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Highly Fluorescent Molecularly Insulated Perylene Diimides: 
Effect of Concentration on Photophysical Properties 

Bolong Zhang, Hamid Soleimaninejad, David J. Jones, Jonathan M. White, Kenneth P. Ghiggino, 
Trevor A. Smith and Wallace W. H. Wong* 

School of Chemistry, Bio21 Institute, The University of Melbourne, 30 Flemington Road, Parkville, Victoria, 3010, 
Australia. 

ABSTRACT: A series of four perylene diimide (PDI) chromophores were prepared with increasing steric bulk on the im-
ide substituents with the aim of retarding the effect of concentration quenching on photoluminescence, commonly ob-
served with these dyes. Spectroscopic investigations of the compounds in dilute solution confirmed that the photophysi-
cal properties of the PDI core chromophore were not perturbed by the bulky substituents. Solid film samples containing 
the PDI compounds at various concentrations dispersed in a poly(methyl methacrylate) (PMMA) matrix were examined 
and compared to amorphous neat films as well as crystalline samples. The PDI compounds containing di-tert-butylphenyl 
(bPDI-3) and trityl (bPDI-4) substituents showed near unity photoluminescence quantum yield (PLQY) up to 20 mM in 
PMMA compared to 10% PLQY for the reference compound (bPDI-1) without molecular insulation. Surprisingly, high 
concentrations (>40 mM) of a phenyl substituted PDI compound (bPDI-2) with moderate molecular insulation formed 
emissive aggregates that showed a higher PLQY compared to the PDI derivatives with greater steric bulk. By examining 
the molecular structure and solid state packing in conjunction with a series of photophysical measurements, new insights 
into designing highly fluorescent dyes, particularly in the solid state, were obtained. The trityl substituted PDI compound 
(bPDI-4) was used in a luminescent solar concentrator with optical quantum efficiency of 54%, flux gain of 6.4 and geo-
metric gain of 45.  

Introduction 

Perylene diimide (PDI) is a polycyclic aromatic chromo-
phore widely used in the dye industry and has been stud-
ied as an advanced material with applications in fluores-
cence labelling1, organic semiconducting devices2, 3 and 
light harvesting.4, 5 The PDI chromophore can be easily 
functionalised to achieve derivatives with desired proper-
ties including the tuning of photon absorption and emis-
sion while maintaining good photo- and thermal stabil-
ity.4, 6, 7 One key feature of PDI compounds is that their 
conjugated perylene core has a strong tendency to inter-
molecular π-π stack leading to molecular aggregates. 
While these aggregates or supramolecular assemblies can 
lead to desirable materials properties, such as charge 
transport, photophysical properties of the PDI chromo-
phore can also change significantly.8-10 Apart from pertur-
bation of the absorption spectrum, a commonly observed 
characteristic of PDI chromophores is the decrease in 
photoluminescence quantum yield (PLQY) with increas-
ing concentration.11 Clearly, this observation is a result of 
the formation of π-π stacked PDI dimers and/or larger 
aggregates. By preventing π-π interactions between PDI 
molecules, it is possible to achieve high PLQY at elevated 
concentrations.12 The primary goal of this study is to de-
termine the limits of PLQY in passing from dilute solution 
to the solid state of appropriately designed PDI chromo-
phores. 

There are two main approaches to prevent the π-π stack-
ing in PDI chromophores. One method is to install sub-

stituents at the bay-region (1, 6, 7, 12-positions) of the 
perylene core to impart a twist in the normally planar 
conformation (Figure 1a).6 By doing so, the tendency of π-
π stacking and intermolecular association is reduced, but 
not totally eliminated. Bay substitution also significantly 
alters the photophysical characteristics of the PDI chro-
mophore which may or may not be desirable depending 
on intended applications.13-15 Molecular insulation is the 
other effective approach to reduce the intermolecular π-π 
stacking effect in PDI compounds.12 By positioning sub-
stituents (or molecules) around the planar perylene core, 
one can sterically block π-π stacking preventing chromo-
phore-chromophore interactions.16, 17 With this approach, 
it is possible to eliminate π-π stacking association be-
tween PDI molecules while maintaining the original pho-
tophysical characteristics of the individual PDI chromo-
phore. 

