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ABSTRACT: Vertically aligning fluorophores to the surface of a waveguide is known to be an effective approach to improve the 

optical quantum efficiency (OQE) of luminescent solar concentrators (LSCs). While the chromophore alignment assists waveguiding 

of the emitted photons to the LSC edges, it also significantly reduces the light harvesting properties of the LSC. We report here a 

fluorophore pair consisting of a sphere-shaped energy donor and a rod-shaped emitter that was incorporated in LSCs to provide 

selective fluorophore alignment to address the reduced incident light absorption issue. A liquid-crystal polymer matrix was used to 

perpendicularly align the rod-shaped acceptors to a favorable orientation for light guiding, while the sphere-shaped donor was 

randomly oriented to maintain its light absorbing properties. The OQE of LSC devices with this selectively aligned donor-acceptor 

fluorophore system is 78% without significant loss of light harvesting capability. 

1. Introduction 

A luminescent solar concentrator (LSC) is a light-harvesting device 

containing fluorophores that absorb light over the large surface area 

of a planar waveguide. The resulting luminescence is guided to the 

device edges by total internal-reflection, where the concentrated 

light can be converted to electric current by a photovoltaic cell.1 

The planar geometry, together with the range of colors and trans-

parencies possible, make LSCs particularly attractive for light har-

vesting applications in urban environments.2  

The performance of LSCs is limited mainly by four aspects, namely 

the transmission loss due to incomplete light absorption by the 

fluorophores, the photoluminescence quantum yield (𝜙𝑃𝐿) of the 

fluorophore, the escape-cone loss of the waveguide system, and lu-

minescence re-absorption.1 The transmission loss can be addressed 

by improving the fraction of incident light absorbed by the fluoro-

phore, by adjusting the fluorophore concentration and/or the thick-

ness of the LSC device. The 𝜙𝑃𝐿  is related to the photophysical 

properties of the fluorophore system and our group and others have 

used a variety of strategies to improve this parameter.2-4 The es-

cape-cone loss refers to the re-emitted photons released from the 

top and bottom surfaces of the waveguide due to the refractive in-

dex change at the interface.5, 6 Escape cone loss can be addressed 

by using a higher refractive index material as the waveguide, but 

there is a trade-off with increased reflectance of the incident light 

from the waveguide surface and the higher cost of high refractive 

index materials. The luminescence re-absorption effect does not 

lead to energy loss directly, but adds to the escape cone loss and 

the 𝜙𝑃𝐿 loss in systems where there is an overlap of the absorption 

and emission spectra of the fluorophore.7-9 Careful selection of a 

light harvesting energy donor and a highly emitting energy acceptor 

(the “emitter") that increases the Stokes shift has been demon-

strated to reduce the re-absorption effect and improve the perfor-

mance of LSCs.10-13 The concentration of the energy donor 

materials is usually quite high in this case to capture the incident 

light, while the concentration of the emitters is adjusted to just suf-

ficiently quench the emission from the donors. Consequently, the 

overall spectrum of the mixture will be dominated by the donor ab-

sorption and the emitter emission spectrum with minimum spectral 

overlap. 

Aligning the emission transition dipole of a molecular fluorophore 

perpendicular to a plane, defined in Figure 1a, will bias the direc-

tion of the emitting light to be within the (x,y) plane. In the context 

of a LSC, aligning the emission transition dipoles of all the fluoro-

phores perpendicular to the plane of the waveguide (Figure 1) has 

been shown to reduce the escape-cone loss.14-16 However, in many 

cases, the absorption transition dipole of the fluorophores is parallel 

to the emission transition dipole leading to significant decrease in 

fluorophore absorption ability for light incident from the (z) direc-

tion, Figure 1a, resulting in LSC efficiency loss.17, 18 This loss was 

reduced for a reported vertically-aligned dye system using a light 

diffuser layer on top of the LSC device.15  

Selectively aligning a donor-emitter fluorophore pair is an alterna-

tive approach to overcome the drawbacks of aligning a single fluor-

ophore species. The emitter is required to be aligned perpendicular 

to the plane of the waveguide to confine the re-emitted light within 

the waveguide, while the energy donor needs to be randomly ori-

ented to maximally harvest the light incident on the surface of the 

waveguide. To fulfil this approach, two criteria need to be met: a 

matrix that can align the emitter perpendicular to the plane of the 

waveguide, but not the donor; and efficient energy transfer from 

the donor to the emitter (Figure 1b). With an appropriate donor-

emitter energy transfer process, the emission from a high concen-

tration of randomly distributed donor molecules can be efficiently 

quenched by only a small amount of emitter.3 The high donor to 

emitter ratio results in a small spectral overlap reducing the lumi-

nescence re-absorption effect as discussed earlier. In addition, the 

low concentration of the emitter also helps to avoid the 



 

aggregation-caused quenching effect and improves the effective 

𝜙𝑃𝐿 of the system.10 In terms of the LSC performance, the selected 

random donor/aligned-emitter waveguide system should improve 

the optical quantum efficiency (OQE) of LSCs while retaining a 

good external quantum efficiency (EQE) by minimizing light ab-

sorption losses. OQE and EQE are defined here as the percentage 

of the edge output photons with relation to absorbed photons and 

incident photons, respectively: 

