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FRET-Enhanced Photoluminescence of Perylene Diimides by 
Combining Molecular Aggregation and Insulation  

Bolong Zhanga,b, Igor Lyskovd, Lachlan J. Wilsona, Randy P. Sabatinic, Anjay Maniand, Hamid 
Soleimaninejada,f, Jonathan M. Whitee, Trevor A. Smitha, Girish Lakhwanic, David J. Jonesb, Kenneth 
P. Ghigginoa,b, Salvy P. Russod∗ and Wallace W. H. Wonga,b∗ 

Abstract: The photoluminescence quantum yield (𝜙𝑃𝐿) of perylene diimide derivatives (PDIs) is often limited by aggregation 

caused quenching (ACQ) at high concentration or in the neat solid-state. Energy transfer in high dye concentration systems 

is also a key factor in determining 𝜙𝑃𝐿 as a result of energy funneling to trap sites in the sample. By tuning the substituents, 

we present two classes of PDIs with aggregation and insulation of the PDI core. By combining these fluorophores in a polymer 

film, we demonstrate highly emissive samples (85% 𝜙𝑃𝐿) at high concentration (140 mM or 20 %w/w). Experimental and 

theoretical studies provide insight into why such a combination is necessary to achieve high 𝜙𝑃𝐿 . While insulated 

fluorophores maintain respectable 𝜙𝑃𝐿  at high concentration, an improved 𝜙𝑃𝐿  can be achieved in the presence of 

appropriately oriented fluorophore aggregates as emissive traps. The theoretical calculations show that the relative 

orientation of aggregated monomers can result in energetic separation of localized states from the charge-transfer and bi-

excitonic states thereby enabling high 𝜙𝑃𝐿. 

Introduction 

In many technological applications, such as light emitting 

diodes3/transistors,4 optically-pumped lasers,5 luminescent 

solar concentrators,6-8 and artificial light-harvesting antennae,5 

aggregation caused quenching (ACQ)9, 10 can negatively impact 

device performance. Many organic fluorophores exhibit a 

photoluminescence quantum yield (𝜙𝑃𝐿) close to unity in dilute 

solution,11 but it is difficult to achieve a high 𝜙𝑃𝐿  at high 

concentration or in the aggregated state.12-14 A high 𝜙𝑃𝐿  is an 

essential criterion for designing advanced fluorophores for the 

above-mentioned applications and thus the development of 

materials with high tolerance to ACQ is an important scientific 

challenge. 

Although the phenomenon of aggregation induced emission in 

some materials can lead to high emission in the aggregated 

form,15, 16 the 𝜙𝑃𝐿  can still be far from unity in the solid-state.17, 

18 The other strategy to avoid ACQ is to build steric hindrance 

around the fluorophore, also called molecular insulation.1, 19, 20 

The steric hindrance will reduce intermolecular interaction 

between the fluorophores when they form aggregates, leading 

to reduction of ACQ and higher 𝜙𝑃𝐿  under high concentration 

conditions. Several reported studies have demonstrated this 

molecular insulation strategy.21-24   

Perylene diimide (PDI) derivatives are a class of organic 

fluorophores that are widely-used in research and as 

commercial dyes due to their good photo-stability, tunable 

chemical structure and potential for high 𝜙𝑃𝐿 .11 Many PDI 

derivatives have close to unity 𝜙𝑃𝐿  in dilute solutions but the 

𝜙𝑃𝐿  can be significantly reduced in concentrated solution or in 

the neat solid-state.1, 25, 26 As the planar perylene core tends to 

associate through π-π stacking, the ACQ effect often leads to 

𝜙𝑃𝐿  reduction when the concentration is increased.27, 28 

Molecular insulation has proved an effective approach to 

restore the 𝜙𝑃𝐿  of many organic fluorophores including PDIs19, 

29, 30, providing steric hindrance. This decreases association of 

the perylene cores, thus reducing the quenching interaction 

among molecules.  

