocking layer free nature. Device A2 of 
PTE2, has the highest μe- exhibited the best efficiency values with the 
lowest turn on voltage of 8.2 V. The lowest full width of half maximum 
(FWHM) value was also obtained with the A2 device and suggested 
better energy transfer probability from the host to PTE2. However, 
regarding the potential to reach high CRI values with its FWHM value of 
203 nm and integrated area of 181, device A3 was the best among the ‘A’ 
series devices (Fig. S20). 

In B series devices, the increment of spectral coverage possibility 
with better device efficiency values is evaluated. Efficiency values were 
extracted from Fig. S23 and summarized in Table 4. Since the intensity 
of blue EL at 437 nm was decreased dramatically due to the increased 
amount of n-type semiconductors in the active layer, and 470 nm peak 
disappeared, spectral coverage was decreased compared to the A series 
(Fig. S24 versus Fig. S21). Nevertheless, the colour was shifted from 
green (Aref device) to yellowish-green, and the efficiency values were 
increased. B3 is the best device of the B series with its high lumines
cence, high current efficiency, and wider FWHM compared to the others. 

A broader EL spectrum can be obtained with the B3 device that 
contains PTE3. For this reason, a device optimization study, defined as C 
series, was carried out by changing the ratios of PTEref and PTE3. With 
the reduced perylene doping in C3 and C4 devices, the blue EL intensity 
of the host system was increased more than those of green and yellow 
region intensities (Fig. 5c and Fig. S25), and thus, an increase in CRI and 
CCT values was observed (Table 5). Even though these devices did not 
contain vacuum thermal evaporated electron transfer or hole blocking 
layers, their luminance and CCT values were comparable with the 
literature [26]. However, the decrease in the total amount of emitting 
material, PTE, resulted in a decrement of the efficiency values. 

Lastly, increment of the doping ratios of PTEref:PTEX to 0.1:0.1 and 
0.2:0.2 were employed in devices named as D series. Although lumi
nance values of more than 1000 cd/m2 could be obtained with some of 
these devices, CIE coordinates approached green. The charge balance 
detoriation increased the turn-on voltages and decreased the efficiency 
values (Table S2, Figs. S27–28). 

Table 3 
Luminance (cd/m2), turn-on voltage (V), power efficiency (PE, lm/W), current efficiency (CE, cd/A), external quantum efficiency (EQE, %), full width of half 
maximum (FWHM, nm), colour rendering index (CRI) and Commission Internationale d’Eclairage coordinates (CIE, x,y) of Aref, A1, A2, and A3 devices.  

Device Lum. (cd/m2) Turn-on (V) PE (lm/W) CE (cd/A) EQE (%) FWHMa (nm) CRI CIE (x,y) 

Aref 233 8.3 0.066 0.230 0.095 157 67 (0.28, 0.41) 
A1 35 15.5 0.004 0.023 0.013 112 61 (0.37, 0.47) 
A2 442 8.2 0.125 0.436 0.159 89 60 (0.37, 0.44) 
A3 196 9.2 0.050 0.184 0.081 203 71 (0.32, 0.37)  

a FWHM for the whole spectrum. 
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In addition to CRI, colourability values, which is one of the exten
sively used measures in industry and shows the colour differences be
tween the sample and D65, of the devices were also calculated. 
Mathematical expression of colourability [44] and CRI [45,46] were 
given in the SI as Eq.1 and Eq.2. The comparison of calculated colour
ability values of most of the devices with the highest CRI values (A3, B3 
and D5) within the corresponding device series (Table S3), created the 
expectation that low colourability value would accompany high CRI. But 
this expectation did not apply either to the comparison of C3 and C4 
devices, nor to the A3 and C4 devices. Although the CRI value of C3 (76) 
was higher than the C4 (71) the colourability was also higher (Table S3) 
and three-folds of difference was detected between the colourability 
values of A3 and C4 devices which have the same CRI values. This sit
uation was attributed to the approach differences between these two 
widely used quantitative values; as the colourability is determined by 
the D65 [47], it considers CIE coordinates of (x, y; 0.3128, 0.329) while 
the CRI value is determined by the light source’s spectrum. 