 

Figure 1. a) Alignment influences the observed absorption of light 

and emission intensity in different directions of an aligned fluoro-

phore system; b) the wave-guiding process in a LSC device con-

taining randomly oriented light absorbing energy donors and 

aligned emitters. 

𝑂𝑄𝐸 =
𝑛𝑒𝑑𝑔𝑒

𝑛𝑎𝑏𝑠
    (Equation 1) 

𝐸𝑄𝐸 =
𝑛𝑒𝑑𝑔𝑒

𝑛𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
= 𝑂𝑄𝐸 × 𝐴%  (Equation 2) 

where the 𝑛𝑒𝑑𝑔𝑒  is the number of the total edge output photons, 

𝑛𝑎𝑏𝑠  is the number of incident photons that are absorbed and 

𝑛𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡  refers to the number of photons incident on the wave-

guide surface. 𝐴% represents the percentage light absorption. 

During our studies, a biomimetic light harvesting funnel system 

was reported whereby a selectively-aligned chromophore pair was 

investigated.19 While that work provided a glimpse of this light har-

vesting strategy, application in LSC devices was not explored. 

In this work, 9,10-diphenylanthracene (DPA) derivatives and cou-

marin 6 were used as energy donor and energy acceptor respec-

tively in a selectively-aligned LSC device. The alignment of cou-

marin 6 in a self-assembling liquid-crystal polymer (LCP) matrix 

was reported previously.15 The rod-shaped molecular structure of 

coumarin 6 meant that the alignment effect driven by the LCP pack-

ing was very strong. Conversely, it was envisaged that spherically-

shaped molecules would not be aligned in the LCP matrix. DPA 

derivatives are suitable candidates as energy donor materials, due 

to their high 𝜙𝑃𝐿, good spectral overlap with coumarin 6 absorption 

and readily modifiable molecular structures. Although the DPA 

molecule is close to a planar-shaped structure, we proposed to in-

stall bulky substituents on the DPA structure to modify the molec-

ular shape into an ellipsoid or even a sphere. In this way, the LCP 

will only drive the alignment of coumarin 6 while leaving the 

sphere-shaped DPA derivatives randomly oriented. 

Herein, two DPA derivatives, bDPA-1 and bDPA-2, bearing iso-

propyl substituents on the phenyl rings, were synthesized (Figure 

2a). Together with DPA, these energy donors were paired with cou-

marin 6, the rod-shaped emitter, as donor-emitter pairs and incor-

porated in both poly(methyl methacrylate) (PMMA) and the LCP 

thin-film waveguide matrix. LSC devices with different combina-

tions of fluorophores and matrices were then examined revealing a 

benchmark experimental OQEs for the selectively aligned donor-

emitter system. 

2. Results and discussion  

The DPA derivatives, bDPA-1 and bDPA-2, were synthesized by 

Suzuki-Miyaura coupling of 2,6-diisopropylphenylboronic acid pi-

nacol ester with 9-bromo-10-phenylanthracene and 9,10-dibromo-

anthracene respectively (see Supporting Information for details). 

The absorption and emission spectra of the DPA derivatives in di-

lute solution were similar to each other except for the more pro-

nounced vibronic structures for bDPA-1 and bDPA-2 (Figure 2b). 

As the isopropyl substituents block the free rotation of the phenyls, 

the vibronic structures in the spectrum of bDPA-1 and bDPA-2 

were more resolved, indicating a more rigid molecular structure. 

As required by the donor-emitter energy transfer process, the ab-

sorption spectrum of coumarin 6 has a large degree of overlap with 

the emission spectrum of the DPA derivatives. In terms of reducing 

the re-absorption effect, the overlap of the absorption and emission 

spectra of the donor-emitter system was much reduced compared 

to the donor or emitter on their own (vide infra). The overall Stokes 

shift of the donor-emitter pair is approximately 75 nm. 

