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Temperature-Responsive Luminescent Solar Concentrators: Tuning
Energy Transfer in a Liquid Crystalline Matrix
Jeroen A. H. P. Sol, Volker Dehm, Reinhard Hecht, Frank Wgrthner, Albertus P. H. J. Schenning,
and Michael G. Debije*

Abstract: Temperature-responsive luminescent solar concen-
trators (LSCs) have been fabricated in which the Fçrster
resonance energy transfer (FRET) between a donor–acceptor
pair in a liquid crystalline solvent can be tuned. At room
temperatures, the perylene bisimide (PBI) acceptor is aggre-
gated and FRET is inactive; while after heating to a temperature
above the isotropic phase of the liquid crystal solvent, the
acceptor PBI completely dissolves and FRET is activated. This
unusual temperature control over FRET was used to design
a color-tunable LSC. The device has been shown to be highly
stable towards consecutive heating and cooling cycles, making
it an appealing device for harvesting otherwise unused solar
energy.

Materials that can change color in response to external
stimuli, which can be found both in nature[1, 2] and artificial
devices, are currently receiving much attention.[3–5] Alongside
stimuli-responsive optics, a particularly heavily studied topic
in contemporary chemistry is Fçrster resonance energy
transfer (FRET), the through-space migration of energy
from an excited donor to an acceptor molecule that sub-
sequently emits this energy as light.[6, 7] FRET plays an
important role in energy harvesting systems, for instance in
collecting panchromatic light in a narrow waveband[8] or
directing energy to specific reaction centers in the case of
photosynthesis.[9] Artificial temperature-responsive FRET
systems in supramolecular assemblies have been reported,
in which aggregation of the donor and acceptor monomers
takes place at lower temperatures resulting in FRET,[10–12]

while at higher temperatures, emission is blue-shifted as the
thermal disruption of the co-assemblies results in spatial
separation of the donor/acceptor pair, causing emission from
the donor to be observable.[11, 13,14] However, considerable
research into supramolecular FRET for energy-harvesting
purposes is still needed[9] because controlling and directing
light in stimuli-responsive optical materials and devices
remains a challenge.

LSCs are translucent devices containing fluorescent dyes
that absorb sunlight and re-emit this light at longer wave-
lengths.[15, 16] A fraction of the emitted light is channeled by
the high refractive index lightguide to the edges, on which
long, thin photovoltaic (PV) cells are attached. FRET
between a donor–acceptor fluorescent dye pair has been
used to reduce one of the primary LSC loss mechanisms,
reabsorption, if the acceptor molecules emit light outside the
absorption band of the donor.[17]

In this work, we use a liquid crystal (LC) as host for
a coumarin-derivative donor (Cou)/perylene bisimide
acceptor (PBI) pair. By using an LC as solvent, the device
performs differently from conventional solution-based supra-
molecular FRET systems. At low temperatures, directed
emission from only the aligned donor is visible because of the
aggregation of the acceptor dye in the LC solvent; while in the
isotropic phase at higher temperatures, the acceptor is
molecularly dissolved, generating a FRET pair with the
embedded donor with a redshift in emission (see Scheme 1).
This construction is interesting since it allows for simulta-
neous control over absorption and luminescence through
a single trigger, temperature.

Scheme 1. Proposed interaction mechanism of the C12-PBI (red)/Cou
(yellow) molecules in the LC E7. At lower temperatures at which the
LC is in its nematic phase (top left), the C12-PBI is in the non-active
aggregated state, so all visible emissions (large green arrows) derive
from the donor dye Cou, which does not aggregate in the host LC. At
higher temperatures (top right), C12-PBI is more soluble, acting as
acceptor for the donor in a FRET interaction, resulting primarily in
visible emission from the acceptor (large orange arrows). The two
molecules used in this FRET pair are the perylene bismide C12-PBI and
the coumarin derivative Cou, respectively (bottom).
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In order to study FRET in a liquid crystalline host, a green
fluorescent dye (Cou) with favorable optical characteristics to
facilitate FRET (labs = 450 nm, lem = 530 nm) was used as
dichroic donor dye. Nematic LC E7, which is often used in
electro-optical devices, was chosen as the liquid crystalline
host solvent (with a nematic–isotropic transition at 58 88C, see
Figures S1 and S2 in the Supporting Information for details).
C12-PBI was synthesized as dichroic acceptor; because it is
a tetraphenoxy-substituted perylene bisimide dye, it exhibits
outstanding absorption and efficient emission (lmax = 573 nm,
lem = 606 nm; Supporting Information, Figure S3).[18,19] The
dodecyl chains utilized herein impart a high degree of
molecular order in the LC matrix.

