










migration of the energy to the light-redirecting acceptors can be
observed on multiple timescales in the spectral region of ac-
ceptor absorption/emission after excitation in the spectral range
of the light-harvesting donor absorption (Fig. 6). After about 200
ps, a transient signal builds up with a peak maximum around
530 nm in the Sg/Rh123 and 530 to 550 nm in the C1/C6 system
(Fig. 6 C and D). As the entire light-harvesting system consists of
a multitude of different donor/donor and donor/acceptor dis-
tances, we expect that this is reflected in a large range of dif-
ferent timescales in the kinetics. However, to characterize the
approximate timescales, we performed a simple biexponential
analysis and found characteristic timescales of around τnD→A ∼5
to 15 ps and τDpool→A ≥100 to 200 ps (Fig. 6 E and F). The
shorter timescale, τnD→A, corresponds well with the timescale
that one would expect from Försters theory for the transfer from
the nearest donor molecules, nD, to the acceptors, whereas the
longer timescale, τDpool→A, is likely due to donor pool energy

migration and dipole moment reorientation. Please note that the
exact timescales depend very sensitively on the average distances
between the pigments in different preparations. While the
overall light-redirecting quantum efficiency does not depend
very much on minor variations in the concentration because the
picosecond-energy transfer timescales are generally much
shorter than the nanosecond-excited state lifetimes of the pig-
ments, the energy transfer timescales themselves depend by 1/r6

on the interpigment distances. Thus, different preparations can
easily display energy transfer timescales, τnD→A, varying by a
factor of 2 to 5 but since they are all well below the nanosecond-
excited state lifetimes the energy transfer efficiency corresponds
in all cases to near to 100%. Interestingly, we observed in general
a significant decrease in the timescales in stretched polymers
compared to the nonstretched systems. Even though the average
distance between the pigments should not be changed due to
stretching, we suspect that the pigments get closer in directions
perpendicular to the stretching direction, which could open more
energy transfer pathways that are faster and thus dominate the
overall kinetics. In general, the overall kinetics of both systems
are rather similar. The only qualitative difference in the SG7/
RH123 system is the contribution of a fast kinetic with opposite
sign in the transient spectra with a wavelength maximum around
555 nm (Fig. 6C).

Fig. 5. Three-dimensional single-molecule orientation measurements. (A)
Rotating excitation polarization with tilted illumination from different di-
rections allows to determine the 3D orientation of single molecules in a
microscope setup. (B and C) Exemplary single-molecule images along with
2D transition dipole moment projections for acceptor molecules in a non-
stretched and a stretched polymer, respectively. (D and E) Representation of
the corresponding 3D orientations of a multitude of molecules. (F and G)
Histograms of the individual angle deviations from the average.

Fig. 6. Pump–probe data of foils with pump polarization perpendicular to
the probe polarization. (A and B) Time traces observed with various probe
wavelengths for the unstretched SG7/Rh123 and C1/C6 system, respectively.
(C and D) Corresponding transient absorption spectra at different time de-
lays. (E and F) Corresponding time traces along with biexponential fits for
the traces observed with a probe wavelength of λProbe = 530 nm. The pump
wavelength was λPump = 400 nm.
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In order to separate the overall donor-pool energy funneling
and donor-to-acceptor energy transfer dynamics from the dipole
moment reorientation dynamics, we performed polarized
pump–probe experiments with differing polarizations in the
pump and probe beams (Fig. 7). As the SG7/Rh123 data con-
tained contributions of the additional negative signals particu-
larly at the important short timescales, we focused on the C1/C6
system that did not show these additional signals. When probing
with a polarization parallel to the aligned acceptors, the signals
observed after pumping the donors with a perpendicular polar-
ization (Fig. 7A) increased significantly slower in comparison to
the signals observed with parallel polarization (τnD↔→A↕ >
τnD↕→A↕ ∼ 10 to 15 ps, black and red in Fig. 7 A and B). The
longer timescales are larger than τDpool↔→A↕; τDpool↕→A↕ ∼ 200
ps. In Försters theory for intermolecular energy transfer, energy
transfer is much more efficient when the dipole moments of
donor and acceptor are parallel. The energy transfer efficiency
becomes minimal the more the angle between donor and ac-
ceptor dipole moments come close to 90°. Therefore, the differ-
ences observed in Fig. 7 A and B are very likely due to the
additional time that is necessary for donors with transition dipole
moments perpendicular to the acceptors to first transfer their en-
ergy to other donors that have a transition dipole moment orien-
tation in-between the dipole moments of the initial donor—and
acceptors dipole moments.
The situation in the light-harvesting system typically corre-