The selectively aligned LSC devices were prepared by incorporat-

ing the donor and emitter chromophores in a self-assembled LCP 

matrix obtained from DIC Corporation (material number UCL018; 

see Supporting Information for sample preparation details). Control 

devices without dye alignment were fabricated by using PMMA as 

the polymer matrix instead of the LCP. As mentioned previously, 

the molecular shape is essential for selective alignment by the LCP 

matrix. Therefore, the donors and the emitter were all chosen or 

designed to have distinct molecular shapes. The shape of coumarin 

6 is naturally rod-shaped while the shapes of the donors vary from 

planar to ellipsoid to spherical (Figure 2c). Molecular shape sig-

nificantly influences the interaction between the LCP matrix and 

the fluorophores. In the donor-emitter fluorophore pair system, the 

concentration of the donors needed to be high to capture the inci-

dent light. However, the maximum concentration of bDPA-1 that 

could be included in the LCP matrix was about 50 mM while 

bDPA-2 precipitated at <10 mM. In contrast, samples with concen-

trations of up to 100 mM for DPA and coumarin 6 in the LCP ma-

trix were prepared without any observable precipitation. This be-

havior indicated that the rod-shaped coumarin 6 and planar-shaped 

DPA interacted favorably with the LCP matrix while the sphere-

shape bDPA-2 was more easily excluded from the matrix because 

of shape mismatch. By installing bulky groups only on one end of 

the DPA molecule, the shape of bDPA-1 (Figure 2c) allowed inclu-

sion into the LCP matrix at a reasonable concentration (50 mM) for 

assembling a donor-emitter LSC device. Since the achievable con-

centration of bDPA-2 in the LCP matrix was too low, it was not 

examined further in this work. 



 

 

Figure 2. a) Chemical structures of coumarin 6 and the bDPA series, b) normalized absorption and emission spectra of the four compounds 

in dilute solution condition (10-5 M in toluene). Space-filling illustrations of crystal structures of coumarin 6, DPA, bDPA-1 and bDPA-2 in 

front and side views. The molecular shape changes from rod-like for coumarin 6 to sphere-like for bDPA-2. 

Both the absorption and emission spectra of coumarin 6 showed 

small red-shifts in the LCP matrix compared to the spectra of the 

PMMA sample (Figure 3a). The spectra of the DPA derivatives 

also showed a very small red-shifts in LCP relative to PMMA (Fig-

ure 3b and c). The red shifts indicated a lowering of excited state 

energy which can be a result of the molecules residing in the more 

rigid LCP environment or a result of aggregation. A summary of 

the photophysical properties of the fluorophores in the various ma-

trices is provided in Table 1. 

The influence on the effective light absorption ability of aligning 

the coumarin 6 (as described in Figure 1) in the LCP matrix is 

shown in Figure 3a. The effective absorption ability (defined as the 

absorbance per molar per unit thickness) reduced markedly (~60%) 

in the latter case due to the increased proportion of the chromo-

phores that have their absorption transition dipoles aligned parallel 

to the direction of the incident light (i.e. perpendicular to the elec-

tric field of the incident light). In comparison, the effective absorp-

tion ability by DPA and bDPA-1 only dropped by around 20% and 

10% respectively (Figure 3b and 3c). The two phenyl groups of 

DPA must be situated out of the plane of the anthracene core mak-

ing the molecule more of a thin-ellipsoid rather than planar (Figure 

2c). For bDPA-1, the isopropyl substituents made the molecule 

even more ellipsoidal in shape with less chance of alignment by the 

LCP matrix. The selectivity of alignment was significant between 

coumarin 6 and bDPA-1.



 

 

Figure 3. UV-Vis absorption spectra (solid lines) showing the observed absorption ability for light incident perpendicular to the plane of the 

waveguide and emission spectra (dashed) of a) coumarin 6 (C6), b) DPA and c) bDPA-1 in both PMMA and LCP thin-film matrix at 50 

mM. d) The donor-to-emitter FRET efficiency (𝐸𝐷−𝐸) and 𝑅𝐷−𝐸/𝑅0,𝐷−𝐸 as a function of the concentration of coumarin 6, e) normalized 

absorption and f) normalized (by integration) emission spectra (with excitation at 375 nm) of the bDPA-1/coumarin 6 mixture system in the 

LCP matrix. 

The energy transfer between fluorophores that are dispersed in a 

solid-state matrix can be described by the Förster resonance energy 

transfer (FRET) mechanism.20 The FRET process requires both di-

pole-dipole coupling of the fluorophores and a significant spectral 

overlap of the donor emission and the acceptor absorption. In an 

isotropic fluorophore system, the electronic coupling of dipoles in-

creases with the fluorophore concentration as the donor-acceptor 

distance decreases. The emission spectra of all the DPA com-

pounds overlapped significantly with the absorption spectrum of 

coumarin 6, which enabled efficient donor-emitter energy transfer 

pairs. The FRET critical distance (𝑅0, nm; the distance at which the 

rate for energy transfer is the same as the rate for all other excited 

donor relaxation processes) can be calculated via the following 

Förster equation21, 22:  

𝑅0 = 0.02108 × (
𝜅2Φ𝑃𝐿𝐽

𝑛4
)

