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candidates, for example, fluorescence 
biolabeling,[8,9] luminescent solar concen-
trators,[10,11] or light emitting devices like 
solid-state lasers, microcavity photonic 
devices, and organic light-emitting diodes 
(OLEDs).[12–17] For all of those applications 
as emitter materials it is, however, impor-
tant to prevent the intimate ππ-stacking 
of PBIs, which results in low-emissive 
H-aggregates.[18] These intermolecular 
interactions between PBI dyes are most 
pronounced in their respective solid state 
where they enable a large variety of non-
radiative relaxation pathways like excimer 
formation or symmetry-breaking charge 
separation, resulting in the quenching 
of fluorescence or additional red-shifted 
bands, thereby reducing the color 
purity.[19,20]

To address this issue, different approaches for the suppres-
sion of such intermolecular interactions in matrices or the 
pristine solid-state were developed.[21] Those strategies so far 
all comprise sterical shielding of the PBI’s π-core by large sub-
stitutions with bulky groups in either ortho-, imide-, or bay-
positions. For ortho-substituted PBIs, the groups of Shinokubo 
and Osuka were the pioneers with a tetra-n-hexyl substituted 
derivative in 2009 reaching a high solid-state fluorescence 
quantum yield of 59%.[22] For the other positions, following ear-
lier work of BASF and Langhals,[23–25] our group and the group 
of Sastre–Santos introduced bulky phenol substituents to the 
1,7- bay positions to afford “encapsulated” chromophores[12,26,27] 
whereas the Wong group applied more bulky imide substitu-
ents.[28–31] Both measures proved to be successful by retaining 
sharp vibronic progressions in solution and thin films along 
with excellent solid-state fluorescence. In addition, the groups 
of Sastre–Santos and Wong demonstrated the usefulness of 
these dyes in solution-processed polymer films for lasing and 
solar concentrator devices. Besides that, the 1,7- bay substitu-
tion was further developed by our group, and recently, even 
more shielded chromophores with quantum yields above 82% 
in crystalline solids were obtained.[32,33]

The drawback of this sterical shielding concept is the 
resulting overall high molecular weight (Mw) with just 20–40% 
chromophore content of the total mass involving a big amount 
of non-emitting material, which is needed for effective 
shielding.[33] Additionally, this increase in Mw renders most 
of these materials unsuitable for vacuum sublimation, which 
is desirable for better purification as well as high-performance 
OLED fabrication. Accordingly, PBI-containing OLEDs fab-
ricated in the last decade mainly relied on fourfold phenoxy 

Perylene bisimides (PBIs) are among the best fluorophores but have to be 
enwrapped for optoelectronic applications by large and heavy substituents to 
prevent their ππ-stacking, which is known to accelerate non-radiative decay 
processes in the solid state. Here, light-weight di-tert-butylsilyl groups are 
introduced to bridge 1,12-dihydroxy and 1,6,7,12-tetrahydroxy PBIs to afford 
sublimable dyes for vacuum-processed optoelectronic devices. For both new 
compounds, this substitution provides a twisted and shielded perylene π-core 
whose, via OSiObridges, rigid structure affords well-resolved absorp-
tion and emission spectra with strong fluorescence in solution, as well as in 
the solid state. The usefulness of these dyes for vacuum-processed optoelec-
tronic devices is demonstrated in organic light-emitting diodes (OLEDs) that 
show monomer-like emission spectra and high maximum external quantum 
efficiency (EQEmax) values of up to 3.1% for the doubly silicon-bridged PBI.

Research Article
﻿

F. Brust, O. Nagler, K. Shoyama, M. Stolte, F. Würthner
Universität Würzburg
Center for Nanosystems Chemistry (CNC)
Theodor-Boveri-Weg
97074 Würzburg, Germany
E-mail: matthias.stolte@uni-wuerzburg.de; wuerthner@uni-wuerzburg.de
K. Shoyama, M. Stolte, F. Würthner
Universität Würzburg
Institut für Organische Chemie
Am Hubland
97074 Würzburg, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202202676.