By placing the resulting solution in an LC alignment cell,
a device is obtained that fluoresces bright green if left at room
temperature (RT) for a few hours, displaying only emission
from the donor Cou, indicating that C12-PBI luminescence
has been deactivated; there is only a weak emission between
600 and 700 nm (see Figure 1). Remarkably, almost no

absorbance by C12-PBI is measured at RT owing to dye
aggregation. Upon heating, the green emission (from both the
surface and edges of the cell) is gradually replaced by a red
emission (see Figures 1 and the Supporting Information,
Figure S4 and Video 1). The appearance of the absorption
spectrum suggests that C12-PBI dissolves into the LC matrix.
This most likely results in increased energy transfer from the
Cou to C12-PBI, leading to the red emission.

To verify that energy transfer takes place at higher
temperatures, fluorescence lifetime measurements were car-

ried out. Time-correlated single-photon counting confirms
that energy is transferred from Cou to the C12-PBI dye
molecule. The fluorescence lifetime, tF, of Cou in the hot,
“red” state decreases by 29% (to 2.4 ns) compared to the
“green” RT state. Concomitantly, when monitoring acceptor
C12-PBI at elevated temperature, a delay of about 2.5 ns is
seen before maximum counts are reached, strongly suggesting
that energy is transferred to this molecule (see the Supporting
Information, Figure S5 and Table S2 for further details). The
photoluminescence excitation spectrum (lem = 700 nm) sup-
ports this conclusion, as acceptor C12-PBI emission is
detected at wavelengths in which normally only Cou is
strongly excited (see the Supporting Information, Figure S6).
From comparing the absorbance and excitation spectra, we
estimate a FRET efficiency of 54%.

To unravel the mechanism responsible for the disappear-
ance of the absorption and emission of C12-PBI at low
temperatures, the optical properties of 0.25 wt % of the dye in
nematic LC host E7 (C12-PBI/LC) as a function of temper-
ature were investigated. As in the donor/acceptor blend
system, the C12-PBI/LC mixture displays a weak and rather
featureless absorption band, accompanied by very weak,
redshifted emission from the edge of the device at RT; see
Figure 2b. This featureless absorption band, together with the

redshifted edge emission (likely a result of the absorption
band broadening), is indicative of H-type aggregates (see the
Supporting Information, Figure S7).[20–22] Leaving the C12-
PBI/LC mixture at RT for 2 to 3 h leads to the formation of
amorphous aggregates, as confirmed by polarized optical
microscopy. After heating to the isotropic phase of E7 at
58 88C, the aggregates quickly dissolve and the cell adopts
a more defined and stronger absorption typical of a molecu-
larly dissolved state, and a strong red fluorescence is readily
visible in minutes, reaching a maximum in about 15 min (see
the Supporting Information, Figure S8). Therefore, both the
transparency and luminescence of the C12-PBI/LC device are

Figure 1. a) Photographs of a C12-PBI/Cou cell demonstrating the
color change as the surrounding temperature is increased from 40 to
70 88C. b) Absorbance (solid lines) and edge emission (dotted lines)
spectra of a cell filled with the two-dye mixture before (black lines) and
after heating to 80 88C (red lines). c) Ratio between edge emission
intensities at 623 nm (C12-PBI) and 510 nm (Cou), clearly showing
that the extent of FRET increases strongly above E7’s clearing point of
58 88C (vertical dotted line).

Figure 2. a) Photographs of a cell filled with LC/C12-PBI mixture left at
room temperature (left) and after heating to 85 88C (right). b) Absorp-
tion and emission spectra of the cell in the two states shown.
c) Absorbance monitored at 578 nm shows a strong sensitivity towards
temperature, the dashed grey line represents the clearing point of
nematic host E7. Inset: Dye aggregates seen in the mixture at RT
(scale bar =100 mm).

Angewandte
ChemieCommunications

1031Angew. Chem. Int. Ed. 2018, 57, 1030 –1033 T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


temperature-dependent. Concentration-dependent measure-
ments show the absorbance and fluorescence increase always
takes place around 58 88C, independent of the dye concen-
tration (tested from 0.12 up to 0.5 wt%).

This remarkable behavior is different from common
supramolecular systems in which the degree of aggregation
depends on the concentration and reveals that the aggrega-
tion of C12-PBI is determined by the phase transition of the
LC solvent. In the nematic LC state, E7 is a poor solvent for
the dye, while in the isotropic state, it is a good solvent. The
thermal stability of C12-PBI in the LC host and its ability to
reversibly form emissive and non-emissive states was tested
by placing the cell in an oven in which the temperature was
cycled between 30 88C and 75 88C, each cycle taking 7 h to
complete. After 44 consecutive cycles, the measured absorb-
ance of the samples only changed by circa 10 %, indicating the
system was quite robust. The integrated power output at the
edge parallel to the alignment direction decreased by 8% (see
the Supporting Information, Figure S9).