Covalent substitution is possible through the shoulder (2, 
5, 8, 11-positions) of the perylene or through the imides 
without disturbing the planarity of the PDI core (Figure 
1a).18, 19 However, substitution at the shoulder position has 
a significant impact on the optical and electronic proper-
ties of the PDI chromophore.18, 20 As it is important to 
maintain the original photophysical characteristics of the 
individual PDI chromophore for our application, vide in-
fra, we decided to substitute through the imide positions. 
It should be noted that it is also possible to achieve su-
pramolecular insulation with one example using cucur-
bit[8]uril to encapsulate a PDI molecule in water.21 The 



 

PDI-cucurbit[8]uril host-guest association was driven by 
hydrophobic-hydrophilic interactions in an appropriate 
solvent environment. 

Substituting via the imide positions leaves the perylene 
core untouched5, 22 and is synthetically more versatile, 
enabling the creation of a series of compounds. One of 
our previous articles reported a molecularly-insulated PDI 
molecule with four di-tert-butylphenyl groups substituted 
via the imide position, labelled as bPDI-3 in this work 
(Figure 1d).12 This molecule showed near quantitative 
PLQY in dilute conditions and close to 75% PLQY at a 
higher concentration (80 mM) dispersed in a thin-film 
poly(methyl methacrylate) (PMMA) matrix. With such a 
high PLQY at high concentration, this molecularly-
insulated PDI was used as a fluorophore in luminescent 
solar concentrator (LSC) devices taking advantage of an 
energy migration and energy trapping strategy (vide in-
fra).12, 23, 24 

In this article, four PDI derivatives (bPDI-1 , -2, -3, and -4; 
Figure 1) were synthesized (see Supporting Information 
for details) with the purpose of studying the correlation 
between the size of imide moeities and the photolumi-
nescence quantum efficiency at high concentration. The 
UV-vis absorption and photoluminescence (PL) spectra of 
the PDI samples were recorded in both solution and solid 
state under a range of concentrations. The effects of the 
bulky substituents on the aggregation behaviour of the 
PDI molecules are discussed with reference to the crystal-
lographic data. Absolute PLQYs of PDI molecules dis-
persed in the PMMA matrix were measured using an in-
tegrating sphere to observe the effect of the substituents 
on photoluminescence quantum efficiency. Finally, the 
trityl-substituted bPDI-4 was tested in light harvesting 
LSC devices as a Förster resonance energy transfer (FRET) 
donor. In comparison with the previously reported bPDI-
3 system,12 the fully molecularly-insulated bPDI-4 demon-
strated improvements in both PLQY and performance in 
LSC devices. 

Photophysical properties of PDI derivatives 

The UV-vis absorption spectra of all four PDI compounds 
(bPDI-1 to bPDI-4) in dilute solution (2.5 × 10-5 M in 
CHCl3) are identical to each other (Figure 2). The PL spec-
trum of the PDI compounds are also identical in these 
dilute solution samples. As anticipated, the imide substit-
uents in this compound series did not perturb the photo-
physical characteristics of the PDI chromophore (i.e. the 
substituents had no significant conformation or electron-
ic influence). This was further confirmed by frontier or-
bital energy data obtained in electrochemical experiments 
(Supporting Information, Table S1). The term ‘amorphous’ 
used in all figures refers to a non-crystalline thin layer 
prepared by spin coating the sample solutions onto glass 
without any PMMA matrix. The term ‘crystalline’ used in 
all figures refers to ground single crystal samples loaded 
on filter paper.  

Before discussing the changes in photophysical properties 
with concentration for the PDI compounds, it is useful to 
consider their molecular structure. The imide substitu-