1

6
   (Equation 3) 

𝐽 = ∫ 𝜀𝐴(𝜆)𝐹𝐷(𝜆)𝜆4 𝑑𝜆   (Equation 4) 

where 𝜅2 is the orientation factor (𝜅2= 0.476 for a randomly ori-

ented, long lifetime non-mobile donor and acceptor system in a 

rigid matrix20), Φ𝑃𝐿 refers to the PLQY of the donor fluorophore, 

𝐽 (nm4 M-1 cm-1) is the spectral overlap integral involving the area 

normalized emission spectrum (𝐹𝐷) of the donor and the absorption 

coefficient (𝜀𝐴) of the acceptor, 𝜆 is the wavelength over the full 

spectrum, and 𝑛 is the refractive index of the matrix material (as-

suming 𝑛 = 1.5 for PMMA and n = 1.6 for LCP).



 

Table 1. The photophysical properties of the fluorophores in different matrices.a 

Fluorophore Matrix a 𝐴𝑏𝑠𝑚𝑎𝑥 (nm) 𝐸𝑚𝑖𝑚𝑎𝑥(nm) 𝑅0,D−E(nm)b Absorption ability 104 (M-1 cm-1)c 

Coumarin 6 

Toluene 438 481 

n/a 

n/a 

PMMA 445 495 3.50 ± 0.08 

LCP 472 510 1.30 ± 0.04 

DPA 

Toluene 375 410 

4.41 

n/a 

PMMA 374 408 1.04 ± 0.04 

LCP 377 434 0.830 ± 0.005 

bDPA-1 

Toluene 376 407 

4.39 

n/a 

PMMA 376 409 1.46 ± 0.06 

LCP 378 406 1.30 ± 0.03 

bDPA-2 

Toluene 399 403 

4.37 

n/a 

PMMA n/a n/a n/a 

LCP n/a n/a n/a 

a The fluorophore concentration was 10-5 M in toluene and 50 mM in the thin-film matrix. b 𝑅0,D−E is the critical radius of the donor-to-

emitter FRET process was calculated based on solution data. c The absorption ability is the effective absorption determined by measurement 

of the transmission of light incident perpendicular to the waveguide. 

 

The calculated donor-to-emitter critical distances, 𝑅0,𝐷−𝐸, are close 

to 4.4 nm for all donor cases (Equation 3 and 4 and Table 1). In a 

homogeneously dispersed system, the average intermolecular dis-

tance between the donor (high concentration) and emitter (low con-

centration) (𝑅𝐷−𝐸) is related to the average intermolecular distance 

of the emitters (𝑅𝐸−𝐸) (Equation 5, see mathematical model in Sup-

porting Information):  

𝑅𝐷−𝐸 =
𝑅𝐸−𝐸

2 √
𝜋

3

3
= 0.4924 𝑅𝐸−𝐸   (Equation 5) 

By using 𝑅𝐷−𝐸 and 𝑅0,𝐷−𝐸, one can calculate the efficiency of the 

FRET process (E) (Equation 6)23:  

𝑅𝐷−𝐸 = 𝑅0,𝐷−𝐸 (
1−𝐸

𝐸
)

1

6
    𝑜𝑟    𝐸 =

1

(
𝑅𝐷−𝐸

𝑅0,𝐷−𝐸
)

6

+1

  (Equation 6) 

To experimentally demonstrate the efficiency of the donor-to-emit-

ter energy transfer in the selectively aligned system, a series of sam-

ples were prepared consisting of 50 mM of bDPA-1 with varying 

concentrations of coumarin 6 in the LCP matrix. According to 

Equation 6, the donor-to-emitter FRET efficiency ( 𝐸𝐷−𝐸 ) was 

>75% when the concentration of coumarin was 4 mM, while it in-

creased to above 92% when the concentration reached 8 mM (Fig-

ure 3d). As shown in Figure 3e, the absorption band associated with 

bDPA-1 in the mixtures remained the same, while the absorption 

band of coumarin 6 rose proportionally with increasing concentra-

tion of coumarin 6. In contrast, the normalized emission intensity 

of the donor dropped dramatically with increasing coumarin 6 con-

centration along with the appearance of the energy acceptor emis-

sion (Figure 3f). With 8 mM of coumarin 6, the donor emission 

dropped to 17% of the original intensity. By considering the ab-

sorbance and emission intensities, 8 mM of coumarin 6 and 50 mM 

of DPA was found to be close to the optimum in terms of minimiz-

ing emission re-absorption. 