From edge emission measurements, it was found that the
two-dye mixture in a 5 X 5 cm2 20 mm cell gap LSC exposed to
light from a solar simulator generates a total light power
output of 25 mW (optical efficiency hopt = 2.4%) in the cold
state and 34 mW (hopt = 3.2%) when warmed. Furthermore,
as E7 is a positive dielectric, applying a voltage across the cell
allows for electrical switching of the host LC between a planar
(light absorbing) and homeotropic (light transmissive) ori-
entations.[23] This leads to a dual-responsive device, as
temperature can be used to control the absorption and
emissive colors, while the applied voltage affects the overall
absorbance by the incorporated dichroic dyes (see Figure 3a
and the Supporting Information, Figure S10).

Applied as a window, the C12-PBI dye alone could allow
for a temperature-sensitive aperture. Adding a second dye

such as Cou offers the advantages of tuning both absorption
and emission colors and providing extensive aesthetic poten-
tial to the presented device, including local coloration of the
window by selective area heating (with a soldering iron, for
instance; see Figure 3b). The coloration effects can be
expanded by adding different secondary dyes, yielding
unique optical effects. As examples, we have combined the
novel C12-PBI dye with an orange emitter, a blue UV dye,
and a NIR-emitting pigment (see Figure 3 and the Supporting
Information, Figures S11, S12, and S13).[24] These dyes do not
show liquid crystal-induced aggregation and the UV/Vis
absorbance and edge emission spectra can be found in the
Supporting Information (Figure S13).

To conclude, we report on a new mechanism for control-
ling and directing light in an optical material. A thermochro-
mic system has been fabricated in which the overall absorb-
ance and fluorescence as well as the degree of FRET can be
tuned and controlled by a liquid crystalline host. The use of an
LC in this system allows for additional benefits over conven-
tional organic solvents, in that we not only obtain specific
solubility and alignment of the fluorescent dye molecule[25]

but can also extend the device response to a dual-trigger
system, utilizing either thermal and/or electric stimuli,[26]

affecting both the absorbance and emission spectra of the
device. The color change is reversible with minimal loss in
fluorescence. Such temperature responsive optical materials
and devices will find applications as aesthetically appealing
smart devices for harvesting otherwise unused solar energy,
be it in the form of electricity-generating responsive shading
materials for greenhouses[27] or a photocatalytic microreactor,
sending photons to designated reaction centers.[28]

Experimental Section
The synthesis of the novel perylene dye N,N’-Bis(4-dodecyl-

phenyl)-1,6,7,12-tetra(phenoxy)perylene-3,4:9,10-tetracarboxylic
acid bisimide (C12-PBI), is accomplished by imidization of 1,6,7,12-
tetra(phenoxy)-3,4:9,10-tetracarboxylic acid bisanhydride[29] with 4-
dodecylaniline. This procedure has been described in detail in the
Supporting Information. C12-PBI was added at 0.25 wt % (ca. 2 X
10@3m) to the host liquid crystal E7 (Merck KGaA). For the dual color
systems, 0.25 wt% of C12-PBI and 0.24 wt % (ca. 8 X 10@3m) of
a coumarin derivative are both added to the same liquid crystal.
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Figure 3. a) UV/Vis absorbance measurements of an E7 LC cell
containing C12-PBI and Cou, showing dual-responsive behavior by
switching thermally and electrically. b) The device can function as
a writeable LSC by heating locally with a soldering iron, strengthening
the aesthetic possibilities of the device. c) A cell in which the second
dye is BASF LumogenS F Violet 570. At RT (left), only this emission
(lmax =436 nm) is visible. After heating to 80 88C, a pink mixture of C12-
PBI and Violet 570 emissions is evident.

Angewandte
ChemieCommunications

1032 www.angewandte.org T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2018, 57, 1030 –1033

http://www.angewandte.org


Keywords: energy transfer · fluorescence · liquid crystals ·
luminescent solar concentrators · perylene dyes

How to cite: Angew. Chem. Int. Ed. 2018, 57, 1030–1033
Angew. Chem. 2018, 130, 1042–1045

[1] Y. Zhao, Z. Xie, H. Gu, C. Zhu, Z. Gu, Chem. Soc. Rev. 2012, 41,
3297 – 3317.

[2] M. Goda, Pigm. Cell Melanoma Res. 2017, 30, 368 – 371.
[3] K. Goda, M. Omori, K. Takatoh, Liq. Cryst. 2017, 1 – 6.
[4] M. Wang, X. Chen, Y. Tong, G. Yuan, X. Ren, J. Liu, Inorg.