1. Introduction

For the fast-growing field of organic electronics, motivated by 
the ambition of developing earth-abundant environmentally 
friendly, less toxic, and easier processable semiconductor mate-
rials, perylene bisimide (PBI) dyes have gained tremendous 
attention over the last decades.[1–4] Being already applied as 
commercial high-performance color pigments and fluorescent 
dyes, these colorful molecules are especially suited for real-
world applications due to their exceptional thermal and chem-
ical stability, high electron-affinity, as well as their outstanding 
photochemical properties, like fluorescence quantum yields 
(Φfl) up to unity.[5–7] Taking this into account, PBIs are perfect 

© 2022 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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bay-substituted PBIs,[34] 1,7- direct arylated PBIs,[35] BN-fused 
PBIs,[16,36] and N-annulated PBIs dimers,[15,37] that afforded 
maximum external quantum efficiency (EQEmax) values in the 
range of 0.6–1.6%.

Therefore, with the goal of OLED applications in mind, 
we designed and synthesized two new light-weight but still 
well-shielded solid state emitters by introducing tert-butylsilyl 
groups as bay-bridging units to 1,12-dihydroxy- or 1,6,7,12-tet-
rahydroxy-PBI chromophores. The optical properties of these 
new non-planar but still rigid compounds were investigated 
by UV/vis absorption and fluorescence spectroscopy in solu-
tion, as a polycrystalline powder or individual microcrystal, 
as well as embedded in mCBP matrix. The successful inhibi-
tion of π-contacts in the solid state even for the singly bridged 
molecule was elucidated by single crystal X-ray structure anal-
ysis and correlated to the observed emission spectra and high 
quantum yields. The utilization of these light-weight dyes as 
an active component in vacuum-processed devices provided 
narrow photoluminescence spectra exhibiting devices with 
EQEs which are among the best for PBI-containing OLEDs.

2. Results and Discussion

2.1. Synthesis and X-Ray Analysis

The syntheses of the two new silicon bay-bridged chromo-
phores PBI(OSiO) and PBI(OSiO)2 are closely 
related to our just recently reported procedure for carbon-
bridged derivatives.[38] The precursors are 1,12-dihydroxy and 
1,6,7,12-tetrahydroxy PBI with a small 3-pentyl imide substit-
uent obtained from either 1,12-dihydroxylated perylene bisan-
hydride or 1,6,7,12-tetra methoxylated PBIs, respectively.[38–40] 
The hydroxylated molecules PBI(OH)2 and PBI(OH)4 
were reacted with appropriate equivalents of di-tert-butylsilyl-
bis(trifluormethanesulfonate) (DTBS-Ditriflate) at room tem-
perature in the presence of triethylamine as a base to obtain 
singly bay-bridged compound PBI(OSiO) in a high yield 
of 82%, as well as the doubly bay-bridged PBI(OSiO)2 in 
an almost quantitative yield of 99% (Scheme 1, for details, see 
Supporting Information).

The bridging of bay-oxygen atoms by one or two DTBS groups 
induces a pronounced twist of the chromophores’ π-surface 

and thereby imparts these dyes with excellent solubility in 
common organic solvents. Using a small imide substituent, the 
molecular weight is kept quite low (Mw  = 702.92 g  mol−1 for 
PBI(OSiO) and Mw = 875.22 g mol−1 for PBI(OSiO)2) 
compared to previously reported solid state emitting PBIs 
with molecular weights of at least 1000  g  mol−1 but for most 
examples, Mw  > 1400 g  mol−1.[29,33] Nevertheless, the chromo-
phore core is still well shielded to prevent π-stacking, which 
can be deduced from the packing arrangement found in single 
crystal structures. Single crystals suitable for X-ray analysis 
were grown for the two new compounds PBI(OSiO) 
and PBI(OSiO)2 (Figure 1) after the addition of meth-
anol to a saturated dichloromethane solution and subsequent 
slow crystallization. For PBI(OSiO), the space group is 
Pca21 whereas PBI(OSiO)2 crystalizes in the P21/c space 
group (Table  S1 and Figures S1–S4, Supporting Informa-
tion). Both crystal structures comprise M- and P-enantiomers 
of the heavily twisted chromophores. The single crystal of 
PBI(OSiO) includes two different conformers that exhibit 
dihedral angles for the unsubstituted sides of 1° and 7.9° 
(∢ (C6C6aC6bC7)), as well as 25° and 24.3° for the bay-
bridged sides (∢ (C1C12bC12aC12)), respectively. For the 
doubly bridged PBI(OSiO)2 angles of 24.2° and 26.1° are 
induced by the strained seven-membered rings (Figure  1a). 

