Simple and Robust Panchromatic Light Harvesting Antenna Composites via FRET Engineering in Solid State Host Matrices
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]Raj Pandyaa, Rowan W. MacQueenb, Akshay Raoa and Nathaniel J. L. K. Davisa,c*

Contacts
Raj Pandya and Akshay Rao 
aCavendish Laboratory, University of Cambridge, J.J. Thomson Avenue, Cambridge, CB3 0HE, UK
* Email: nate.davis@vuw.ac.nz

Rowan W. MacQueen
bInstitute for Nanospectroscopy, Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Albert-Einstein-Str. 15, 12489 Berlin, Germany

Nathaniel J. L. K. Davis
c School of Chemical and Physical Sciences, Victoria University of Wellington, Wellington 6140, New Zealand.

Abstract
The efficient harvesting of incident solar radiation is an important technical challenge for future world energy and chemical needs. Luminescent solar concentrators (LSCs) can efficiently harvest solar energy and concentrate it towards a useful output, such as photovoltaic cells or a photocatalytic reactor. LSCs are planar waveguides doped with luminescent materials that emit light into waveguide modes concentrating it towards the edges. However, large scale LSCs have been limited by the reabsorption of emitted photons. To overcome this, research has turned towards creating artificial light-harvesting systems that spatially and spectrally concentrate light through different donor and acceptor chromophores. Usually these chromophores are covalently linked and synthetically complex. We report a simple, versatile and highly efficient light-harvesting antenna system consisting of dyes suspended in a PMMA micro-powder. These composites absorb light throughout the visible region of the solar spectrum, efficiently funnel the energy via FRET and then re-emits it in the deep red with PLQY >95%. These composites are extremely robust and easy to process and can be incorporated into a variety of host matrices for applications. This system is characterised via continuous wave and transient spectroscopy. Proof-of-concept-devices and simulations show it to be well suited for use in LSCs.
Introduction
Renewable sources of energy will play an increasing role in meeting our future energy generation needs. Of these, solar energy offers the greatest potential for energy generation, not only through direct photovoltaic (PV) technologies, but also in photo-catalysts, biofuels and in artificial photosynthetic systems. To increase the accessibility and versatility of these technologies efficient harvesting of the energy in the solar spectrum is required. Increasing the incident photon flux through solar concentration  has the potential to improve PV technologies1–3,  artificial photosynthetic systems4,5, photo-bioreactors6 and photo-catalysis systems7. 
Concentration of incident solar radiation can be achieved through luminescent solar concentrators (LSCs). LSCs consist of a transparent waveguide doped with highly luminescent chromophores. Incident solar radiation is absorbed by the chromophores and emitted into waveguide modes, confining the light for transport to a useful output8–10.  Although this architecture has many advantages over optical concentration with mirrors, such as the ability to concentrate diffuse sunlight, no solar tracking requirements and low weight, LSC commercialisation has been limited by a number of unfavourable processes that reduce their efficiency8,11.  These loss mechanisms include: 1) Chromophores with luminescent quantum yields (PLQYs) of less than 100%, such that a photon may be lost to non-radiative decay. 2) An emitted photon may be lost from the waveguide via emission through the escape cone. 3) Overlapping absorption and emission spectra causes the emitted photon to be reabsorbed, feeding back into the first and second loss processes8. Due to the nature of reabsorption increasing with LSC size, reabsorption is one of the major challenges to overcome if LSCs are to reach their full potential.  
Many different luminescent materials have been developed and tested in LSCs including organic dyes12,13, rare earth materials14,15, quantum dots11,16–19, and semiconducting polymers20,21. However, these systems suffered from incomplete solar absorption and reabsorption losses. Research has begun to look at mimicking natural photosynthetic structures through the creation of artificial light-harvesting systems to collect solar energy for conversion to other forms of energy22–24. In the recent decades many artificial light-harvesting antenna molecules have been reported25–33. Generally, these systems work by separating the absorption and emission events by adding one or more strongly absorptive species and transferring the energy to the emitter through an energy transfer process, such as Förster resonance energy transfer(FRET)21,24,34–37. FRET is a non-radiative process in which the donor transfers energy to the acceptor through long-range dipole–dipole interaction38. This also allows for a wider proportion of the solar spectrum to be absorbed compared to when a single dye is used36,39–42.  This has been achieved in semiconductor heterostuctured quantum dots and rods17,43–45,  organic dye systems5,36,40,41,46, biological systems47 and organic/quantum dot hybrids37. While using a FRET network for LSCs was first proposed by Swartz et al.40 there are many recent studies which successfully utilise efficient FRET processes in LSCs39,41,48. 