Apart from donor-to-emitter energy transfer, donor-to-donor en-

ergy migration was also an important process in our light harvest-

ing system. The donor-to-donor energy migration facilitated the 

transfer of energy from some donor molecules that could not couple 

directly to emitters under the donor-to-emitter orthogonal transition 

dipole orientation. At 50 mM of bDPA-1 donor, the donor-to-donor 

FRET critical distance (𝑅0,𝐷−𝐷) was 2.78 nm, which was smaller 

than the mean donor-to-donor distance (𝑅𝐷−𝐷) of 3.21 nm. This 

meant that the donor-to-donor FRET efficiency (𝐸𝐷−𝐷) for bDPA-

1 was 34%.  The residual donor emission in the presence of 8 mM 

coumarin emitter can be attributed to this relatively low 𝐸𝐷−𝐷 (Fig-

ure 3f). 

LSC devices with coumarin 6, bDPA-1 and the bDPA-1/coumarin 

6 mixtures in both PMMA and LCP matrices were fabricated by 

spin coating on glass slides (dimensions 1.25 × 1.25 × 0.1 cm) from 

toluene solutions (Figure 4a, see Supporting Information for fabri-

cation details). The geometric gain (G) of all devices is 3 and the 

mean film layer thicknesses of the PMMA and LCP are 1.26 ± 

0.03 mm and 1.12 ± 0.02 mm, respectively. The performance of 

the LSC devices is summarized in Table 2. 

 

Figure 4. a) LSC devices (G = 3) fabricated based on bDPA-1, cou-

marin 6 and the bDPA-1/coumarin 6 mixture (left to right) in the 

LCP matrix. The devices are exposed to both the ambient light (top) 

and 365 nm UV light (bottom); b) 𝜂𝑡𝑟𝑎𝑝 of LSC devices was quan-

tified by measuring the integrated emission of devices before and 

after the edges were covered by black paint. The 𝑛𝑜𝑣𝑒𝑟𝑎𝑙𝑙 and 𝑛𝑓𝑎𝑐𝑒  

refer to the photon numbers collected from all surfaces and edges 

of the devices or from just the surfaces respectively.  



 

The G is defined in this work as: 

𝐺 =
𝑆𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑆𝑒𝑑𝑔𝑒
   (Equation 7) 

where 𝑆𝑒𝑑𝑔𝑒 and 𝑆𝑠𝑢𝑟𝑓𝑎𝑐𝑒 are the area of the edges and surface of 

the waveguide, respectively.  

The donor-emitter fluorophore system was originally designed to 

increase the Stokes shift and thus minimize the re-absorption effect. 

By examining the overlap between the absorption spectrum and the 

emission spectrum (integrally normalized to 1), the re-absorption 

factor (𝐹𝑅) of a waveguiding system can be calculated. 𝐹𝑅 is de-

fined by Equation 8: 

𝐹𝑅 = ∫ 𝜀𝜆𝑃𝐿𝜆𝑑𝜆
𝜆2

𝜆1
  (Equation 8) 

where 𝜀𝜆 and 𝑃𝐿𝜆 are the extinction coefficient and the normalized 

emission intensity at the given wavelength, respectively, and 𝜆1 

and 𝜆2 define the spectral range. 

As shown in Table 2, the 𝐹𝑅 of all LCP based samples was smaller 

than in the PMMA matrix, mainly due to the red-shifted emission 

spectrum in the LCP matrix. For the bDPA-1/coumarin 6 mixture 

in either the PMMA or LCP matrix, 𝐹𝑅 was smaller than either the 

donor and acceptor alone in the same matrix. This indicated that the 

re-absorption effect was reduced in the donor-emitter fluorophore 

system. 

The 𝜙𝑃𝐿 of coumarin 6 (50 mM) in the LCP matrix was slightly 

higher than in PMMA, possibly due to a better molecular dispersion 

(See Supporting Information for measurement details). On the 

other hand, the 𝜙𝑃𝐿  of bDPA-1 was lower in the LCP than in 

PMMA. As mentioned previously, the molecular shape of bDPA-1 

meant that it did not favorably interact with the LCP matrix. At this 

concentration, some of the bDPA-1 molecules may aggregate and 

form non-radiative quenching sites in the system. However, the 

𝜙𝑃𝐿 of the bDPA-1/coumarin 6 mixture was 98.4% in both PMMA 

and the LCP matrices. Compared to bDPA-1 alone, the 𝜙𝑃𝐿  in-

crease of the donor-emitter mixture was most likely a result of pref-

erential energy trapping by the coumarin 6 emitter over non-emis-

sive aggregate species.10, 24 

The experimental trapping efficiencies (𝜂𝑡𝑟𝑎𝑝) of all LSCs were de-

termined by comparing the emission intensity of the devices with 

and without the edges covered by black paint (Figure 4b, See de-

tails in the Supporting Information).1 The 𝜂𝑡𝑟𝑎𝑝 of all samples in 

the PMMA matrix remained at around 72%, which was slightly 

lower than the theoretical limit of 75%6, 25 for isotropic waveguide 

systems with 1.5 refractive index.26 The 𝜂𝑡𝑟𝑎𝑝 of bDPA-1 in the 

LCP matrix was the same as in PMMA confirming that the orien-

tation of bDPA-1 was not influenced by the LCP matrix. The 𝜂𝑡𝑟𝑎𝑝 

of the donor-emitter mixture and coumarin 6-alone samples in the 

LCP matrix are 80.4% and 79.3% respectively. The observation 

that 𝜂𝑡𝑟𝑎𝑝 for these samples is greater than the isotropic limit is di-

rect evidence for the alignment of coumarin 6 in the LCP matrix. 