sponds to a preferred excitation of donors with a dipole moment

perpendicular to the acceptor dipole moments because the sunlight
from the top has a polarization that is rather horizontal (Fig. 1),
whereas the polarization of the light perpendicularly redirected by
the acceptors is rather vertical. Therefore, knowledge about this
additional process—that is actually key to the high efficiency of the
donor–acceptor systems presented in Fig. 1—is very important.
To further characterize the dynamics of this additional pro-

cess, we calculated the difference between the kinetics observed
with parallel and perpendicular donor excitation polarization
(Fig. 7 C and D).
In a simplified manner, this kinetics corresponds to a con-

secutive kinetics in which the initially excited donors with a di-
pole moment perpendicular to the acceptors are the initial state
(D↔), excited donors with a dipole moment in-between the di-
pole moments of the initial donor—and acceptors dipole mo-
ment are the intermediates (Dpool) and the finally excited
acceptor (A↕) is the final state. Therefore, we fitted a biexpo-
nential reaction kinetic scheme to the difference spectra (red
lines in Fig. 7 C and D). We interpret the observed time constant
for the rise term, τD↔→Dpool ∼13 ps, as the approximate time-
scale that is associated with the energy migration from initially
excited donor molecules with preferential perpendicular dipole
moments, D↔, to the entire randomly oriented light-harvesting
donor pool, Dpool. Correspondingly, we interpret the time
constant for the decay term, τDpool→A↕, as the approximate
timescale that is associated with the energy migration from the
randomly oriented light-harvesting donor pool, Dpool, to the

Fig. 7. Polarized pump probe experiments with varying pump polarization. (A and B) Polarized pump–probe experiments of a stretched system with pump
and probe polarizations parallel to the acceptor orientation (red solid line) and a corresponding trace with pump polarization perpendicular to the acceptor
orientation and probe polarization (black solid line). The dotted red and black lines are corresponding biexponential fits in the range between 0 and 140 ps.
Pump and probe wavelengths were λPump = 400 nm and λProbe = 530 nm, respectively. (C and D) Kinetic traces calculated from the difference of the data
observed in A and Bwith the pump beam oriented parallel and perpendicular to the acceptor alignment (black dots) along with a biexponential fit (red lines).
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light redirecting acceptor with a dipole moment parallel to, for
example, a photovoltaic device, A↕. According to this inter-
pretation, the energy on donors with perpendicular dipole
moments needs about τD↔→Dpool ∼13 ps to migrate into the
entire donor pool with isotropic dipole orientation and then
about τDpool→A↕ ∼50 ps to be funneled to the light-redirecting
acceptors with angular repolarized, highly anisotropic dipole
moments perpendicular to the initially excited light-harvesting
donor dipole moments.

Conclusion
The comparison of molecular structure with the alignability of
molecules seen experimentally in stretched polymers (measured
by fluorescence polarization I‖/I⊥, Fig. 3 and Eq. 1) provided very
valuable insights into the question why the transition dipole
moment of certain molecules aligns very effectively in stretched
polymers, while in other, apparently very similar molecules it
does not. A closer inspection indicated that the presence of
longer, linear bands of rigid ring structures plays a major role
and that pure planarity, such as in condensated polyaromates, is
not the only decisive factor. Based on these observations, we
propose a parameter, η (Eq. 2), that is derived from the number
of atoms within this planar band compared to the number of
atoms outside this band. This parameter has a high predictive
power for molecules that are potentially alignable in stretched
polymers (Fig. 3B). For 27 molecules tested a value of >1 was a
good indicator for molecules that aligned in stretched polymers
(Fig. 3B). Certainly, the parameter can be refined in the future
and different polymers might also influence the alignability in
different ways, but a plausible relationship between alignability
and molecular structure could be made. Of course, the align-
ability must be confirmed experimentally each time potential
candidates are identified but the considerations presented here
will facilitate the search for molecules that have this property.
Molecular dynamics simulations to further validate our hypoth-
esis and to identify possible additional indicators of the align-
ability are currently in progress.
The insights into the interconnection between structure and