ents for the PDI compounds consisted of 2,5-substitutions 
on the 4-butylphenyl unit (Figure 1). Using bPDI-1 as ref-
erence, the size of the imide groups increased from phe-
nyl to 3,5-di-tert-butylphenyl to 4-trityl for bPDI-2, bPDI-
3 and bPDI-4, respectively. From both molecular models 
(Figure S5) and single crystal X-ray structure data (Fig-
ures 3 to 5), it was evident that the imide substituents 
provided coverage of the perylene chromophore without 
perturbation of the planar aromatic core. The perylene π 
surface of reference compound bPDI-1 is totally exposed 
(~11 Å) while there is little space for intermolecular π-π 
association for bPDI-3 and bPDI-4. In the crystal packing 
diagram, a staggered π-π stacking arrangement was ob-
served for bPDI-2 (Figure 3). This staggered arrangement 
has been observed previously in a liquid crystalline PDI 
derivative.10 Interestingly, no close π-π contact between 
perylene cores was observed for in the crystal packing 
arrangement of bPDI-3 (Figure 4) while some perylene to 
perylene interactions were apparent for bPDI-4 (Figure 5). 
These observations will be considered and discussed in 
the context of the photophysical properties of the materi-
als in the following sections. 

 

Figure 1. a) The three potential substituent positions on 
PDI type molecules and b) the structure of four bPDI 
compounds: bPDI-1, bPDI-2, bPDI-3 and bPDI-4.  

 

Reference compound bPDI-1 

Figure 3 shows the UV-vis absorption and PL spectrum of 
reference compound bPDI-1 in dilute solution (2.5 × 10-5 
M in CHCl3), dispersions in PMMA film and in an as-cast 
neat film. It has been observed previously for similar PDI 
derivatives, that aggregation resulting from intermolecu-



 

lar π-π association strongly affects the photophysical 
properties of the samples with increasing dye concentra-
tion.25 At 10 mM in the PMMA thin film, the absorption 
spectrum of bPDI-1 shows a significant blue-shift com-
pared with the other conditions, along with a loss of vi-
bronic features, indicative of H-aggregation (Figure 3a).25 
Upon increasing the concentration of bPDI-1 to 120 mM 
in PMMA and in the neat amorphous thin-film, the ab-
sorption was more pronounced at lower energies and 
broader. The PL spectrum of bPDI-1 also varied with con-
centration (Figure 3b). The relative intensity of the vi-
bronic band at 535 nm decreased with a concomitant 
emission at higher wavelengths, which may be attributed 
to emission from excited state aggregates.25 A marked 
decrease in the overall fluorescence intensity is also ob-
served with increasing concentration (see below). 

 
Figure 2. Absorption and emission spectra of all bPDIs in 
diluted solution. 

 

Phenyl-substituted bPDI-2 

The changes in photophysical properties with concentra-
tion for bPDI-2 (Figure 4) is very different to that of the 
reference compound bPDI-1. The aggregation of bPDI-2 is 
not H-aggregate dominated as in the bPDI-1 material. 
Going from dilute solution to an amorphous neat film, 
slight shifts in the vibronic bands and broadening of the 
spectrum are observed. These changes can be attributed 
to a mixture of molecular aggregates including both H- 
and J-aggregation. The changes in the PL spectrum of 
bPDI-2 are more pronounced compared with absorption 
spectrum changes (Figure 4). With increasing concentra-
tion in PMMA, a broad emission band developed with its 
maximum at 625 nm, which can be assigned to molecular 
aggregates. Interestingly, the PL spectrum of the crystal-
line sample showed clear vibronic features while the 
amorphous neat sample only had one broad emission at 
625 nm. This indicated that molecular orientation and 
intermolecular association are very different in the two 
samples. It should be noted that polarization effects in 
different media may also contribute to small shifts in the 
absorption spectra. 

 

 

Figure 3. a) UV-vis absorption and b) PL spectra of bPDI-1 in 
various sample preparations.  

 

3,5-Di-tert-butylphenyl-substituted bPDI-3 

The UV-vis absorption spectra of bPDI-3 in the various 
solution and solid state preparations were all similar, with 
clear vibronic features (Figure 5). This suggests that the 
bulky 3,5-di-tert-butylphenyl groups prevent close contact 
of the perylene chromophores, as intended. However, 
more marked changes in the PL spectra are observed but 
with a higher concentration tolerance of aggregation-
caused quenching (ACQ) effect than bPDI-2. The dilute 
solution and 10 mM PMMA spectra were essentially iden-
tical. A further increase in concentration in PMMA re-
veals the development of a red-shifted broad emission 
that dominated the amorphous neat film spectrum (Fig-
ure 5). The origin of the red-shifted broad emission in the 
neat bPDI-3 sample is unclear as the crystal structure data 
suggested little chance of close perylene-perylene interac-
tion due to the steric bulk of the substituents. Similar to 
the bPDI-2 material, the crystalline bPDI-3 spectrum 
showed clear vibronic features while the amorphous neat 
sample exhibited only one broad emission feature. Again, 
these observations can be attributed to differences in mo-
lecular orientation and intermolecular association be-
tween the two samples. More intriguing was the observa-
tion that the PL spectrum of bPDI-2 and bPDI-3 crystal-
line samples were very similar in profile despite complete-
ly different crystal packing arrangements (Figures 4 and 
5).  