Benefiting from the increase in both 𝜙𝑃𝐿 and 𝜂𝑡𝑟𝑎𝑝, the OQE of the 

bDPA-1/coumarin 6 mixture in the LCP matrix reached 78.0%, 

which is amongst the best experimental OQE’s reported for an LSC 

to date.15, 27  

The differences in the absorption and emission spectra of each 

fluorophore meant that the EQEs of LSCs were not directly com-

parable. On the other hand, the change in EQE of LSCs with the 

same fluorophore system but different matrix could be compared 

(Table 2). The EQE of bDPA-1 only samples dropped by almost 

two thirds (9.78% to 3.71%) from PMMA to LCP matrices, mainly 

because of the lower 𝜙𝑃𝐿 of bDPA-1 in the LCP matrix. Although 

the OQE of the perpendicularly aligned coumarin 6 only samples 

were higher than the isotropic samples, the EQE was substantially 

lower (from 18.2% to 9.21%) due to the lower absorption ability of 

coumarin 6 in the LCP. 

The EQE of the donor-emitter devices in the two matrices were 

similar because the improvement in 𝜂𝑡𝑟𝑎𝑝 for the LCP sample was 

negated by the decrease in absorption ability. Among the three LSC 

device pairs, the selectively aligned donor-emitter system demon-

strated a high OQE without significant loss in EQE. Thus it can be 

envisaged that selectively aligned donor-emitter systems will be 

most advantageous in transparent or semi-transparent LSC applica-

tions requiring limited maximum absorbance, such as windows or 

tinted polymer/glass roofing. Another possible application is in 

stacked LSC devices.19, 28 Since transmittance loss drops exponen-

tially with an increase of absorbance according to the Lambert-Beer 

law29, the influence from the absorbance penalty of the perpendic-

ularly aligned system becomes less significant by stacking LSCs 

(Equation 9). 

𝑇 = 0.1𝐴  →  𝑇𝑛 = 0.1𝐴×𝑛   (Equation 9) 

The EQE of 𝑛 stacked layers can be quantified by: 

𝐸𝑄𝐸𝑛 = 𝑂𝑄𝐸 × (1 − 𝑇𝑛) = 𝑂𝑄𝐸 × (1 − 0.1𝐴×𝑛)  (Equation 10) 

where 𝐴 is the observed absorbance of the devices, 𝑇 is the percent-

age transmittance and 𝑛 is the number of stacked layers. 

Table 2. A summary of the LSC device performance. a 

Fluorophores Matrix 𝐹𝑅 𝜙𝑃𝐿,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  (%)b 𝜂𝑡𝑟𝑎𝑝 (%) OQE (%) EQEc (%) 

bDPA-1 50 mM 
PMMA 1430 87 ± 1 73 ± 2 63 ± 2 9.78 

LCP 880 38 ± 2 70 ± 1 27 ± 2 3.71 

coumarin 6 50 mM 
PMMA 3030 76 ± 4 73 ± 1 55 ± 4 18.2 

LCP 600 82 ± 1 80 ± 1 66 ± 1 9.21 

bDPA-1/coumarin 6 

50 mM/8 mM 

PMMA 1150 98 ± 1 73 ± 1 72 ± 2 11.2 

LCP 420 98 ± 5 79 ± 1 78 ± 3 10.8 

a All values in this table are averages of 9 measurements over 3 samples. All samples were measured using an integrating sphere coupled 

with a fluorometer, with the excitation wavelength of 375 nm for bDPA-1 and 450 nm for coumarin 6. b The 𝜙𝑃𝐿,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 values do not 

include the re-absorption correction. c EQE was calculated from OQE based on the absorbance of devices with 1 mm matrix thickness. 

 



 

By stacking only 2 layers in the devices, the 𝐸𝑄𝐸2 of bDPA-1/cou-

marin 6 in the LCP matrix can be predicted to reach 20.6%, which 

is higher than in the PMMA matrix (20.2%). With the same stacked 

structure, the 𝐸𝑄𝐸2 of coumarin 6 alone in the LCP matrix (17.2%) 

is much lower than in the PMMA matrix (30.4%). In other words, 

the benefits of the selective donor-emitter alignment waveguiding 

system become more marked after stacking two or more layers. 