alignability of a molecule bridges the previous lack in knowledge
when looking for ideal randomly oriented light-harvesting donor
molecules and aligned light-redirecting acceptor molecules for
the blue GaInP layer as well as lower band gap layers of current
record photovoltaic cells. While the theoretical framework for
the necessary isotropic/anisotropic light absorption and emission
as well as intramolecular energy transfer processes was well
known (33), very little was known about the necessary relation
between structure and molecular alignment. Now, it was possible
to find a combination of molecules suited much better for con-
centration of diffuse light in wavelength ranges for the spectral
range of the blue layer (GaInP) of high efficient multijunction
solar cells. While our previously published C1/C6 system had
nearly 100% quantum efficiencies in energy transfer, light redi-
rectioning and fluorescence emission matched quite well the
band gap of the photovoltaic material (overlap with external
quantum efficiency [EQE] spectrum at the long wavelength
edge, blue spectrum in Fig. 2A), the light-harvesting donor
molecules had a maximum absorption at ∼350–375 nm (green
solid line in Fig. 2A), which is far from the maximum in the solar
spectrum at ∼475 nm (orange in Fig. 2A).
A low absorption at 475 nm can be compensated by longer

absorption path lengths but then the concentration factor in-
trinsically shrinks correspondingly, as the output surface
becomes larger (output surface in Fig. 1) and consequently the
gain in using less precious photovoltaic material is decreased.
Note that a low absorption cannot be compensated by higher
concentrations in an optimized system as this will directly in-
crease reabsorption losses. Therefore, the only way to improve
the concentration factor is to find light-harvesting molecules that

have a significant higher absorption in the maximum of the solar
spectrum at 475 nm. This is the case for the light-harvesting
donor in the SG7/Rh123 system (green solid line in Fig. 2B),
while the quantum efficiencies in energy transfer, light redi-
rectioning, and fluorescence emission as well as match with the
band gap of the photovoltaic material are at least as good as in
the previous system. In the optimized system, it absorbs three
times more light per optical path length at 475 nm, and therefore
the potential concentration factor (output surface/input surface
in Fig. 1) is correspondingly higher.
Polarized pump–probe data (Figs. 6 and 7) allowed to dissect

the mechanism (Fig. 8) for the ultrafast depolarizing light har-
vesting in the donor pool as well repolarizing funneling to the
light-redirecting acceptors in detail.
When the polarization of the excitation light is perpendicular

to the acceptors transition dipole moment (step 1 in Fig. 8A),
light-harvesting donors are preferentially excited that have cor-
respondingly horizontal transition dipole moments (step 2). This
situation is close to the situation in light concentrators (Fig. 1).
The preferential emission of these pigments into the same di-
rection as the exciting light is an important reason for the high
escape cone losses of conventional one-pigment light concen-
trators. In the present system, however, the excitation energy is
transferred to the acceptors pigments with vertical orientations,
first from the nearest donors pigments, nD (step 2). Simulta-
neously, more remote donors transfer energy to pigments of the
donor pool, that have no preferred transition dipole moment
orientation anymore (step 2). Both processes occur on a time-
scale of about 5 to 15 ps (τnD→A ∼5 to 15 ps and τD↔→Dpool ∼13
ps, respectively). The remaining excited donor pigments have
now random orientations. In contrast to the initially preferential
excitation of pigments with horizontal transition dipole mo-
ments, the polarization is lost (step 3). Next, this excited donor
pool transfers also its energy to the aligned acceptors on a
timescale of about τDpool→A↕ ∼50 ps. Depending on the relative
orientation with the acceptor, donors with rather parallel tran-
sition dipole moment orientations transfer faster than others,
that span rather larger angles (step 4). Finally, all donors have
transferred their energy to the acceptors (step 5). The polari-
zation is highly anisotropic again, but now it is exactly perpen-
dicular to the initial excitation polarization. Consequently, the
photons are now emitted perpendicular to the initial excitation
on timescales larger than about 200 ps.
When using a donor excitation polarization already parallel to

the acceptors (Fig. 8B, step 1), the kinetics are more simple and
faster because there is no time necessary for donors with hori-
zontal transition dipole moments to first transfer their energy to
other donors that have transition dipole moment angles closer to
the acceptors dipole moments. The donors that are already ex-
cited nearer to the acceptors are also more likely to have a
preferential dipole moment orientation parallel to the acceptors
(step 2). Thus, a larger contribution of faster timescales is seen
that corresponds to what one would expect from Försters theory
for the transfer from nearest donor molecules to the acceptors
with rather parallel transition dipole moments (red curve in
Fig. 7A). Also, more remote donors have already preferential
dipole moment orientations that are rather parallel to the ac-
ceptor dipole moment orientation, and thus the energy transfer
occurs also faster from this donor pool (step 3). The data in
Fig. 7A (red curves) illustrate that the energy transfer is almost
complete on timescales (∼40 ps) at which still reorienting energy
funneling takes place when exciting with horizontal polarization
(Fig. 7A, black curve, and Fig. 6).
The insights on the relationship between structure and align-