The design and synthesis of molecularly insulated PDI 

derivatives by installing bulky-substituents on the imide-

position of the perylene core was reported in our previous study 

(Figure 1a).1 It was found that core-core interaction was present 

even in the most insulated compound in that series (bPDI-3) 

which showed aggregate emission in neat amorphous films. 

Interestingly, two other derivatives, bPDI-2 and bPDI-4, showed 

a greater amount of aggregate emission and higher 𝜙𝑃𝐿 .1 We 

hypothesized that energy transfer contributed to a reduction of 

𝜙𝑃𝐿  at high concentration. The energy migration process does 
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Figure 1.  a) The chemical structure of all PDI derivatives. The imide substituents are highlighted blue while the ortho-substituents are red. bPDI-1, 2, 3 and 4 have been 

reported previously.1 b) Simple Jablonski diagram illustrating the FRET process which requires a certain proximity of fluorophores or high concentr ation of bPDIs. c) 

Illustration of possible FRET acceptors: single emitters, emissive aggregates and non-emissive aggregates. d) The absorption and emission spectra (λex= 490 nm) of the 

bPDIs (bPDI-3 for example), obPDI-1 and obPDI-4 recorded in dilute solution conditions. 

 

not directly cause any 𝜙𝑃𝐿  loss, but it increases the likelihood of 

energy trapping by low concentrations of any non-emissive 

species present. The strongly overlapped absorption and 

emission spectra of the PDI derivatives meant that Förster 

resonance energy transfer (FRET)31, 32 was efficient in high 

concentration samples (Figure 1b).1, 19, 33 Therefore, only a small 

amount of non-emissive energy trap was required to 

significantly reduce 𝜙𝑃𝐿. 

On the other hand, energy transfer can sometimes assist in 

maintaining high 𝜙𝑃𝐿  by rapidly funneling the energy to a highly 

emissive acceptor thus bypassing energy loss pathways.1 This 

phenomenon has often been observed in donor-emitter 

fluorophore systems across both organic and inorganic 

materials.34-36 The 𝜙𝑃𝐿  of bPDIs were significantly improved 

when  highly emissive energy acceptors (e.g. Lumogen Red 305) 

were introduced into the system  (Figure 1c).1, 8, 19  

In this work, we designed two new PDI derivatives with the 

intention to improve molecular insulation. The photophysical 

properties in dilute solution as well as in polymer and neat films 

were investigated. Time-resolved fluorescence spectroscopy 

was used to study the energy transfer process in the high 

concentration polymer samples. Quantum chemical 

calculations were performed to understand how the structure 

of PDI aggregates affects the 𝜙𝑃𝐿 .  Lastly, a small amount of 

emissive aggregate was blended with a fully insulated PDI 

derivative, resulting in the best  𝜙𝑃𝐿  at high concentration in 

polymer films. 
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Results and discussion 
Spectroscopic characterization 

Inspired by the side-by-side molecular packing of bPDI-4 in its 

crystal form1, we have designed and synthesized two ortho-

substituted bPDIs, obPDI-1 and obPDI-4 (Figure 1a). The 

structure of obPDI-1 is conducive to 𝜋 -  𝜋  stacking and H-

aggregation, while the structure of obPDI-4 is designed to 

provide complete molecular insulation and thus prevent 

aggregation. 

Both obPDI-1 and obPDI-4 were synthesized by a one-step Ru-

catalyzed direct-alkylation reaction with 1,3-dimethylbutene 

from bPDI-1 and bPDI-4 (synthesis and characterization details 

are provided in the ESI).37 As both the absorption and emission 

spectra of obPDI-1 and obPDI-4 in dilute solution are identical 

to the previously reported bPDIs (<5 nm spectral shift, Figure 

1d), the imide- and ortho-position substituents have no notable 

influence on the photophysical properties of the perylene core. 