 

 

 

Figure 4. Representations of single crystal X-ray data of bPDI-2: a) the thermal ellipsoid illustration of one PDI unit; b) illustra-
tion of crystal packing pattern; c) the crystal packing diagram from side view and top view of π-π stacking and d) UV-vis absorp-
tion and e) PL spectra of bPDI-2 in various sample preparations.  

 

Figure 5. Representations of single crystal X-ray data of bPDI-3: a) the thermal ellipsoid illustration of one PDI unit; b) illustra-
tion of crystal packing pattern; c) the crystal packing diagram and d) UV-vis absorption and e) PL spectra of bPDI-3 in various 
sample preparations. 

 



 

 

Figure 6. Representations of single crystal X-ray data of bPDI-4: a) the thermal ellipsoid illustration of one PDI unit; b) illustra-
tion of crystal packing pattern; c) the crystal packing diagram and d) UV-vis absorption and e) PL spectra of bPDI-4 in various 
sample preparations. 

4-Trityl-substituted bPDI-4 

The UV-vis absorption spectra of bPDI-4 in the various 
solution and solid state preparations were all very similar 
to one another in profile, with clear vibronic features 
(Figure 6). A small 3 nm red-shift of the absorption max-
imum was recorded when comparing the dilute solution 
sample to the neat film sample. The crystal packing data 
indicate the bulky trityl groups sit directly above and be-
low the π surface of the perylene core and some π-π inter-

action are possible on the edges of the molecules (3.38 Å). 

The slight red-shift in absorption spectrum might be re-
lated to polarization effect in the solid state (Figure 6d). 
As with bPDI-3, the PL spectra of bPDI-4 showed the de-
velopment of a red-shifted emission with increasing con-
centration to the neat film indicating the presence of ex-
cited state aggregates (Figure 6). A large difference is ob-
served in the PL spectra of the crystalline and amorphous 
samples again indicative of different molecular arrange-
ment and packing in these samples. 

 

To summarise, the strategy of using sterically bulky 
groups to prevent close contact of the perylene core 
chromophores was successful. Less predictable was the 
excited state properties as observed in the PL spectrum 
variations. For bPDI-2, 3 and 4, the PL spectrum showed 
the emergence of a red-shifted broad emission with in-
creasing concentration in PMMA but remained emissive 
(high PLQY) at high concentration. This was in contrast 

with the reference compound bPDI-1 which showed sig-
nificant quenching of emission with increasing concentra-
tion. The fluorescence decay profiles of bPDI-3 and 4 were 
recorded at the low wavelength emission band as a func-
tion of concentration. These decays cannot be meaning-
fully interpreted in terms of either discrete decay compo-
nents, or by lifetime distribution analyses.  Instead, we 

have calculated the mean fluorescence lifetimes (𝜏m = a1𝜏1 

+ a2𝜏 2 + ..+ai𝜏I, where a1+a2+..+ai = 1) as a function of con-

centration. The 𝜏ms of these samples were smaller than 
that of the PDI monomer emission and decrease with 
increasing concentration (Figure S7). This indicates the 
presence of emissive excited state aggregates in concen-
trated samples. With consideration of the data discussed 
thus far, in the next section we discuss the concentration 
dependence of the PLQY of the PDI compounds in 
PMMA. 