Adv. Optical Mater. 2022, 2202676

Scheme 1.  Singly and doubly silicon bay-bridged perylene bisimides 
PBI(OSiO) and PBI(OSiO)2 and Ref-PBI included in this study 
for comparison.

Figure 1.  Solid-state molecular structures of PBI(OSiO) and 
PBI(OSiO)2 as determined by single-crystal X-ray structure analysis: 
a) View along the N,N´ axis with twist angles of each bay-region of the 
perylene core and b) top view onto the π-surface with relevant bond 
angles. Ellipsoids are set to 50% probability. Hydrogen atoms, disorder, 
and solvent molecules are omitted for clarity.
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These values suggest little strain energy imparted by the 
OSiO bridging because similar values were previously 
reported for at bay position with oxygen atoms functionalized 
PBIs, for example, tetramethoxy substituted PBIs show dihedral 
angles between 26° and 30°[40,41] and 1,12-dihydroxy substituted 
PBIs featuring intramolecular and intermolecular hydrogen 
bonds are characterized by a dihedral angle of 26.2°.[38] Nev-
ertheless, no stable M- or P- enantiomers can be separated at 
room temperature, which differs from tetra-arylated PBIs with 
stable enantiomers.[42]

As for the dihedral angles of the PBI core discussed above, 
also the OSiO angles of the seven-membered ring appear 
fairly ideal and not causing significant strain energy. Indeed, 
for the singly and doubly bridged PBIs OSiO angles of 103° 
are observed that are slightly smaller compared to those of 
literature-known related BINOL derivatives bearing the same 
DTBS-group (106°). Further, the lengths of the SiO bonds in 
this ring are 1.65 Å, which is in good agreement with the one 
found for the related BINOL derivatives.[43]

2.2. Optical Properties

The optical properties of the new bay-bridged PBI(OSiO) 
and PBI(OSiO)2 were investigated by UV/vis absorp-
tion and fluorescence spectroscopy in chloroform solution, 
and furthermore, in the solid state as powder, as individual 
microcrystals and embedded in a solid matrix of 3,3′-di(9H-
carbazol-9-yl)-1,1′-biphenyl (mCBP, 15  nm) with 1  wt% PBI. 
The introduction of the bulky and rigidifying DBTS bridging 
unit(s) at the chromophore cores does not significantly alter 
the shape of the vibronic absorption and emission spectra with 
respect to the spectra of the planar, unsubstituted Ref-PBI with 
the same 3-pentyl imide substituent. Just a bathochromic shift 
of about 17 (600 cm−1) and 20 nm (700 cm−1) is observable for 
absorption (λAbs) and emission (λEm) maxima, respectively. 
Similar to related carbon-bridged derivatives,[38] the silicon bay-
bridged PBIs also show spectra with a well-resolved vibronic 
progression for their S0–S1 transition in solution, although 
the chromophore backbone is heavily twisted (Figure  1). 
Interestingly, PBI(OSiO) and PBI(OSiO)2 display 
almost identical absorption spectra with both their λAbs at 
543  nm and molar extinction coefficients (εmax) of 66 000 and 
64 000 m−1  cm−1, respectively, which are by about 21% reduced 
compared to that of Ref-PBI. The less-intense S0–S2 transi-
tion shows a small bathochromic shift to longer wavelengths 
from 404 to 426 nm for the doubly bridged PBI while the molar 
extinction coefficients are equal with around 9000  M−1  cm−1. 
Both compounds display strong yellow emission at 553  nm 
with marginal Stokes shifts (Δv∼Stokes) of 350–400  cm−1 and 
high fluorescence quantum yields (Φfl) of 89% and 96% for 
PBI(OSiO) and PBI(OSiO)2, respectively (Figure 2  
and Table 1).