As FRET is highly distance dependant, aggregation of chromophores, which often reduces PLQYs, is common due to the necessity for chromophore proximity49. FRET between organic dyes can only occur at high efficiencies with molecular spacing’s below  10 nm50. Previously this could only be achieved in heavily doped thin film LSCs12,36,39. This dense packing of chromophores can be avoided by linking donor and acceptor chromophores covalently together4,5,23,29. The most well-known examples of covalent energy transfer systems involve dendrimers that are substituted with a number of chromophores creating an intermolecular energy gradient. This allows the system to achieve large Stoke-shifts with maximum solar absorption, however PLQYs are relatively low and the molecules are synthetically complex to fabricate5,51–53. Also, care is required when designing such systems as any increase in red edge absorption compared to the single chromophore units can reduce performance at large scale54.
Covalently linking chromophores solves the problem of chromophore aggregation but adds synthetic complexity and reduced PLQYs limit their potential. Achieving high local concentrations of chromophores, to enable FRET, while maintaining high PLQY and limiting aggregation in a simple manner is still an unsolved problem. Simple chromophores have been placed into polystyrene microspheres which created efficient energy harvesting systems55,56 although these required either industrial or complex fabrication methods. More synthetically complicated molecularly insulated chromophores have also been made into high concentration films with low concentration emitters57. Here, we report a simple and robust light-harvesting system of three dyes embedded in 100 µm particles of PMMA. These antenna composites harvest the visible spectrum and transfer it into a low concentration emitter species. The overall PLQY of the composite is >95%, while being highly stable and easy to process and suspend in other polymer matrixes and incorporated into LSCs.
Methods
All chemicals were purchased from Sigma-Aldrich or TCI Chemical and used as received.
Steady-state spectral measurements: Absorption spectra were measured using a HP 8453 spectrophotometer. Dyes were dispersed in toluene at a concentration of ca. 1 mM and a 1 mm path length was used. Film samples were prepared on quartz glass by spin coating from the respective PMMA solution at 2000 rpm. Photoluminescence measurements of solutions (1 mM in toluene in a 1 mm cuvette), films and powders including two-dimensional scans were measured on an Edinburgh Instruments FLS90 fluorimeter. 
PMMA composite fabrication: LHCs were formed by dissolving the chosen dyes at the concentrations shown in Table 1. in 1.18g ml-1 PMMA in toluene or chloroform. The calculated approximate distances between dyes in the different blends of PMMA composites fabricated, assuming homogenous dye distubution can be found in Table 2. These solutions were sealed and heated to 100oC and stirred overnight. After cooling the PMMA dye solution was then spread out on a glass substrate to slowly dry. Once dried the PMMA composite could be scraped off and ground under liquid nitrogen with mortar and pestle to produce the LHCs. For redispersing in a polymer matrix, this powder was mixed with in an 80:20 solution of lauryl methacrylate (LMA) and ethylene glycol dimethacrylate (EGDM). The 4-methoxyphenol inhibitor, supplied with the monomers, was removed by passing the monomer solution over basic aluminum oxide. 2,2-dimethoxy-2-phenyl acetophenone (1 wt.%) was added as an initiator and stirred until completely dissolved. The solution was placed in a mold made by two sheets of glass clamped together with a o-ring in-between. Polymerization occurred by exposure to 365 nm radiation for 1 hour. 
Table 1: Concentrations of dyes in the different blends of PMMA composites fabricated. Error due to precision of the balance used in weighing compounds.
	Sample
	Red dye (0.01 mM)
	Green dye (0.01 mM)
	Blue dye (0.01 mM)

	Blend 1
	6.48
	64.80
	64.80

	Blend 2 (reported in the main text)
	3.24
	32.40
	32.4

	Blend 3
	1.62
	16.20
	16.20

	Blend 4
	0.81
	8.10
	8.1

	Blend 5
	0.40
	4.05
	4.05

	Blend 6
	0.20
	2.02
	2.02



Table 2: Calculated approximate distances between dyes in the different blends of PMMA composites fabricated, assuming homogenous dye distribution. Error due to precision of the balance used in weighing compounds.
	