In a poly(methyl methacrylate) (PMMA) thin-film matrix (both 

10 mM and 120 mM, Figure 2a), the absorption spectra of 

obPDI-1 showed a change in relative height of the vibronic band 

structure and a red shift of the peak at the longest wavelength 

compared to the dilute solution case, suggesting the formation 

of hybrid H- and J-aggregates. The emission of obPDI-1 was 

significantly red-shifted at 10 mM in PMMA and became 

dominated by aggregate emission at 10 mM, 120 mM and in the 

amorphous solid-state, due to the emergence of emissive 

aggregates. The perylene core of obPDI-4 was sterically well 

protected. This was reflected in the absorption spectrum that 

remained unchanged at all concentrations while the emission 

spectrum was only slightly perturbed at 120 mM in PMMA and 

retained clear vibronic structure in the amorphous solid-

state(Figure 2b). The 𝜙𝑃𝐿  values of obPDI-1 and obPDI-4 in 

dilute solution were both above 90%, indicating that the ortho-

substituents did not lead to any non-emissive energy loss in 

comparison with the other bPDIs. At a concentration of 10 mM 

in the PMMA matrix, the 𝜙𝑃𝐿  values of the obPDIs were ~10% 

lower compared to dilute solution. Surprisingly, the 𝜙𝑃𝐿  of the 

fully molecularly insulated obPDI-4 at 120 mM was only 40%, 

which is lower than the 𝜙𝑃𝐿  of obPDI-1 at 56% (Table S1, see 

measurement details in ESI). The 𝜙𝑃𝐿  variation of obPDIs with 

concentration was not consistent with that expected based on 

the ACQ effect alone. 

 

Time-resolved spectroscopy 

A series of time-resolved spectroscopy experiments were 

performed to study the unexpected 𝜙𝑃𝐿  variation (Table S1). In 

dilute solution, the emission decays of both obPDI-1 and obPDI-

4 were both non-exponential with the amplitude average 

fluorescence lifetimes of ~4 ns, which is typical of PDI 

derivatives. The average fluorescence lifetime of obPDI-1 

increased to 10.35 ns at 10 mM in PMMA matrix, suggesting 

aggregate formation with increasing concentration.38 When the 

concentration of obPDI-1 and obPDI-4 increased to 120 mM and 

in neat solid-state samples, the fluorescence decays of both 

decreased substantially, typical of ACQ. The observation of the 

fluorescence lifetime variation in obPDIs agrees with the 𝜙𝑃𝐿  

variation at different concentrations. 

 

 

Figure 2.  Absorption (left) and emission (right) spectra of a) obPDI-1 and b) obPDI-4 at a range of concentrations (λex= 490 nm). 
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Singular value deconvolution (SVD)39, 40 analysis, using the 

multivariate curve resolution alternating least-squares (MCR-

ALS) algorithm,38, 41 was performed on the fluorescence decays 

collected as a function of emission wavelength for both obPDI-

1 and obPDI-4 in order to further investigate the influence of 

aggregation and molecular insulation. The SVD of the time-

resolved fluorescence data of obPDI-1 and obPDI-4 at 120 mM 

suggested that two components contribute to the overall 

emission spectra, i.e. the monomeric component and the red-

shifted aggregated component (Figure 3a and b). The temporal 

deconvolution suggested the fluorescence of the aggregated 

components in general occurs over longer timescales than the 

corresponding monomer component. For obPDI-4, the 

fractional contribution of the monomer component (72%) to 

the overall decay was much higher in comparison to the 

aggregated component (28%), again suggesting that obPDI-4 is 

highly sterically-hindered and there is little opportunity to form 

any emissive aggregates. On the other hand, the fluorescence 

of obPDI-1 at 120 mM was mainly from the aggregated 

component (86%), which significantly increases the overall 

fluorescence lifetime of obPDI-1.  

The details of the exponential fitting to the temporal 

decomposition are listed in Table S2. For obPDI-1, both the 

monomeric and the aggregated component started to decay 

right after the excitation, but the decay of the monomeric 

fluorescence is much faster than the aggregated fluorescence. 