 

PLQY of PDI derivatives 

It is clear from the above PL studies that bPDI-2, 3 and 4 
are highly emissive at elevated concentration compared 
to the reference bPDI-1. To quantify the differences, the 
absolute PLQY of the PDI series dispersed in PMMA at a 
range of concentrations was measured using an integrat-
ing sphere. It is important to note that determining the 
absolute PLQY measurements, particularly for concen-
trated samples, were not straightforward. With significant 
overlap of the absorption and emission spectra for some 



 

of these PDI samples, a reabsorption correction must be 
applied to achieve the true PLQY of the chromophore 
(see SI for details). Figure 7 summarises the PLQY values 
for the four PDI compounds over concentrations ranging 
from 10 to 120 mM in PMMA. 

As expected, the PLQY of the reference compound bPDI-1 
was only 21.0+0.9% at 10 mM in PMMA which was much 
lower than the near unity value obtained from typical PDI 
compounds in dilute solution.4 This low PLQY is most 
likely the result of aggregation quenching given the 
strong intermolecular π-π association in such PDI com-
pounds as discussed earlier. On the other hand, the PLQY 
of bPDI-2 to 4 were above 90% at 10 mM in PMMA with 
bPDI-4 being the highest at 100% (Figure 7). A high PLQY 
was maintained up to 40 mM with the values dropping to 
80%, 46% and 72% at 120 mM for bPDI2, 3 and 4 respec-
tively. As neat films, the PLQY values for bPDI-2, 3 and 4 
were 21%, 14% and 29% respectively, which are amongst 
the highest neat solid state PLQY of PDI-type materials 
reported.26-28  

 

Figure 7. Absolute PLQY of the bPDI derivatives as a function 
of concentration in PMMA thin films. Reabsorption correc-
tion was applied to all data in this figure. Details of the PLQY 
measurement and the re-absorption correction can be found 
in Supporting Information.29 

 

Three main contributions to these PLQY values can be 
considered: 1. Individual (monomeric) dye emission; 2. 
aggregate emission and 3. aggregation-caused quenching. 
Aggregation caused quenching is the dominant effect for 
the bPDI-1 reference compound.11 For bPDI-2, chromo-
phore aggregation is evident in the absorption spectrum 
(Figure 4) but the aggregates remain emissive. At 120 mM 
in PMMA, the PL spectrum of bPDI-2 consists of the red-
shifted broad emission with PLQY measured at 80%, 
which is the highest of the bPDI series at this concentra-
tion. Interestingly the PLQY of bPDI-2 even slightly in-
creased after the ground-state aggregation at 40 mM. In 
comparison, the PL of both bPDI-3 and bPDI-4 involves a 
significant component of individual PDI emission up to 
very high concentrations (Figures 4 and 5). However, the 
PLQY decreases more markedly with concentration for 
bPDI-3 and 4 compared to bPDI-2. This observation sug-

gests that excited state aggregates exist in concentrated 
samples of bPDI-3 and 4 that are non-emissive despite the 
separation of the perylene core chromophore by the bulky 
di-tert-butylphenyl and trityl groups. While some of the 
variations in PLQY were unexpected, the concept of using 
bulky substituents to maintain the photophysical proper-
ties of the perylene chromophore with increasing concen-
tration was successful. The trityl-substituted bPDI-4 
shows typical PDI chromophore emission and relatively 
high PLQY at 120 mM in PMMA out-performing the di-
tert-butylphenyl bPDI-3. The energy migration character-
istics of bPDI-4 were then investigated and the results 
discussed below. Using an energy migration and energy 
trapping approach, the optical quantum efficiency (OQE, 
definition available in SI) of LSC devices containing bPDI-
4 as a FRET donor was compared with devices containing 
bPDI-3.12 

 

Energy migration and trapping 

In our previous work, an energy migration and trapping 
strategy was applied to improve the light harvesting per-
formance of PDI-based LSC devices.12 The di-tert-
butylphenyl bPDI-3 was used as an energy migration ma-
terial and FRET donor while the commercial PDI dye 
Lumogen® F Red 305 (LR305) was incorporated as the 
energy trap or FRET acceptor. The same spectroscopic 
experiments as described previously3 were adopted to 
examine the trityl-substituted bPDI-4 in this work to 
compare its performance with bPDI-3. 