	Red to red distance (0.1 nm)
	Blue to red distance  (0.1 nm)
	Green to red distance (0.1 nm)
	Blue to green distance (0.1 nm)

	Blend 1
	6.3
	0.6
	0.6
	0.3

	Blend 2 (reported in main text)
	12.7
	1.3
	1.3
	0.6

	Blend 3
	25.4
	2.5
	2.5
	1.3

	Blend 4
	50.8
	5.1
	5.1
	2.5

	Blend 5
	101.6
	10.2
	10.2
	5.1

	Blend 6
	203.2
	20.3
	20.3
	10.2



[bookmark: OLE_LINK1]Scanning electron microscope (SEM): Measurements were carried out with a FEI Magellan 400 L. Dye powder was finely dispersed onto Advance Tapes AT526 Conductive Copper Tape and attached to an SEM stub. Before imaging, 10 nm of gold was sputtered atop of the samples using an Agar Auto Sputter Coater. A voltage of 3 kV and current of 0.1 nA was used for generation of the electron beam. Images were collected with a 30 μs exposure time.     
PLQE measurements: LHCs were placed in an integrating sphere and were photo-excited using a 405 nm or 532 nm continuous-wave laser. The laser and the emission signals were measured and quantified using a calibrated Andor iDus DU490A InGaAs detector for the determination of PL quantum efficiency. PLQE was calculated as per de Mello, et al. 58. The 350 nm measurement was measured on an Edinburgh Instruments FLS90 fluorimeter.
Simulations: The LSC ray trace model was constructed in Matlab and has been previously reported.35,54 LSC geometry was modelled as a square planar slab with a depth of 0.3 cm. The side length and dye concentration could be varied. In the simulation, unpolarized light, either drawn from the AM1.5G spectrum or at a specific wavelength, arrived on the upper face of the LSC at normal incidence. The absorption of sunlight and reabsorption of photoluminescence was determined probabilistically using the Beer–Lambert law. Wavelengths of incident and emitted photons were selected using the interpolation of a random unit scalar onto the relevant cumulative distribution function. Fresnel reflections and total internal reflection were simulated assuming a waveguide refractive index, nr = 1.5, and air cladding (nr = 1.0). The absorption, emission and PLQY data fed into the simulation was measured from the fabricated PMMA/dye LHCs blends. The simulation effectively treats each microparticle as an individual chromophore with a uniform micro particle throughout the matrix.  Due to the fact that PMMA matrix and the 80:20 lauryl methacrylate:ethylene glycol dimethacrylate matrix have the same refractive index, they should be negligible scattering effects in produced LSCs. Each LSC was simulated with 106 incident photons; current was counted by logging photons traversing output apertures (the slab edges). 
Transient Absorption: A portion of the output of a Ti:Sapphire amplifier system (Spectra-Physics Solstice) operating at 1 kHz, was used to pump a lab-built non-collinear optical parametric amplifier (NOPA) to generate the pump pulse at 490 nm, 540 nm or 570 nm (FWHM 25 nm, <150 fs). Alternatively, to generate the pump at 400 nm, a portion of the Ti:Sapphire output was frequency-doubled using a β-barium borate crystal. Another portion of the Ti:Sapphire fundamental was focused into a 5mm CaF2 crystal to generate a white light continuum spanning 350 – 850 nm. An optical filter was used to remove residual 800 nm fundamental in the white light continuum. The CaF2 crystal was continuously vertically translated by means of a speaker oscillating at 20 Hz to prevent crystal damage. To ensure constant excitation densities over the probe region on the sample, the pump diameter on the sample was made ca. 5 times bigger than the probe diameter (95µm FWHM). The probe and reference beams were dispersed in a spectrometer (Andor, Shamrock SR-303i) and detected using a pair of 16-bit 512-pixel linear image sensors (Hamamatsu). The probe was delayed using a mechanical delay stage (Newport) and every second pump pulse was omitted using a mechanical chopper. Data acquisition at 1 kHz was enabled by a custom-built board from Stresing Entwicklunsbüro. The differential transmission (ΔT/T) was calculated after accumulating and averaging 1000 “pump on” and “pump off” shots for each data point. The excitation fluence was kept sufficiently low (~ 8-15 μJ/cm2) such as to avoid nonlinear effects e.g. from exciton-exciton annihilation.