This could be a result of energy transfer from component 1 to 

component 2. The abundance of ground state aggregate species 

as seen in the absorption spectrum in Figure 2a meant that 

component 2 emission mainly stems from direct 

photoexcitation of aggregates. Since the aggregated 

component of obPDI-1 was highly emissive, the fluorescence 

lifetime in 120 mM was quite long and the overall 𝜙𝑃𝐿  higher 

than obPDI-4. This interesting property of obPDI-1 is further 

discussed in the theoretical section below. 

For obPDI-4, a growth in the emission intensity of component 2 

is seen prior to it decaying. Since the growth rate of component 

2 (g = 0.35 ns) was similar to the shorter decay (1 = 0.25 ns) of 

component 1 (Table S2), the excitation of the aggregates is 

interpreted as mainly coming from the partial quenching of the 

monomeric emission. It is noteworthy that the monomeric 

fluorescence was still dominant (72%). The overall fluorescence 

lifetime of obPDI-4 in 120 mM at 1.58 ns (Table S1) was much 

shorter than in dilute solution (3.89 ns) indicating both 

components of obPDI-4 may be further quenched by non-

emissive energy traps. These time-resolved spectroscopy 

results are consistent with the lower than expected 𝜙𝑃𝐿  for 

obPDI-4.  

 

Figure 3.  The time-resolved fluorescence data of a) obPDI-1and b) obPDI-4 at 120 mM in PMMA matrix together with the spectral and temporal deconvolution via MCR-ALS. 

Components 1 and 2 are assigned to the monomeric and aggregated fractions of emission respectively. 



 | 5 

 

Figure 4. a) The crystalline packing of bPDI-1, obPDI-1 and bPDI-2 shows clear π- 𝜋 stacking among molecules, but the packing arrangements are different. However, the crystalline 

packing of bPDI-4, bPDI-3 and obPDI-4 indicated the bulky-substituents prevented any possibility of 𝜋- 𝜋 stacking among these molecules. The crystallography data of the bPDIs are 

provided in the Supporting Information for detailed viewing. b) The 𝜙𝑃𝐿 of all six PDIs under different conditions. The PDIs with hybrid characteristics of molecular aggregation and 

insulation in general exhibit higher 𝜙𝑃𝐿 values in this series. The 𝜙𝑃𝐿of the solution sample was measured by the relative method using perylene orange (𝜙𝑃𝐿 99%) as the reference 

and the solid-state samples were measured by the absolute method using an integrating sphere (averaging over 3 measurements). The uncertainty of the relative and absolute 

𝜙𝑃𝐿measurement are ~6.0% and 5.5% respectively.2 

 

Comparison of six bPDI and obPDI derivatives 

The entire bPDI series, including obPDI-1 and obPDI-4, were 

then compared to map the influence of the aggregation and 

molecular insulation on the 𝜙𝑃𝐿 . The X-ray crystal packing data 

(Figure 4a) was used to separate the bPDIs into two classes, i.e. 

an aggregation class and an insulation class. As shown in Figure 

4a, bPDI-1, obPDI-1 and bPDI-2 belong to the aggregation class, 

because these molecules exhibit − stacking, indicating a 

strong interaction between the perylene cores. The stacking 

patterns of the three compounds exhibit a different angle 

between neighboring molecules, due to the imide-position or 

ortho-position substituents. In contrast, the molecular 

insulated class, namely bPDI-4, bPDI-3 and obPDI-4, showed no 

direct interaction between the perylene cores, due to the steric 

hindrance from the bulky substituents.  