ability of a molecule (Figs. 3 and 4) and de/repolarization of light
(Figs. 7 and 8) will help to find not only molecules, systems, and
ultrafast light-steering and repolarization molecular networks to
redirect and concentrate the full solar spectrum onto each layer
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of high efficiency solar cells but will also be useful for other
systems in which aligned molecules can be very advantageous, for
example, in optoelectronics, optical logical circuits, communi-
cation technology, emissive devices, as well as up- and down-
conversion devices.

Materials and Methods
Similar setups for 3D single-molecule microscopy, pump–probe spectroscopy,
as well as photogoniometry have been described previously (29). More

details as well as details of the preparation of the samples as well as po-
larized pump–probe experiments that were not already described in Results
can be found in the extended supporting methods in SI Appendix.

Data Availability. All study data are included in the article and supporting
information.

ACKNOWLEDGMENTS. This work was supported by Deutsche Forschungsge-
meinschaft (Grants INST 188/334-1 FUGG and GRK2223/1).

1. W. Shockley, H. J. Queisser, Detailed balance limit of efficiency of p‐n junction solar

cells. J. Appl. Phys. 32, 510–519 (1961).
2. T. Zdanowicz, T. Rodziewicz, M. Zabkowska-Waclawek, Theoretical analysis of the

optimum energy band gap of semiconductors for fabrication of solar cells for appli-

cations in higher latitudes locations. Sol. Energy Mater. Sol. Cells 87, 757–769 (2005).
3. J. F. Geisz et al., Six-junction III–V solar cells with 47.1% conversion efficiency under

143 Suns concentration. Nat. Energy 5, 326–335 (2020).
4. F. Dimroth et al., Wafer bonded four-junction GaInP/GaAs//GaInAsP/GaInAs concen-

trator solar cells with 44.7% efficiency. Prog. Photovolt. Res. Appl. 22, 277–282 (2014).
5. F. Dimroth et al., Four-junction wafer-bonded concentrator solar cells. IEEE

J. Photovoltaics 6, 343–349 (2016).
6. G. D. Scholes, G. R. Fleming, A. Olaya-Castro, R. van Grondelle, Lessons from nature

about solar light harvesting. Nat. Chem. 3, 763–774 (2011).
7. H. van Amerongen, R. Croce, Light harvesting in photosystem II. Photosynth. Res. 116,

251–263 (2013).
8. B. Kê, Photosynthesis: Photobiochemistry and Photobiophysics (Kluwer Academic

Publishers, Dordrecht, The Netherlands, 2001).
9. P.-N. Liao, S. Bode, L. Wilk, N. Hafi, P. J. Walla, Correlation of electronic

carotenoid–chlorophyll interactions and fluorescence quenching with the

aggregation of native LHC II and chlorophyll deficient mutants. Chem. Phys. 373,

50–55 (2010).
10. P.-N. Liao et al., Two-photon study on the electronic interactions between the first

excited singlet states in carotenoid-tetrapyrrole dyads. J. Phys. Chem. A 115,

4082–4091 (2011).
11. C.-P. Holleboom, P. J. Walla, The back and forth of energy transfer between carot-

enoids and chlorophylls and its role in the regulation of light harvesting. Photosynth.

Res. 119, 215–221 (2014).
12. A. Goetzberger, W. Greube, Solar energy conversion with fluorescent collectors. Appl.

Phys. (Berl.) 14, 123–139 (1977).
13. W. H. Weber, J. Lambe, Luminescent greenhouse collector for solar radiation. Appl.

Opt. 15, 2299–2300 (1976).
14. S. W. Im et al., Light polarization dependency existing in the biological photosystem and

possible implications for artificial antenna systems. Photosynth. Res. 143, 205–220 (2020).
15. B. Zhang et al., Highly efficient luminescent solar concentrators by selective align-

ment of donor–emitter fluorophores. Chem. Mater. 31, 3001–3008 (2019).
16. H. Lee et al., Maximizing power generation from ambient stray magnetic fields

around smart infrastructures enabling self-powered wireless devices. Energy Environ.

Sci. 13, 1462–1472 (2020).