In energy migration, the excitation energy residing in 
chromophores can undergo transfer between neighbour-
ing molecules of the same type via a FRET process30, 
where the energy migration distance (𝐿𝐷) is dependent on 
the concentration of the dye. Apart from concentration, 
𝐿𝐷 will depend on the FRET critical radius (𝑅0), the sepa-
ration at which energy transfer between chromophores 
and other intramolecular excited state relaxation process-
es are equally probable.31 A good overlap between the UV-
vis absorption and PL spectrum of the material is essen-
tial for an effective 𝑅0 and an extended 𝐿𝐷 . Given the 
spectral properties of bPDI-3 and bPDI-4, both chromo-
phores are suitable for energy migration. 

Using the spectral overlap and PLQY data and the Förster 
equation, the 𝑅0  of homo-transfer within bPDI-3 and 
bPDI-4 was calculated to be 5.02 and 5.03 nm respectively 
(see SI for details). As with our previous study, energy 
migration in the PDI materials was further investigated 
using time-resolved fluorescence anisotropy.12 This tech-
nique enabled an alternative determination of 𝑅0 through 
a Green’s function model (see earlier work3 and SI for de-
tails). A 𝑅0 value of 5.0 nm was obtained for both bPDI-3 
and bPDI-4, which is in excellent agreement with the val-
ues calculated from the Förster equation. The migration 
distances, 𝐿𝐷, were also obtained from the time-resolved 
emission anisotropy measurements (see SI for detailed 
data). At 60 mM in PMMA, the 𝐿𝐷 of bPDI-3 and bPDI-4 
were determined to be 23 and 21 nm respectively. The 𝐿𝐷 
value was greater than the average intermolecular dis-

0 20 40 60 80 100 120

0

20

40

60

80

100

P
L
Q

Y
 (

%
)

Concentration in PMMA (mM)

 bPDI-1

 bPDI-2

 bPDI-3

 bPDI-4



 

tance (d) when the concentration exceeded 4 mM (Figure 
S15c). At 120 mM, the 𝐿𝐷 of bPDI-4 reached 35 nm, which 
is 30 times larger than the average intermolecular dis-
tance at this concentration. These results indicate that 
bPDI-3 and 4 are equally efficient for energy migration. 

PMMA films containing a FRET donor, bPDI-4, and a 
FRET acceptor, LR305, were examined to determine the 
energy migration and trapping efficiency (Figure 9). 
LR305 should be an appropriate FRET acceptor for bPDI-4 
as there is very good overlap between the PL spectrum of 
bPDI-4 and the absorption spectrum of LR305 (Figure 8a). 
The fluorescence quenching of the FRET donor by LR305 
was investigated at two concentrations of donor – 60 and 
120 mM in PMMA. The fluorescence of the bPDI donor at 
either concentration was largely quenched by LR305 at 4 
mM and completely quenched at 16 mM (Figure S9). The 
samples in neat films (in the absence of the PMMA ma-
trix), the emission of both bPDI-3 and bPDI-4 was effec-
tively completely quenched by 1.7 mol% of LR305 (Figure 
S9). The improvement of the trapping efficiency in neat 
films I s attributed to the increase in 𝐿𝐷 in these neat 
samples. and preferential trapping by the LR305. 

The PLQYs of these samples indicate that the addition of 
LR305 to the bPDI donors substantially improved the 
PLQY value (Figure 8b, c & d). At 4 mM of LR305, the 
overall PLQY was close to 90% for both bPDI donors at 60 
mM while 90% PLQY was observed for bPDI-4 at 120 mM. 
Even in neat films, the PLQY of bPDI-4 improved from 
25% to 40% with the addition of 1.7 mol% of LR305. These 
improvements in PLQY on addition of LR305 can be ex-
plained by the proposed energy migration and trapping 
process (Figure 9). In the samples containing bPDI com-
pounds only, the excitation of the sample results in ener-
gy migration and emission from isolated PDI chromo-
phores and/or aggregates depending on the concentration 
of the dye. As the concentration of PDI is increased, the 
PLQY value declines with the emergence of the aggregate 
emission as discussed earlier. By adding LR305, the excita-
tion energy is ultimately trapped by the lower energy 
LR305 chromophore which exhibits high emission effi-
ciency at the 4 to 16 mM concentration range (Figure 8). 