As desired, polycrystalline powders of PBI(OSiO) and 
PBI(OSiO)2 exhibit still vibronically well-resolved emis-
sion spectra with solid-state fluorescence quantum yields 
reaching values of 33% and 42%, respectively (Figure  2a,b), 
after correction for reabsorption (for details see Figure S5, 
Supporting Information).[44] This appreciable high Φfl can 

readily compete with the best-reported values for PBI-based 
solid-state emitters—especially at such low Mw (Figure  S6, 
Supporting Information). These findings can be rational-
ized by their respective molecular packing in the unit cells 
which display no π–π-stacking, which is normally respon-
sible for the quenching of fluorescence in the solid state. The 
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Figure 2.  Optical spectra of a) PBI(OSiO)2 (red), b) PBI(OSiO) 
(blue), and c) Ref-PBI (green). Normalized UV/vis absorption (c = 20 µm 
and c = 10 µm for Ref-PBI, chloroform, dark color) and excitation spectra 
at 1 wt% in mCBP matrix (light color) displayed as solid lines each with 
respective normalized emission spectra (dashed lines) and powder 
spectra (dotted/filled area) scaled according to their reabsorption-free 
red-edged emission band and normalized for Ref-PBI. Insets: Photo-
graphs of chloroform solution and powder of compounds under visible 
light (left) and UV light (right).
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chromophore center-to-center distance for PBI(OSiO) 
is 8.7  Å while PBI(OSiO)2 displays two different values 
with 7.4 and 8.3 Å to its next neighbor molecules, representing 
therewith indeed quite isolated perylene cores. Furthermore, 
rather pronounced longitudinal and transversal slips are 
observed in the respective packing arrangements for both 
PBI(OSiO) and PBI(OSiO)2 (Figures S2 and S3, Sup-
porting Information), thereby leading to negligible Coulomb  
couplings.[45]

Interestingly, the two compounds doped in the mCBP matrix 
(1  wt%) exhibit very different optical properties. The doubly 
bay-bridged best-shielded PBI(OSiO)2 still shows well-
resolved excitation (546  nm) and emission (559  nm) spectra 
that are only slightly bathochromically-shifted compared to 
the spectra of monomers in solution with an A00/A01 ratio 
from 1.72 (solution) down to 1.58 in mCBP matrix. In contrast, 
PBI(OSiO) in mCBP matrix exhibits a slightly broad-
ened excitation spectrum (552  nm) with a decreased A00/A01 
ratio from 1.69 (solution) down to 1.42, as well as a signifi-
cantly red-shifted and broad excimer-like emission (603  nm), 
similar to dimer or extended stacks of co-facially aggregated 
PBIs (Figure 2a,b).[46] Thus, the excitation and emission spectra 
resemble more those of the planar, non-shielded Ref-PBI with 
its equally broad and structureless emission spectrum. This 
is attributable to π-stacked chromophores which are preva-
lent even at such low doping ratios and whose structures 
may resemble those found for Ref-PBI or in its crystal struc-
ture.[47,48] Here, the maximum is even further red-shifted to 
629  nm (Table  1) and the A00/A01 ratio in solution with 1.67 
is decreased to 1.14, indicating H-aggregation (Figure  2c). 
With an A00/A01 ratio of 0.72 in the neat thin film, the aggre-
gation is even more pronounced (Figure S7, Supporting  
Information).

Comparing the two emission spectra of PBI(OSiO) as 
polycrystalline powders with the ones in mCBP matrix (1 wt%), 
two completely different shapes can be observed. The broad 
and structureless emission along with the reduced A00/A01 ratio 
of the excitation spectrum in mCBP indicates the formation 

of PBI H-aggregates in the matrix even at such low doping  
ratios.