Transient Photoluminescence: To record the time-resolved photoluminescence of the samples, time-correlated single photon counting (TCSPC) was performed. Samples were excited with a pulsed laser (PicoQuant LDH400 40 MHz) at 375 nm, 407 nm and 470 nm, with the resulting photoluminescence decay collected on a 500 mm focal length spectrograph (Princeton Instruments, SpectraPro2500i) with a cooled CCD camera. The instrument response was determined by scattering excitation light into the detector using a piece of frosted glass; a value of 265 ps was obtained. The excitation fluence for all samples was similar to that used in transient absorption measurements (~ 6-12 μJ/cm2).

Results
Organic chromophores.  To develop our simple antenna system we use three different rylene dyes. A blue emitting dye (1,3,6,8(2H,7H)-Tetraone, 2,7-dicyclohexylbenzo[lmn][3,8]phenanthroline) (Figure 1. (a)), a green emitting dye (N,N'-Bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic Diimide)  (Figure 1. (b)) and a red emitting dye (N,N'-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxy-3,4,9,10-perylenetetracarboxylic Diimide) (Figure 1. (c)). 
[image: structure]
Figure 1: Chemical structures of the organic dyes used in this study. (a) blue dye, (b) green dye and (c) red dye.
While the blue dye has a relatively low PLQY, of 10%, both the green dye and the red dye PLQYs are close to unity (Figure 2. (a)).  The blue dye is based on the naphthalene diimide chromophore with cyclohexane solubilizing units. It has absorption features between 300 - 400 nm with a broad emission across most of the visible region peaking around 450 nm. The green dye has a perylene diimide chromophore center with absorption features between 400 – 550 nm and an emission between 500 – 650 nm peaking at 550 nm. The red dye has a phenol-bay substituted perylene diimide center. These phenol substituents expand the π-system and induces a torsion of the perylene core resulting in the red shifted absorption and emission59. This dye absorbs across most of the visible spectrum and has an emission between 600 – 700 nm (Figure 2. (a) and (b)). These dyes have a good spectral overlap between emission and are suitable for energy transfer through Förster resonance energy transfer (FRET). 


Figure 2: (a) Absorption and emission of the organic dyes dispersed in a PMMA matrix  (0.1 w/w %). (b) Digital images of the dye solutions under 365 nm UV lamp illumination. (c) Digital images of the dyes in a PMMA matrix under 365 nm UV lamp illumination.
The Förster radius (, the distance at which 50% of all excitations lead to energy transfer from the donor to the acceptor, can be calculated as , where  is the fluorescence quantum yield of the donor in the absence of the acceptor,  is the dipole orientation factor (  is assumed, implying isotropic orientation),  is the refractive index of the medium,  is Avogadro's number, and  is the spectral overlap integral calculated as  where  is the donor emission spectrum normalised to an area of 1, and is the acceptor molar extinction coefficient.
The FRET radius calculated for the transfer between the different dyes is as follows:  from the blue dye to the green dye ≈ 4.50.2 nm; from the blue dye to the red dye ≈ 4.80.3 nm; and from the green dye to the red dye ≈ 8.90.4  nm. As we plan to disperse the dyes in a polymethylmethacrylate (PMMA) matrix, the refractive index of PMMA and the absorption and emission data of the dyes in low concentration of PMMA was used to calculated the FRET radius.