The absorption and emission spectra of all the bPDIs (Figure 2 

and S5) at high concentration in the PMMA matrix are 

consistent with the assignments made from the crystal packing 

of the materials. For the aggregation class, the absorption 

spectra of bPDI-1 were blue-shifted at 10 mM, 120 mM and in 

the neat solid-state (Figure S5a), indicating H-type aggregate 

formation42, 43 at high concentration, while that of obPDI-1 

showed changes indicative of mixed H- and J-aggregate 

formation as discussed earlier (Figure 2a). The absorption 

spectrum of bPDI-2 was slightly red-shifted and broadened, 

again indicative of aggregation (Figure S5b). The emission 

spectra of the aggregation class were all red-shifted, suggesting 

the fluorescence was dominated by aggregate emission. For the 

insulation class, the absorption spectra of bPDI-4, bPDI-3 and 

obPDI-4 at high concentration in PMMA matrix or in the neat 

solid-state were all identical to the spectra recorded in dilute 

solution, indicating monomeric species dominated. The 

emission spectra of the insulation class showed much less 

influence from the aggregate species at high concentration. 

Even in the neat solid-state, the emission spectra retained some 

characteristics of the monomeric species. bPDI-4 showed the 

most aggregate emission in the insulation series at 120 mM in 

PMMA matrix. 

As shown in Figure 4b, the 𝜙𝑃𝐿  of the PDIs were all above 90% 

in dilute solution, indicating that the bulky substituents did not 

have any significant direct influence on the quantum efficiency 

of the perylene cores. In the absence of bulky substituents, 

bPDI-1 formed aggregates readily and the 𝜙𝑃𝐿  dropped to 20% 

at 10 mM while all other PDIs showed 𝜙𝑃𝐿  above 80% under the 

same conditions. However, at 120 mM in PMMA matrix, the 

𝜙𝑃𝐿  varied significantly depending on the molecular structure 

and the degree of molecular insulation. Surprisingly two of the 

most molecularly insulated PDIs, i.e. bPDI-3 and obPDI-4, 

showed 𝜙𝑃𝐿  values that were much lower than the less 

sterically hindered bPDI-2 and bPDI-4. On the other hand, the 

strongly aggregated obPDI-1 also showed higher 𝜙𝑃𝐿  compared 

to bPDI-3 and obPDI-4 at 120 mM. This indicated that the ACQ 

effect was not the dominant process affecting the 𝜙𝑃𝐿  of PDIs 

at high concentration in PMMA. 

As mentioned previously, bPDI-4 displayed more aggregate 

emission at 120 mM in the insulation class of bPDIs. Since the 
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𝜙𝑃𝐿  of bPDI-4 at 120 mM was much higher than bPDI-3 and 

obPDI-4, one can conclude that the 𝜙𝑃𝐿  of the aggregate 

component for bPDI-4 was above the molecularly insulated PDIs 

at this concentration. To date, the ACQ effect was pervasive for 

bPDIs, but the formation of emissive aggregates in bPDI-4 

provided an alternative pathway that helped to restore the 𝜙𝑃𝐿 . 

The energy transfer process allowed a small amount of the 

emissive aggregates to substantially change the 𝜙𝑃𝐿  of PDIs. 

The 𝜙𝑃𝐿  values were lower in the insulation class with less 

aggregate emission observed at high concentration or in neat 

films. 

 

Quantum Chemical Calculations 

The above experiments suggest that the presence of emissive 

aggregate species is a key factor in achieving a high 𝜙𝑃𝐿  for PDI 

derivatives at high concentration. In addition to the localized 

states (L), molecular clusters can give rise to low-lying charge-

transfer states (CT), which lead to trap states in PDI 

aggregates.44, 45 Furthermore, spin conversion from singlet to 

triplets via intersystem crossing or singlet fission can promote 

nonradiative deactivation and, hence, inevitably reduce 𝜙𝑃𝐿 . 