2.3. OLED Devices

2.3.1. Device Fabrication

To investigate the performance of these solid-state emit-
ters as active materials in OLEDs, devices with the following 
layer structure were produced all by sublimation in a vacuum: 
ITO/MoO3/TBBD/TCTA/PBI in mCBP/PPF/TPBi/Liq/Al (for 
details see Supporting Information). The device structure 
follows a standard structure of OLEDs, starting with MoO3 
as the hole injection layer, TBBD as the hole transport layer, 
and TCTA as the electron blocking layer. To obtain the 30 nm 
thick active layer, each PBI derivative was evaporated simulta-
neously with the host material mCBP. Their deposition rates 
are controlled by quartz microbalances to ensure that the 
desired emitter ratio in the active layer ranging from 1, 2, 5, 
10, up to 20 wt% is achieved. Interestingly, despite the higher 
molecular weight, the two bay-bridged PBIs PBI(OSiO) 
and PBI(OSiO)2 afford a stable sublimation rate already at  
205 °C (p  < 5 × 10−6  mbar) while for Ref-PBI a 15 °C higher 
temperature was needed. This demonstrates the impact of 
ππ-stacking interactions for these dyes on the cohesive energy 
as can be also seen by their respective enthalpies of melting in 
our differential scanning calorimetry studies (for details see 
Figure S10, Supporting Information). To explore the impact of 
the Si-bridging on the device performance, additional OLEDs 
were processed employing an unsubstituted Ref-PBI with iden-
tical imide substituent for the lowest and highest concentra-
tions (1 and 20 wt%). Evaporated on top of the active layer were 
in order: PPF as the hole-blocking layer, TPBi as the electron 
transport layer, Liq as an injection layer, and finally, Aluminum, 
as a metallic top contact. A small investigation regarding the 
positive effects of the blocking layers can be found in the Sup-
porting Information (Figure S8, Supporting Information).

Adv. Optical Mater. 2022, 2202676

Table 1.  Optical properties of PBI(OSiO), PBI(OSiO)2, and Ref-PBI in solution (CHCl3), in mCBP matrix (1 wt%), and as solid powders at 
room temperature.

PBI λAbs (εmax)  
[nm (103 M−1 cm−1)]

A00A01
−1 [1] λEm [nm] Δv∼Stokes [cm−1] Φfl [%] τfl

d) [ns]

PBI(OSiO)2 Solution (CHCl3) 543 (64) 1.72 553 350 96b) 5.11e)

Matrix 1 wt% 546a) 1.58 559 450 – –

Powder – – 594 – 34 (42)c) –

PBI(OSiO) Solution (CHCl3) 543 (66) 1.69 554 400 89b) 4.71e)

Matrix 1 wt% 552a) 1.42 603 1550 – –

Powder – – 597 – 28 (33)c) –

ef-PBI Solution (CHCl3) 526 (84) 1.67 533 250 98b) 3.88e)

Matrix 1 wt% 537a) 0.72 629 2700 – –

Powder – – 633 – 33c) –

a)Value from the excitation spectra of PBIs in mCBP matrix (1 wt%); b)Relative fluorescence quantum yield determined by the optical dilution method with N,N’-
bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-bis(dicarboximide) (Φfl   =   96% in chloroform) or N,N’-bis(2,6-diisopropylphenyl)-perylene-3,4:9,10-
bis(dicarboximide) (Φfl   =   100% in chloroform) as the references; c)Absolute quantum yield measured (quantum yield corrected for reabsorption)[44]; d)Fluorescence 
lifetime measured with EPL-510 picosecond pulsed diode laser (λex  =  505.8 nm); e)Value with a standard deviation of about 7 × 10−12 s.
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2.3.2. Device Electroluminescence

The electroluminescence (EL) spectra displayed in Figure 3 
were recorded driving 1 wt% OLEDs at 12 V bias and are scaled 
to the reabsorption-free red-edge of each emission spectrum. 
All three materials show distinct spectral shapes, and accord-
ingly, the color of their EL. The most shielded chromophore 
PBI(OSiO)2 displays like in the previous optical studies 
a clean monomer-like emission spectrum with EL maximum 
(λEL) at 558  nm along with a well-resolved vibronic progres-
sion similar to what could be observed in solution (Figure  2). 
These findings corroborate that the chromophores are success-
fully rigidified by the Si-bridge, as well as sufficiently isolated 
by the DBTS groups, resulting in the well-defined emission 
structure, also in mCBP matrix.[38] The yellow device emission 
corresponds to CIE xy coordinates of (0.48, 0.49).
PBI(OSiO) exhibits broader EL spectra reaching up to 