 

 

Figure 8. a) UV-vis absorption and PL spectra of bPDI-4 and LR305. The PLQY variation of the donor-acceptor system 
against the concentration of LR305 in: b) 60 mM of the donors in PMMA; c) 120 mM of the donors in PMMA and d) 
amorphous neat films of the donors.  All PLQY data here is presented without the re-absorption correction, therefore the 
PLQY in 0 mM does not match the data in Figure 7. 



 

 

Figure 9. Proposed energy migration process for bPDI-3 and 
bPDI-4: a) energy migration followed by trapping by aggre-
gates; b) the energy migration process followed by trapping 
by an acceptor. 

 

Figure 10. Simulated a) optical quantum efficiency (OQE) 
and b) flux gain of LSC devices based on 120 mM bPDI-4 and 
bPDI-3 with 12 mM LR305 plotted as a function of the geo-
metric gain on a 1 mm thick square glass waveguide. All sam-
ples were excited at 490 nm. The absorbance of all samples 
was set to 1.0 at 490 nm and a total of 100,000 photons were 
used in each simulation. 

 

Apart from high PLQY values, the use of these FRET do-
nor-acceptor dye systems addresses the reabsorption is-
sue that is detrimental to the performance of LSC devices. 
Monte-Carlo ray tracing simulation was performed to 
predict the performance of the LSCs devices based on 
bPDI-4 and bPDI-3 with 12 mM LR305 (Figure 10). Since 
the re-absorption of luminescence in all samples was 
small, the calculated OQE did not change significantly 
with increasing geometric gain, G (Figure 10a, definitions 
of OQE and G in SI). At G = 120, the OQE of devices con-
taining 60 and 120 mM of bPDI-4 were 56% and 54% re-
spectively. The OQE of devices containing bPDI-3 at 120 
mM was significantly lower than that of bPDI-4 primarily 
because of its lower PLQY value. It is noteworthy that the 
use of the new trityl bPDI-4 dye would result in 50% re-
duction in the amount of LR305 in the polymer wave-
guide without compromising the light harvesting device 
performance. The flux gain of LSC devices containing 
bPDI-4 and LR305 at G = 45 was around 6 which was 
comparable to the performance of reported benchmark 
devices (Figure 10b, definition of flux gain in SI).12, 32, 33  

 

Conclusion 

A series of molecularly-insulated perylene diimide deriva-
tives were synthesized and fully characterized. By adding 
bulky substituents to the imide position, the intermolecu-
lar interactions of PDI chromophores were modulated, 
while the optical properties of the perylene core persisted. 
In contrast to the reference compound bPDI-1, that exhib-
its typical aggregation caused quenching of fluorescence 
with increasing concentration, emissive aggregates were 

observed for the phenyl-substituted bPDI-2. With the − 
stacked crystal packing, bPDI-2 is an interesting material 
for organic light emitting devices which is currently under 
investigation in our group. The inter-chromophore inter-
actions were further reduced for the di-tert-butylphenyl-
substituted bPDI-3 and the trityl-substituted bPDI-4 lead-
ing to isolation of the perylene core, as evident in their 
UV-vis absorption spectra. While bPDI-3 and bPDI-4 re-
mained highly emissive at high concentrations in PMMA, 
a red-shifted broad emission became more prominent 
with increasing concentration. This suggested the pres-
ence of excited state aggregate species even though, from 
crystal structures, direct π-π interactions between PDI 
chromophores must be small. Efficient energy migration 
was demonstrated in PMMA films containing bPDI-3 and 
bPDI-4 at high concentrations by time-resolved fluores-
cence anisotropy experiments with an energy migration 
distance (𝐿𝐷) of 35 nm measured for bPDI-4 at 120mM. 
Using bPDI-4 (120mM) as the FRET donor and LR305 
(4mM) as the FRET acceptor in PMMA films, a PLQY of 
90% was obtained. With such a high PLQY and reduced 
re-absorption in this donor-acceptor dye system, light 
harvesting LSC devices were investigated giving an optical 
quantum efficiency of 54% and a flux gain of 6 at geomet-
ric gain of 45. This light harvesting performance is com-
parable to the state-of-the-art LSCs, and we anticipate 



 

that these materials that maintain their high lumines-
cence at high concentrations may find broad applications 
in large area devices especially on glass. 
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