Fig. 8. Scheme of the energy funneling and depolarization/repolarization mechanism, (A) Initial depolarization into the light-harvesting donor pool and
subsequent repolarization into an orientation perpendicular to the initially excited transition dipole moment orientations. (B) Faster donor pool funneling
observed with excitation polarization parallel to the acceptor transition dipole moments. For details, see text. The red lobes indicate the polarizations during
steps 1 to 5.

Willich et al. PNAS | December 29, 2020 | vol. 117 | no. 52 | 32937

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

F
eb

ru
ar

y 
18

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019198117/-/DCSupplemental


17. M. Li, J.-S. Chen, M. Cotlet, Efficient light harvesting biotic–abiotic nanohybrid system
incorporating atomically thin van der Waals transition metal dichalcogenides. ACS
Photonics 6, 1451–1457 (2019).

18. M. Li, J.-S. Chen, M. Cotlet, Light-induced interfacial phenomena in atomically thin 2D van
der Waals material hybrids and heterojunctions. ACS Energy Lett. 4, 2323–2335 (2019).

19. M. Li, J.-S. Chen, M. Cotlet, “Efficient light harvesting biotic-abiotic nanohybrid sys-
tem incorporating atomically thin van Der Waals transition metal dichalcogenides” in
SPIE Proceedings, Volume 11246: Single Molecule Spectroscopy and Superresolution
Imaging XIII, I. Gregor, R. Erdmann, F. Koberling, Eds. (SPIE), 112460A.

20. B. Kumari, A. Singh, P. Jana, M. Radhakrishna, S. Kanvah, White light emission in
water through admixtures of donor–π–acceptor siblings: Experiment and simulation.
New J. Chem. 43, 11701–11709 (2019).

21. R. Mazzaro, A. Vomiero, The renaissance of luminescent solar concentrators: The role
of inorganic nanomaterials. Adv. Energy Mater. 8, 1801903 (2018).

22. A. H. Squires et al., Single-molecule trapping and spectroscopy reveals photophysical
heterogeneity of phycobilisomes quenched by Orange Carotenoid Protein. Nat.
Commun. 10, 1172 (2019).

23. Z. Yuan, Z. Wang, P. Guan, X. Wu, Y.-C. Chen, Lasing‐encoded microsensor driven by
interfacial cavity resonance energy transfer. Adv. Opt. Mater. 8, 1901596 (2020).

24. L. Fang, T. S. Parel, L. Danos, T. Markvart, Photon reabsorption in fluorescent solar
collectors. J. Appl. Phys. 111, 076104 (2012).

25. R. W. Olson, R. F. Loring, M. D. Fayer, Luminescent solar concentrators and the re-

absorption problem. Appl. Opt. 20, 2934–2940 (1981).
26. O. M. Ten Kate, K. M. Hooning, E. van der Kolk, Quantifying self-absorption losses in

luminescent solar concentrators. Appl. Opt. 53, 5238–5245 (2014).
27. J. S. Batchelder, A. H. Zewail, T. Cole, Luminescent solar concentrators. 1: Theory of

operation and techniques for performance evaluation. Appl. Opt. 18, 3090–3110

(1979).
28. S. McDowall, T. Butler, E. Bain, K. Scharnhorst, D. Patrick, Comprehensive analysis of

escape-cone losses from luminescent waveguides. Appl. Opt. 52, 1230–1239 (2013).
29. A. Pieper et al., Biomimetic light-harvesting funnels for re-directioning of diffuse

light. Nat. Commun. 9, 666 (2018).
30. American Society for Testing and Materials, Standard ASTM G-173–03. http://rredc.

nrel.gov/solar/spectra/am1.5/. Accessed 20 November 2020.
31. R. F. Kubin, A. N. Fletcher, Fluorescence quantum yields of some rhodamine dyes.

J. Lumin. 27, 455–462 (1982).
32. D. Pfennig, A. Albrecht, J. Nowak, P. J. Walla, A device for exploring the full angular

excitation space—can more angular projections improve determination of a mole-

cules 3D-orientation in the presence of noise? Chem. Phys. 538, 110853 (2020).
33. A. Albrecht, D. Pfennig, J. Nowak, M. Grunwald, P. J. Walla, On the efficiency limits of

artificial and ultrafast light‐funnels. Nano Select 1, 525–538 (2020).

32938 | www.pnas.org/cgi/doi/10.1073/pnas.2019198117 Willich et al.

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

F
eb

ru
ar

y 
18

, 2
02

1 

http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
https://www.pnas.org/cgi/doi/10.1073/pnas.2019198117