750  nm  with a prominent λEL at 580  nm (1  wt%) that shifts 

with rising emitter concentration to higher wavelengths up to 
617  nm (20  wt%). This is probably caused by self-absorption 
of the active layer as the flank of the absorption spectrum of 
the material extends out to 600 nm. Interestingly, these device 
EL spectra are seemingly less defined than both solution and 
solid state PL spectra in Figure 2, where PBI(OSiO) shows 
clear monomer-like emission. In the device matrix, however, 
it seems that at low concentrations, some emitter molecules 
already started to aggregate, supported by the reduced A00/A01 
ratio compared to PBI(OSiO)2.[49] The increase in the A01 
band intensity hints at a partial formation of H-aggregates in 
mCBP matrix. This is, surprisingly, in conflict with the crystal 
structures (Figures S2 and S3, Supporting Information), where 
all chromophores apparently are oriented equidistant to each 
other and do not show any kind of π-stacking. In contrast to the 
yellow emission of PBI(OSiO)2, the devices of single bay-
bridged PBI(OSiO) emit orange light at (0.54, 0.43).
Ref-PBI shows already at low concentration (1 wt%) a broad 

and structureless red emission at 627 nm with CIE coordinates 
of (0.57, 0.36). With increasing doping ratio λEL shifts further 
bathochromically due to self-absorption at higher emitter 
concentrations. The broad featureless emission spectrum 
combined with the dominant A01 absorption band are clear 
indications that the observed electroluminescence of Ref-PBI 
is attributable to H-aggregates in the solid matrix of the OLED 
devices.[48]

2.3.3. Device Performance

In order to assess the effectiveness of both novel materials 
as OLED emitters, two series of devices with the layer struc-
ture shown in Figure 4a and varying weight ratios of each 
PBI emitter material in mCBP matrices were fabricated. In 
Figure 4b, the EQEs of all manufactured devices at a luminance 
of 100  cd m−2 are shown. For the weight ratio of 1 wt%, both 
J–V–L- and EQE-curves are shown in Figure  4c,d and their 
characteristics parameters are listed in Table 2.

As has previously been reported for PBI-based OLEDs, we 
also see a decrease in efficiency with a rising concentration of 
emitter molecules in the devices.[36] The stronger drop-off in 
efficiency for higher emitter amounts for the doubly bridged 
PBI(OSiO)2 might be related to the differences in the 
solid-state molecular packing to PBI(OSiO).

All three materials show similar turn-on voltage at around 
5 V. However, both Si-bay-bridged PBIs show a clear improve-
ment in efficiency over the reference material Ref-PBI, consid-
ering both the 1 and 20 wt% devices. The EQE at a luminance 
of 100  cd m−2 (EQE100) of PBI(OSiO)2 of 1.9% is almost 
twice that of the Ref-PBI (1.1%) with PBI(OSiO) also 
showing an improved output with 1.4%. Furthermore, devices 
employing PBI(OSiO)2 average a maximum EQE of 3.1%, 
comparing very well to other values reported in the litera-
tures for PBI-containing OLEDs.[15,35,36] The PBI(OSiO)2 
OLEDs also exhibit 50% higher luminescence at high driving 
voltages than devices using PBI(OSiO) or Ref-PBI. 
Additionally, noteworthy is that the current efficiency at a 
luminance of 100  cd m−2 (µL,100) improves by 120% from the 
Ref-PBI (µL,100 = 0.7 cd A−1) to PBI(OSiO) with 1.6 cd A−1. 

Adv. Optical Mater. 2022, 2202676

Figure 3.  Electroluminescence spectra of OLEDs based on 
PBI(OSiO)2 (top, yellow), PBI(OSiO) (middle, orange), and 
Ref-PBI (bottom, red) all recorded at drive voltages of 12  V. The fluo-
rescence spectra measured in CHCl3 (dashed lines) are displayed for 
easy comparison. The gray shaded area represents the normalized UV/
vis absorption spectra of neat vacuum-deposited thin films on quartz 
substrates. Displayed in the insets are photographs of operating devices 
with an active area diameter of 7.1 mm2.
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The doubly bridged PBI(OSiO)2 shows an even bigger 
enhancement of over 250% with a current efficiency of up to 
2.6 cd A−1. A further advantage of the additional steric shielding 
by the Silicon-bay bridging is the consistency of the emission 
spectrum of PBI(OSiO)2 regardless of doping percentage. 
While PBI(OSiO) and Ref-PBI exhibit small changes 
in color with rising amounts of dopant in the active layer, 
PBI(OSiO)2 shows almost no color change, likely thanks 
to the very effective shielding of the chromophore (Figure S9, 
Supporting Information).