Therefore, in order to further understand the relationship 

between the structural nature of the bPDI aggregates (bPDI-1, 

obPDI-1, bPDI-2) and 𝜙𝑃𝐿 , we performed a series of quantum 

chemical calculations. The multi-reference DFT/MRCI-R201646 

method was employed, which is well-suited for bichromophoric 

systems providing an accurate description of excited states with 

double excitation character. In particular, the possible 

contributions of CT and correlated-triplet-pair (TT) states to 

fluorescence quenching in these aggregates were explored. For 

each pair of chromophores, the relative orientation of the 

monomers was taken from the experimental X-ray diffraction 

data. To understand the excitonic character of the singlet 

excited states, the one-particle transition density matrix 

analysis of the supramolecular DFT/MRCI wavefunction was 

performed.47 This enables the partitioning of the exciton 

density into 4 constituent components which are labelled 𝜔𝐴𝐴, 

𝜔𝐵𝐵 , 𝜔𝐴𝐵  and 𝜔𝐵𝐴 . The components 𝜔𝐴𝐴  and 𝜔𝐵𝐵   represent 

the probability of an exciton residing on the respective 

monomers (A or B), i.e. realizing a Frenkel configuration, while 

the elements 𝜔𝐴𝐵  and 𝜔𝐵𝐴  describe the probability of charge 

transfer electronic configurations. The results of our 

calculations are given in Table S3 and summarized visually in 

Figure 5. 

The optical properties of a dimer are determined by spatial 

orientation of individual transition dipoles. The aggregation of 

obPDI-1 monomers arranges chromophores in a slipped H-

aggregate configuration (Figure 5a) with the supramolecular S1 

(2.26eV) and S2 (2.32eV) states given by a linear combination of 

localized states. For state S1, 𝜔𝐴𝐴 and 𝜔𝐵𝐵  were 0.49 and 0.49 

and for S2 0.40 and 0.40. The complete compensation of 

antiparallel monomeric transition dipoles results in a net zero 

transition moment of the S1 state, causing it to be optically dark. 

Thus, the light emission from this state occurs in the Herzberg-

Teller regime, which explains the long fluorescence lifetime of 

the obPDI-1 aggregate, as shown in Figure 3a. It is also 

noteworthy a relatively large energy gap of 0.3 eV exists 

between the S2 and a pair of CT states (2.60 and 2.68 eV).  

 

Figure 5. a) Mutual arrangement of molecular planes and monomeric transition dipoles; 

κ - orientation factor; d-intermolecular distance; ß - angle between transition dipoles. (b) 

Excited-states diagram illustrating two ACQ channels in the aggregated class of bPDIs. 

The bright state energy is taken as the origin. 

Molecules in aggregated bPDI-2 form a cofacial configuration 

with perylene cores twisted by 82° with respect to each other 

(Figure 5a). A relatively small Förster orientation parameter (κ = 

-0.31) partially eliminates the interchromophore coupling 

resulting in nearly degenerate S1 and S2 states (2.32 and 

2.33eV). In this case the S1 and S2 are described to a large extent 

by Frenkel components (𝜔𝐵𝐵  =0.90 for S1 and 𝜔𝐴𝐴  =0.88 for S2), 

which are approximately equally coupled to the ground state by 

an electric dipole. For the aggregated bPDI-2, the CT excitons 

(forming the S3 and S4 states) are higher in energy by about 

0.1eV and 0.16eV respectively. 

The DFT/MRCI spectrum of bPDI-1 dimer reveals that the 

Frenkel-like states, i.e.  the S1 (2.10 eV) and S4 (2.40 eV), 

encapsulate S2 (2.24 eV) and S3 (2.32 eV), which show CT 

character (𝜔𝐴𝐵  =0.80 for S2  and 𝜔𝐵𝐴 = 0.82 for S3). The partial 

distribution of the oscillator strengths f(L) (see Table S3) of the 

Frenkel S1 and S4 states closely resembles the case of H-

aggregate (as in obPDI-1), in that the S1 state has a lower 

capacity to absorb or emit photons compared to the higher 

energy S4 state. Therefore, the existence of the low-lying CT 

states can be significant for this aggregate.  