Panchromatic Solid State Light Harvesting Composites. We initially create light harvesting composites (LHCs) with dyes ratios of 10:10:1 (blue dye: green dye: red dye) by dissolving the dyes and PMMA in toluene or chloroform at concentrations that allow efficient FRET, these solutions are then drop cast to create dyes dispersed within a PMMA matrix, see methods section for details. Upon incorporation into the PMMA matrix at low concentrations we observe minimal shifts in absorption and emission spectra compared to solution measurements (SI Figure 1). As all the dyes used in this study have large solubilising substituents they uniformly distribute within toluene/chloroform and the resulting PMMA matrix.  These PMMA/dye LHCs show absorption across the visible spectrum with efficient emission purely out of the red dye (Figure 3. (a)). This implies an efficient energy cascade process from both the blue and green dyes into the red dye where the excitation relaxes and is emitted as a photon. At lower concentrations of dyes in the PMMA matrix clear emission from the green dye can be observed due to inefficient excitation transfer to the red dye (SI Figure 2.) These PMMA/dye composites can be ground up in a mortar and pestle under liquid nitrogen into small (<100 µm) particles (Figure 3. (a) and SI Figure 3.) which still show strong emission (Figure 3. (c)).  We believe that in future uses these particles could be further reduced in size through the use of a cryogenic ball mill. By mixing the produced microparticles into an 80:20 solution of lauryl methacrylate and ethylene glycol dimethacrylate and performing a radical polymerization (see methods) the particles can be re‑dispersed into other polymer matrixes (Figure 3. (d)).  We find that the microparticles maintain full dye confinement and emission properties in the other polymer matrix (SI Figure 4.) Thus these PMMA/Dye LHCs sow potential for LSC applications.
 The PLQY of the PMMA/dye LHCs was measured to be 95±5% when excited at 305 nm, 405 nm and 532 nm. This implies energy transfer from the blue and green dyes into the red dye on a timescale significantly faster than the non-radiative decay processes in the high energy dyes, especially the blue dye, which has a PLQE of only 10% on its own. Thus, the LHCs efficiently harvest light from across the visible spectrum, downshift it in energy and emit it with near unity efficiency. 

Figure 3: (a) Two-dimensional emission/excitation spectra of Blend 2 clearly showing that, under any excitation, emission occurs from the red dye at 650 nm. (b) Scanning electron microscope images of the PMMA LHCs. (c) Digital images of the visible emission from the LHCs. (d) Proof of concept LSC: Digital image of the LHCs redispersed in another polymer matrix, showing clear waveguide emission to the edges of the device. 