4. Conclusion 

λabs
max and λPL

max of PTEref and PTE1-3 were 470–489 nm, 499–522 nm, 
514–546 nm, and 516–548 nm, respectively. PTEref, PTE1, and PTE2 
exhibited high fluorescence quantum yields (PLQY≥85%) whereas PTE3 
has a relatively moderate PLQY (~75%) due to the bulky nature of 
tetraphenylsilane structure. Fluorescence lifetimes of all PTEs were in 
the range of 3–6 ns and photo, thermal and electrochemical stabilities 
were >10h, ≥300 ◦C and >50 cycles, respectively. Electron mobility 
values of the synthesized derivatives varied between 2.0 × 10− 2 

cm2V− 1s− 1 and 3.9 × 10− 4, continued delocalization of π electrons 
within the planar structure of PTE2 allowed reaching the highest 

electron mobility. 
The PTE derivatives were utilized as solid-state emitters in the so

lution processed active layer (AL) of ITO/PEDOT:PSS/AL/Cs2CO3/Al 
device. Individual presence of PTE derivatives in PVK:PBD host matrix 
gave yellowish-green electroluminescence with maximum wavelengths 
of 501 nm, 535 nm, 536 nm, and 545 nm and luminance values (cd/m2) 
of 233, 35, 442, and 196 for PTEref, PTE1, PTE2 and PTE3, respectively. 
Whereas dual doping them produced greenish-white light; luminance 
(cd/m2) and EQE (%) values of 570, 1073, 1099 and 0.22, 0.24, 0.26 
with the full width of half maximum values (nm) of 76, 109, and 108 for 
PTEref:PTE1, PTEref:PTE2 and PTEref:PTE3, respectively were ob
tained. It is thought that the π-π interaction between the PTE cores was 
minimized by the steric inheritance of PTE3 and this became the 
dominant effect in reaching high efficiency values with broadened EL 
without the need of a red emitter contribution. It is projected that 
further enhancement in the efficiency values of these devices could be 
reached with the use of suitable electron transfer and/or hole blocking 
layers. 
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Table 4 
Luminance (cd/m2), turn-on voltage (V), power efficiency (PE, lm/W), current efficiency (CE, cd/A), external quantum efficiency (EQE, %), full width of half 
maximum (FWHM, nm), correlated colour temperature (CCT), colour rendering index (CRI) and Commission Internationale d’Eclairage coordinates (CIE, x,y) of B1-3.  

Device PTEref: X Lum. (cd/m2) Turn-on (V) PE (lm/W) CE (cd/A) EQE (%) FWHMa (nm) CCT (K) CRI CIE (x, y) 

B1 PTE1 570 12 0.146 0.70 0.224 75 6005 58 (0.31, 050) 
B2 PTE2 625 10.3 0.154 0.71 0.264 110 6228 61 (0.31, 0.45) 
B3 PTE3 635 9.0 0.28 0.88 0.35 120 6195 67 (0.31, 0.44)  

a FWHM for the whole spectrum. 

Table 5 
Luminance (cd/m2), turn-on voltage (V), power efficiency (PE, lm/W), current efficiency (CE, cd/A), external quantum efficiency (EQE, %), full width of half 
maximum (FWHM, nm), correlated colour temperature (CCT), colour rendering index (CRI) and Commission Internationale d’Eclairage coordinates (CIE, x,y) of C1-4 
devices (Values extracted from Fig. S26.).  

Device PTEref:PTE3 (wt%:wt%) Lum. (cd/m2) Turn-on (V) PE (lm/W) CE (cd/A) EQE (%) CCT (K) CRI CIE (x,y) 

C1=B3 0.06:0.06 635 9.0 0.28 0.88 0.35 6195 67 (0.31, 0.44) 
C2 0.06:0.03 666 8.0 0.17 0.58 0.22 7159 62 (0.28, 0.42) 
C3 0.03:0.06 422 8.2 0.14 0.45 0.20 7233 76 (0.29, 0.37) 
C4 0.03:0.03 401 8.4 0.14 0.45 0.19 7710 71 (0.29, 0.38)  
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Fig. 5. Electroluminance characteristics of a) Aref, A1-3, b) B1-3, and c) C1-4 devices.  
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