It can thus be concluded that next to the higher thermal sta-
bility, the silicon bay-bridging also has a positive effect on the 
performance of PBIs used as OLED singlet emitters. Especially 
at very low dopant amounts in mCBP, where only limited inter-
actions between the emitter molecules should be possible, the 
bridged PBIs show a remarkable increase in efficiency. This 
suggests that the improvement is not only due to improved 
π-shielding caused by the steric demand DTBS units added to 
the bay position of the chromophore core. These results show 
that PBI(OSiO)2 is the best emitter molecule of the three 

showing higher efficiencies and reaching higher luminances 
than both the Ref-PBI and the singly bridged PBI(OSiO).

3. Conclusion

Two new PBI derivatives bearing one or two bulky di-tert-butyl-
silyl-groups at their bay areas were synthesized. These two dyes 
with almost identical narrow absorption and emission proper-
ties show very high fluorescence quantum yields close to unity 
in solution. In their solid state, these values are well retained 
with up to 42% and can easily compete with the best candidates 
for PBI-based solid state emitters while still keeping the mole-
cular weight low. The high fluorescence in the solid is main-
tained due to the efficient shielding of the chromophore π-cores 
in the respective crystal structures. With these advantageous 
properties along with the optical features, both molecules have 
been successfully implemented as emitter material into vac-
uum-processed OLEDs using mCBP as the matrix. For PBI-
based OLED devices with an EQE of up to 1.9% at a luminance 

Figure 4.  a) Device architecture used for all OLED devices with the electronic energy levels of employed materials. b) PBI doping percentage-dependent 
device efficiency at 100 cd m−2 of OLEDs of PBI(OSiO) (blue), PBI(OSiO)2 (red), and Ref-PBI (green) in mCBP matrix. c) J–V–L and d) EQE/L 
curves for the 1 wt% devices. The dashed lines in (d) represent the EQE curves of devices with 20 wt% PBI emitters as a comparison.

Table 2.  OLEDs device properties based on emitting layers of mCBP with 1 wt% of derivatives PBI(OSiO)2, PBI(OSiO), and Ref-PBI.

1 wt% of EQEmax [%] EQE100
a) [%] VTO

b) [V] λEL,max [nm] µL,100
a) [cd A−1] L12V [cd m−2] Tsub

d) [°C]

PBI(OSiO)2 3.1 ± 0.9 1.9 ± 0.2 5.3 ± 0.2 560 2.6 ± 0.3 1000 ± 100 205

PBI(OSiO) 2.0 ± 0.4 1.4 ± 0.2 5.22 ± 0.06 575 1.6 ± 0.2 590 ± 50 205

Ref-PBI 1.5 ± 0.4 1.1 ± 0.1 5.04 ± 0.03 626 0.7 ± 0.1 640 ± 30 220

a)Evaluated at L = 100 cd m−2; b)Evaluated at L  = 1 cd m−2; c)Evaluated at V = 12 V; d)Sublimation temperature required to produce 1 wt% active layers with mCBP with a rate 
of 0.5 Å s−1 at 10−7 mbar. Number of investigated devices: PBI(OSiO)2: 28, PBI(OSiO): 12, Ref-PBI: 17.
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of 100  cd m−2 and electroluminescence emission maxima at 
560  nm for PBI(OSiO)2 with monomeric spectral shape, 
our devices are among the best-performing ones for this class 
of dyes reported to date.

4. Experimental Section
Experimental procedures, sample preparation, and characterization 
details can be found in Supporting Information.

CCDC 2216669 and 2216670 contain supplementary crystallographic 
data for this paper. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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