3. Conclusions  

In conclusion, the selective alignment of donor-emitter fluoro-

phores in LSC devices has been experimentally demonstrated in 

this work. The 𝜂𝑡𝑟𝑎𝑝 of devices is enhanced from 73% for the iso-

tropic fluorophore orientation system to 79.3% for the selective 

aligned fluorophore system. The resulting absorption penalty in the 

vertical alignment waveguide is reduced from 60% to 10% due to 

the presence of the isotropically dispersed bDPA-1 as the donor 

material. Benefiting from improvements in 𝜙𝑃𝐿, 𝜂𝑡𝑟𝑎𝑝 and the re-

absorption effect, the LSC with the selectively aligned donor-emit-

ter system showed one of the best experimental OQEs of 78% at 

G=3 without any noticeable decrease in EQE. 

4. Experimental Section 

bDPA-1: A mixture of 9-bromo-10-phenylanthracene (50 mg, 0.15 

mmol), 2,6-diisopropylphenyl boronic acid pinacol ester (45 mg, 

0.22 mmol), sodium tert-butyloxide (43 mg, 0.45 mmol), Pd(OAc)2 

(1 mg, 0.004 mmol) and 3-(t-Butyl)-4-(2,6-dimethoxyphenyl)-2,3-

dihydrobenzo[d][1,3]oxaphosphole BI-DIME (3 mg, 0.009 mmol) 

was dissolved in degassed toluene (2 mL) and stirred at refluxing 

temperature under N2 atmosphere overnight. The crude product 

was purified by flash chromatography (petroleum spirit 40-60 oC) 

to give the target product (pale powder, 25 mg, 0.06 mmol, 40 %). 
1H NMR (600 MHz, 1,1,2,2-tetrachloroethane-d2) δ 7.71 (t, J = 

11.9 Hz, 1H), 7.66 – 7.61 (m, 1H), 7.58 (t, J = 6.5 Hz, 2H), 7.53 (d, 

J = 8.4 Hz, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.32 (dt, J = 14.8, 6.5 Hz, 

2H), 2.15 (dd, J = 13.3, 6.6 Hz, 1H), 0.92 (d, J = 6.7 Hz, 6H). 13C 

NMR (101 MHz, chloroform-d) δ 148.45, 139.10, 131.50, 130.36, 

129.83, 128.49, 128.29, 127.38, 127.03, 126.97, 125.04, 124.66, 

123.17, 30.82, 24.45. FT-IR: 3059.8, 2959.0, 2923.3, 2965.1, 

1469.4, 1456.5, 1442.2, 1381.0, 1360.1, 1027.3, 941.2, 806.1, 

748.6, 698.0, 664.0. HRMS (m/z): calcd. for C32H30, [M +] 

414.2348; found 414.23413. 

bDPA-2: A mixture of dibromoanthracene (250 mg, 0.74 mmol), 

2,6-diisopropylphenyl boronic acid pinacol ester (380 mg, 1.84 

mmol), sodium tert-butyloxide (355 mg, 3.70 mmol), Pd(OAc)2 (5 

mg, 0.022 mmol) and 3-(t-Butyl)-4-(2,6-dimethoxyphenyl)-2,3-di-

hydrobenzo[d][1,3]oxaphosphole BI-DIME (15 mg, 0.045 mmol) 

was dissolved in degassed toluene (8 mL) and stirred at refluxing 

temperature under N2 atmosphere overnight. The crude product 

was purified by flash chromatography (petroleum spirit 40-60 oC) 

to give the target product (pale powder, 90 mg, 0.18 mmol, 24 %). 
1H NMR (400 MHz, chloroform-d1) δ 7.61 – 7.50 (m, 3H), 7.41 (d, 

J = 7.7 Hz, 2H), 7.27 (dd, J = 6.4, 2.6 Hz, 2H), 2.19 (hept, J = 6.6 

Hz, 2H), 0.91 (t, J = 9.9 Hz, 12H). 13C NMR (101 MHz, chloro-

form-d) δ 148.32, 135.45, 134.77, 130.49, 128.44, 127.02, 124.83, 

123.08, 30.94, 24.33. FT-IR: 3057.6, 2966.1, 2928.3, 2969.6, 

1461.6, 1438.1, 1382.2, 1362.0, 941.3, 801.4, 766.9, 749.8, 673.2. 

HRMS (m/z): calcd. for C38H42, [M +] 498.3286; found 498.32794. 

X-ray crystallography: Intensity data for bDPA-1 and bDPA-2 

were collected at 100 K on the MX1 beamline at the Australian 

Synchrotron30, bPDI-4 was collected on an Oxford SuperNova 

CCD diffractometer at 130 K. The structures were solved by direct 

methods and difference Fourier synthesis. Thermal ellipsoid plots 

were generated using the program ORTEP-3 integrated within the 

WINGX suite of programs.  