Previous studies have shown that low-lying CT states can open 

non-radiative decay pathways, leading to 𝜙𝑃𝐿  decrease.48, 49 

Moreover, it has been reported that PDI derivatives can show 

distinct ability to undergo slow singlet fission (SF),50, 51 which is 

mediated by the TT electron configuration. In bPDI-1/bPDI-

2/obPDI-1 aggregates, the TT state is energetically higher than 

the brightest optically accessible state by 0.25/0.5/0.4 eV 
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respectively, see state S5 in Table S3. This makes SF endothermic 

for the particular dimer configurations as drawn in Figure 5b.  

Nonetheless, the singlet-to-triplet conversion can be promoted 

by means of intersystem crossing (ISC), which can be brought 

about by non-zero spin-orbit coupling between nearly resonant 
1L and 3CT states.49, 52 These criteria are met in the aggregated 

bPDI-1, where the 3CT states (T3 and T4) and the optically bright 

1L state (S4) differ by ∼0.2eV with a SO coupling of 0.2–0.4 cm−1 

(see Figure 5b). 

Overall the quantum chemical calculations suggest that the SF 

process is unlikely to be the major energy loss mechanism in the 

aggregate class of bPDIs. However, ISC is a feasible non-

radiative pathway in the bPDI-1 dimer, but not in bPDI-2 and 

obPDI-1. The photophysical properties of the H-aggregate and 

exothermic ISC explain the lowest 𝜙𝑃𝐿 in bPDI-1 among the 

aggregate class of bPDIs. In contrast, the spatial orientation of 

monomers in the bPDI-2 aggregate causes high optical activity 

of the lowest singlet excited state. Its large oscillator strength 

enables a high probability of photon emission and exciton 

transfer to neighboring chromophores. This makes emission 

properties of the bPDI-2 dimer superior to the other aggregated 

species. 

 

Combining Molecular Aggregation and Insulation 

To further improve the 𝜙𝑃𝐿  of the bPDI series at an extremely 

high fluorophore concentration, we prepared a fluorophore 

system that consisted of both the insulation and aggregation 

fractions by blending bPDI-2 and obPDI-4 together. The desired 

combination provided a well-defined FRET system that 

consisted of the monomeric donor and aggregated emitters. To 

the best of our knowledge, this is the first reported donor-

emitter FRET system based on a blend of monomers and 

aggregates with the same fluorophore core structure that 

enhances the overall 𝜙𝑃𝐿 . 

The absorption spectrum of bPDI-2 overlaps significantly with 

the monomeric emission of obPDI-4 (Figure 6b), indicating the 

possibility of efficient FRET. With 10 mM of bPDI-2 and 120 mM 

of obPDI-4 present, the emission of the sample resembled that 

of 10 mM bPDI-2 only indicating significant quenching of obPDI-

4 emission (Figures 6c and S6). The 𝜙𝑃𝐿  of the mixed sample 

was 72% compared to 40% for obPDI-4 only (Figure 4b and 6d). 

When the concentration of bPDI-2 was increased to 20 mM, the 

𝜙𝑃𝐿  of this blend was enhanced to 85%, which is close to the 

𝜙𝑃𝐿  of bPDI-2 at 20 mM alone (~90%1) and higher than the best 

𝜙𝑃𝐿  of bPDIs at 120 mM in PMMA matrix. As the monomeric 

bPDI-2 and obDPI-4 have almost identical absorption and 

emission spectra, they can be considered the same PDI 

fluorophore, leading to a total combined concentration of PDI 

of 140 mM in the PMMA matrix. By introducing the highly 

emissive aggregates with the monomeric fluorophores, we 

successfully achieved a 𝜙𝑃𝐿  of 85% in a PDI-based FRET system. 

This is amongst the highest 𝜙𝑃𝐿  reported for organic 

fluorophores emitting over a similar wavelength range at 140 

mM (~20% w/w).53-55 

 

 

Figure 6. a) Time-resolved emission data from a blend of obPDI-4 and bPDI-2 (120 mM/20 mM in PMMA matrix) together with the spectral and temporal deconvolution via MCR-

ALS. b) the spectral overlap between the absorption of 10 mM bPDI-2 and emission of 120 mM obPDI-4 in PMMA matrix. c) the emission spectra of the obPDI-4/bDPI-2 blends and 

d) the 𝜙𝑃𝐿 of the obPDI-4/bDPI-2 mixtures. 