Transient spectroscopy. In order to further characterise the energy transfer between chromophores within our LHCs we use a combination of picosecond transient absorption (ps-TA) and transient photoluminescence spectroscopy. Transient absorption is a method that can be used to track the population of excited states in a system through time, allowing us to monitor the downhill transfer of energy in our system. 
Figure 4. (a) shows transient absorption spectra of the LHC at various time delays following photoexcitation at 400 nm (<150 fs). For these spectra ΔT is the change in the transmission of the sample with/without the pump pulse, and T is the transmission without the pump pulse. Overlaying the absorption of the blend (red line) and comparing it with the spectra of the individual dyes in Figure 2. (a), shows that the positive feature around 595 nm correspond almost exclusively to the absorption of the red chromophore, with little emission contributions. Hence the ground state bleach (GSB) of this band can be used to monitor the energy cascade; this is further evidenced in the SI Figure S5. (a) where we plot the transient absorption spectrum for the red dye exclusively. In Figure 4 (b) we plot the kinetics of this band when the LHC is excited under the same fluence at 400, 500, 540 and 570 nm. At the higher pump energies (400 nm and 500 nm) a significant ~ 150 ps rise is observed for the band at 595 nm. The magnitude of this rise is lowered when pumping at 540 nm and is followed by a purely kinetic decay when pumping at 570 nm; this decays with an identical kinetics as when the red dye alone is pumped at 400 nm (~1.3 ns). Hence because at high pump energies there is significant energetic overlap of our pump pulse with the absorption of the blue and green acceptor dyes, a delayed rise is seen in the GSB of the red dye; indicating transfer of energy from the other chromophores.
The transfer of energy from blue to green dye is more challenging to track because the transient absorption features of the blue dye are below 400 nm, an area not well suited to our setup. In Figure 4. (c) and (d) we plot the transient absorption map for excitation of the blend and green dye exclusively at 400 nm. As for the red dye, comparison of the transient absorption map with the steady state photoluminescence spectra highlights that the positive signal at 535 nm corresponds primarily to the stimulated emission of the green acceptor and hence can be used to monitor is population. Taking a kinetic decay along this band (Figure 4. (d)) shows again a delayed rise for this band when exciting within the LHC as compared to when we excite the dye alone. The rise time is shorter than for the red dye in the composite: ~ 80  ps, as would be expected as a fewer number of energy transfer steps have taken place. A similar observation is also made for the excited state absorption (ESA) band of the green dyes at 720 nm. Here a prominent ~ 88  ps rise is observed in the case of the composite, whereas when we measure the green dye alone the ESA signal decays with an average lifetime of ~ 36  ps. We repeated these experiments for different dye concentrations within our composite (Figure S5. (c) and (d)). Lowering the concentration of the dyes (at a constant ratio) effectively reduces the efficiency of the FRET. Taking a kinetic decay at 595 nm for a lower concentration blend (blend 5) at different pump energies, as was done in Figure S5 influence. (a), reveals a solely kinetic decay with no rise (Figure S5. (b)). This was observed for all pump energies and the decay is effectively identical to the red dye alone. Our ps-TA results hence provide clear evidence of an ultrafast energy transfer taking place between chromophores, which is most effective within the high concentration blend.
To track this further we carry out time resolved emission scans using time correlated single photon counting on our presented LHC (Figure 4. (f)) and for various other dye blend ratios (Figure S6.). Samples were excited at 375 nm with emission collected in the range 500 – 800 nm. At low concentrations of dye within the blend dual emission is observed from both the red and green dyes at 620 and 535 nm respectively. Emission from the blue dye is weak and barely observed in any of the blends. At low concentrations the emission lifetime of each dye is similar to its intrinsic lifetime when isolated: ~ 3.0 ns. On increasing the concentration of all dyes (blend 1) the lifetime of the red dye in the blend increases up to ~ 7.0  ns, whereas the green dye emission lifetime drops ~ 390  ps; in line with our steady state PL measurements of the blends (Figure 3 (a)). We summarise these results in Figure S7 and Table S1. where we compare the intrinsic lifetime of red dye () in a PMMA matrix by itself to that of the red dye in different concentration LHCs(). This allows us to introduce a characteristic efficiency of the transfer process based on the ratio of these two values:  where  is the efficiency of the energy transfer into the red dye. From this we find that the LHC characterised in the main text (blend 2, Red dye: 3.20 mM, Green Dye: 32.40 mM and Blue dye: 32.40 mM) performs best with the highest relative transfer efficiency, where an almost 50 fold increase in the lifetime of the red dye is seen when incorporating into the dye into the LHC structure, emphasising efficient FRET (Figure 4 (f) and Figure S7). 


[bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK83][bookmark: OLE_LINK84]Figure 4: (a) Transient absorption spectral slices for excitation of the PMMA dye composite at 400 nm. The overlayed red and green curves indicate the steady state absorption and emission spectra. (b) Kinetic decay at 595 nm corresponding to ground state bleach band of red acceptor dye. Kinetic decays are normalised to 0.5 ps before which the kinetics of the red dye are approximately independent of pump wavelength. Four different pump excitation wavelengths are shown: 400, 500, 540 and 570 nm, along with the kinetic decay of the red dye pumped at 400 nm. (c) Transient absorption map for blend with excitation at 400 nm. (d) Transient absorption map for excitation of green dye alone 400 nm. Bands (1) and (3) correspond to the ground state bleach and stimulated emission of the green dye; band (2) is the excited state absorption. (e) Kinetic decay at 535 nm associated with stimulated emission of green acceptor dye. Blue circles indicate the kinetic decay for the dye blend whereas the green circles are that of the pure green dye. The clear rise is indicative of transfer from a high energy donor. (f)  Transient photoluminescence of the LHC (Blend 2)

Potential applications. To further show the versatility of these LHCs we make new PMMA composites with varying ratios of blue:green:red dyes. These complexes show emission from the red dye even at ratios of 100:100:1 (Figure S8.), emphasising the extent to which we can concentrate the solar spectrum from the visible to the red while minimising reabsorption through emission from a low concentration emitter (Figure 5.).