Crystal data for bDPA-1 (C32H30). M = 352.49, T = 100.00(10) K, 

λ= 1.54184 Å, orthorhombic, space group P-1, a = 17.2043(2), b = 

8.51290(10), c = 27.5380(3) Å, α = 90°, β= 90°, γ =90°. V = 

4033.17(8) Å3, Z = 8, Dc = 1.161 Mg/m3, μ(Mo-Kα) 0.485 mm-1, 

F(000) = 1520, crystal size 0.205 x 0.135x 0.022 mm3. 49342 re-

flections measured to a maximum θ = 78.057°, 4295 independent 

reflections (Rint = 0.1494), the final R was 0.0728 [I > 2σ(I)] and 

wR(F2) was 0.1909 (all data). 

Crystal data for bDPA-2 (C38H42). M = 498.71, T = 100.00(10) K, 

λ= 0.71073 Å, triclinic, space group P-1, a = 8.4236(2), b = 

8.8483(3), c = 10.6311(3) Å, α = 88.521(2) °, β= 76.573(2) °, γ 

= 67.212(3) °. V = 708.75(4) Å3, Z = 1, Dc = 1.168 Mg/m3, μ(Mo-

Kα) 0.065 mm-1, F(000) = 270, crystal size 0.698 x 0.36x 0.167 

mm3. 14483 reflections measured to a maximum θ = 36.968°, 

6561 independent reflections (Rint = 0.0263), the final R was 0.0532 

[I > 2σ(I)] and wR(F2) was 0.1643 (all data). 

Thin-film LSC device preparation 

Thin-film sample preparation for absolute PLQY measurement: All 

the glass (MENZEL-GLÄSER Microscope Slides, 76 × 26 mm) 

slides used in fabricating LSC devices were cut to 1.25 cm × 1.25 

cm × 0.1 cm, cleaned by sonicating sequentially in CHCl3, acetone, 

NaOH (a.q.), distilled water, isopropanol and acetone, then dried 

using a strong flow of N2.  

The LSC devices were prepared by spin coating 20 μL casting so-

lution on top of the above-mentioned glass slides. The spin-coating 

conditions were 2000 rpm (2000 rpm/s) for 1 minute to deposit the 

PMMA thin-film matrix and 1200 rpm (1200 rpm/s) for 15 seconds 

to deposit the LCP thin-film matrix. The casting solutions were pre-

pared by dissolving the required quantity of fluorophores in either 

PMMA solution (8% w/w in toluene) or UCL-018 solution (relative 

density 1.2, 20% w/w in toluene). The correct quantities of added 

fluorophores were determined by measuring aliquots from stock 

solutions (5 mM in toluene) using an automatic pipette, the solvent 

was removed using a vacuum drying oven (60oC, 35 mbar), before 

adding to the matrix solution. After spin-coating, the LSC devices 

were placed in a dry N2
 atmosphere for 1 minute and exposed to a 

UV-lamp (180 nm) for 30 seconds to cure the LCP matrix. 

Absolute PLQY measurements of all samples were performed ac-

cording to the experimental approach described elsewhere31, 32 us-

ing the integrating sphere accessory (F3018, Horiba Jobin Yvon) 

for a Fluorolog®-3 fluorimeter. The angle of the excitation beam to 

the normal of the sample surface can be modified using the variable 

sample holder. All spectra for the absolute quantum yield measure-

ments were corrected for the light source noise, wavelength sensi-

tivity and the transmittance of the filters. The photon counts of all 

the measurements on the Fluorolog®-3 fluorimeter were within the 

linear response range of the detector (2 × 106 cps). 

The trapping efficiency (𝜼𝒕𝒓𝒂𝒑 ) measurements of all samples 

were performed according to the experimental approach described 

elsewhere31, 32 using the same conditions described in the absolute 

PLQY measurement process. The spectra of all samples were rec-

orded with the device edges both covered and not covered by black 

paint. The 𝜂𝑡𝑟𝑎𝑝 can be calculated by the following equation: 

𝜂𝑡𝑟𝑎𝑝 = 1 −
𝑃𝐿𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑃𝐿0
 



 

where, 𝑃𝐿𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑃𝐿0 are the integrated emission spectra from 

the samples with and without the edges being covered by the black 

paint respectively. To eliminate the influence of the black paint on 

the responsivity of the integrating-sphere, a white paint was coated 

over the outside of the black painted surfaces. 

Supporting Information. Supporting Information is available 

online. This material is available free of charge via the Internet at 

http://pubs.acs.org.  [CCDC 1887085, CCDC 1887086, CCDC 

1294096, CCDC 113041 contains the supplementary crystallo-

graphic 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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