 

As the concentration of bPDI-2 was much lower than obPDI-4, 

the incident light was mainly absorbed by obPDI-4 (>85% 

contribution for the 120:20 mM sample) with the excitation 

energy then transferred to bPDI-2 via the FRET process. The 
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spectral decomposition of the time-resolved fluorescence 

spectrum of the obPD-4 / bPDI-2 mixture (120:20 mM, Figure 

6a) showed three components contributing to the overall 

fluorescence spectrum, namely the monomeric residue from 

obPDI-4 and bPDI-2 (component 1, 15%), the aggregates of 

obPDI-4 (component 2, 24%) and the aggregates of bPDI-2 

(component 3, 61%). The fluorescence spectra of component 1 

and 2 matched the spectral decomposition from the pure 

obPDI-4 samples (Figure 3a) at the same concentration, while 

the spectrum of component 3 also matched the emission of 

bPDI-2 at 20 mM in a PMMA matrix (Figure S6). As expected, 

the average fluorescence lifetime of component 1 ( = 0.24 ns, 

Table S2) was much shorter than the average fluorescent 

lifetime of obPDI-4 in dilute solution ( = 3.89 ns, Table S1). 

Considering the high 𝜙𝑃𝐿  of the sample mentioned previously, 

component 1 was less likely quenched by non-radiative 

pathways. Component 3 showed a growth in intensity on a time 

scale (g = 0.36 ns) very similar to the short decay of component 

1 (1 = 0.21 ns, Table S2), suggesting the formation of 

component 3 corresponded to the quenching of component 1. 

As the emission from component 3 dominated the fluorescence 

spectrum of the obPDI-4/bPDI-2 mixture, one can conclude that 

bPDI-2 efficiently quenched excited obPDI-4. This reduced 

energy loss by non-radiative pathways leads to the high 𝜙𝑃𝐿  

observed for this fluorophore blend system. 

Conclusions 

In conclusion, this study provides a new design approach for PDI 

derivatives with high 𝜙𝑃𝐿 . Two new PDI derivatives were 

synthesized and characterized to establish the relation between 

𝜙𝑃𝐿  and the molecular structures. Both the well-insulated 

obPDI-4 and obPDI-1 aggregates showed only modest 𝜙𝑃𝐿  

among all reported bPDIs, which clearly suggested neither 

approach was sufficient to prevent the 𝜙𝑃𝐿  decreasing by 

concentration quenching. Instead, PDIs with a combination of 

both molecular insulation and aggregation characteristics 

demonstrated the best 𝜙𝑃𝐿  at high concentration both in 

PMMA matrix and in the neat solid-state. The DFT/MRCI 

calculations suggested that the spatial orientation of monomers 

in bPDI-2 aggregate enabled a high probability of photon 

emission and exciton transfer to neighboring chromophores. In 

addition, the endothermic SF and ISC channels explained why 

emission properties of bPDI-2 aggregates were superior to 

those in the other aggregated species. The formation of a small 

amount of emissive aggregates was the main reason the ϕPL 

values of bPDI-2 and bPDI-4 were superior in the bPDI series. In 

addition, a blend of obPDI-4 and bPDI-2 was prepared resulting 

in a monomer-aggregate FRET system with enhanced 𝜙𝑃𝐿 . The 

resulting FRET system gave the best 𝜙𝑃𝐿  among all bPDIs at high 

concentration in PMMA matrix. Our future research will focus 

on the design of new fluorophores that utilize both molecular 

insulation and aggregation characteristics to enhance 𝜙𝑃𝐿 . 
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Notes  

Material synthesis, spectroscopy measurement, DFT/MRCI 

calculation details and X-ray crystallography data (CIF) can be 

found in the Supporting Information. Supporting Information is 

available from the Wiley Online Library or from the author. 
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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.  
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