Figure 5: (a) Absorption ad emission of different fabricated LHCs. (b) LSC simulation of presented 10:10:1 (Blue:Green:Red) LHC with a flux gain threshold of 750 nm. (c) LSC simulation of 10:10:1 (Blue:Green:Red) LHC with a flux gain threshold of  1100 nm.
Reabsorption can limit the efficiency of LSCs, especially in the large scale LSCs, and hence is an important quantity to characterise within our polymer-antenna complex. In order to do this we employ a self-absorption factor that has been shown to influence optical concentration in practical devices60, defined as, , where Absa is the absorbance of the system at its maximum value, and Abse is the absorbance at peak emission. We find that for our characterised LHC has a SA value of 21. This can be increased up to an SA of 408 in a 100:100:1 dye ratio complex (Figure 5.).  Although the value for our system is not as high as what has been achieved with synthetically complex dendrimers5 it is significantly higher than that of simple dye based LSC systems60. In order to further characterise the potential of our PMMA-dye composites for use in LSCs we use a ray tracing Monte Carlo simulation that has been shown to agree with experimental results35,61. By feeding in the absorption, emission and PLQY data into the simulations (Full details in the methods section), we find that in the best case scenario an LSC could be fabricated with optical efficiencies, defined as photons emitted from the edges of the device divided by incident photons striking the top face of the device, of  10% in 50 cm2 devices (Figure S9). We also calculated the flux gain as a function of dye concentration and LSC size. Flux gain is a detection-agnostic metric given by the ratio of photons leaving the output aperture to photons arriving over an equivalent area of the input aperture, for photons with energy exceeding a threshold value. We chose a threshold of 750 nm (Figure 5. (b) and Figure S10), amenable to some perovskite PV cells62 and 1100nm (Figure 5. (c) and Figure S11) amenable to Silicon PV Cells. For the 10:10:1 blend flux gains of 12 and 8 are predicted in 100 cm2 devices with 750 nm and 1100 nm thresholds, respectively.  It’s worth nothing that these simulations make the assumption that the LHCs presented here can be incorporated into functional LSC matrixes with perfect waveguides. That is, no bulk light scattering or surface imperfections caused by the LHACs in the polymerized waveguides. While we do present initial promising results above, further work needs to be done to optimise their incorporation into transparent waveguides. Once we can achieve this, the simulations predict LSCs which are comparable with current state of the art systems63. A key consideration is that the system presented here is extremely easy to fabricate and compatible with large scale industrial processing. 

Conclusion
In summary, we have presented a simple way to make light-harvesting antenna complexes hosted within robust polymer matrices. These panchromatic light harvesting composites absorb light across the visible spectrum and, via efficient FRET, transfer it into a low concentration emitter dye, achieving an overall PLQY >95%. These composites can also be ground down to small dispersible particles for a number of applications, such as re-dispersal in host polymers. In particular, we demonstrated that they can be incorporated into a luminescent solar concentrator whose potential optical efficiency can rival the current state of the art, but with far simpler fabrication. Our key result is hence that via careful tuning of matrix composition effective inter-chromophore FRET can be achieved whilst minimising reabsorption and self-quenching. This opens a new paradigm for efficient LSC manufacturing, away from the preparation of synthetically complex antenna molecules and towards the effective dispersion of chromophores within a matrix - a far simpler method. With regards to the complex presented here, further work should aim to improve the dispersion properties of the dyes within the polymer matrix. In addition, the potential of other commercially available red shifted chromophores or aggregates (excimers) with a large Stokes-shift, such that reabsorption can be minimised and the emission can be turned to other better suit other PV technologies, should be investigated.
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