Chem. 2017, 56, 9525 – 9534.
[5] S. Yagai, S. Okamura, Y. Nakano, M. Yamauchi, K. Kishikawa,

T. Karatsu, A. Kitamura, A. Ueno, D. Kuzuhara, H. Yamada,
et al., Nat. Commun. 2014, 5, 1 – 10.

[6] R. M. Clegg in Lab. Tech. Biochem. Mol. Biol. Vol. 33 (Eds.:
P. C. van der Vliet, S. Pillai, T. W. J. Gadella), Elsevier, Amster-
dam, 2009, pp. 1 – 48.

[7] V. K. Praveen, C. Ranjith, E. Bandini, A. Ajayaghosh, N.
Armaroli, Chem. Soc. Rev. 2014, 43, 4222 – 4242.

[8] O. A. Bozdemir, S. Erbas-Cakmak, O. O. Ekiz, A. Dana, E. U.
Akkaya, Angew. Chem. Int. Ed. 2011, 50, 10907 – 10912; Angew.
Chem. 2011, 123, 11099 – 11104.

[9] M. R. Wasielewski, Acc. Chem. Res. 2009, 42, 1910 – 1921.
[10] H. Wang, X. Ji, Z. Li, F. Huang, Adv. Mater. 2017, 29, 1606117.
[11] F. J. M. Hoeben, A. P. H. J. Schenning, E. W. Meijer, ChemPhys-

Chem 2005, 6, 2337 – 2342.
[12] A. Ajayaghosh, V. K. Praveen, C. Vijayakumar, S. J. George,

Angew. Chem. Int. Ed. 2007, 46, 6260 – 6265; Angew. Chem.
2007, 119, 6376 – 6381.

[13] C. Vijayakumar, V. K. Praveen, K. K. Kartha, A. Ajayaghosh,
Phys. Chem. Chem. Phys. 2011, 13, 4942.

[14] F. J. M. Hoeben, L. M. Herz, C. Daniel, P. Jonkheijm, A. P. H. J.
Schenning, C. Silva, S. C. J. Meskers, D. Beljonne, R. T. Phillips,
R. H. Friend, E. W. Meijer, Angew. Chem. Int. Ed. 2004, 43,
1976 – 1979; Angew. Chem. 2004, 116, 2010 – 2013.

[15] M. G. Debije, P. P. C. Verbunt, Adv. Energy Mater. 2012, 2, 12 –
35.

[16] B. McKenna, R. C. Evans, Adv. Mater. 2017, 29, 1606491.
[17] J. ter Schiphorst, A. M. Kendhale, M. G. Debije, C. Menelaou,

L. M. Herz, A. P. H. J. Schenning, Chem. Mater. 2014, 26, 3876 –
3878.

[18] G. Seybold, G. Wagenblast, Dyes Pigm. 1989, 11, 303 – 317.
[19] P. Leowanawat, A. Nowak-Krll, F. Wgrthner, Org. Chem. Front.

2016, 3, 537 – 544.
[20] E. E. Neuteboom, S. C. J. Meskers, E. W. Meijer, R. A. J.

Janssen, Macromol. Chem. Phys. 2004, 205, 217 – 222.
[21] K. Balakrishnan, A. Datar, R. Oitker, H. Chen, J. Zuo, L. Zang,

J. Am. Chem. Soc. 2005, 127, 10496 – 10497.
[22] B. Zhang, H. Soleimaninejad, D. J. Jones, J. M. White, K. P.

Ghiggino, T. A. Smith, W. W. H. Wong, Chem. Mater. 2017, 29,
8395 – 8403.

[23] M. G. Debije, Adv. Funct. Mater. 2010, 20, 1498 – 1502.
[24] M. G. Debije, P. P. C. Verbunt, P. J. Nadkarni, S. Velate, K.

Bhaumik, S. Nedumbamana, B. C. Rowan, B. S. Richards, T. L.
Hoeks, Appl. Opt. 2011, 50, 163 – 169.

[25] P. P. C. Verbunt, A. Kaiser, K. Hermans, C. W. M. Bastiaansen,
D. J. Broer, M. G. Debije, Adv. Funct. Mater. 2009, 19, 2714 –
2719.

[26] M. G. Debije, C. Menelaou, L. M. Herz, A. P. H. J. Schenning,
Adv. Opt. Mater. 2014, 2, 687 – 693.

[27] H. A. Ahemd, A. A. Al-Faraj, A. M. Abdel-Ghany, Sci. Hortic.
2016, 201, 36 – 45.

[28] D. Cambi8, F. Zhao, V. Hessel, M. G. Debije, T. No]l, Angew.
Chem. Int. Ed. 2017, 56, 1050 – 1054; Angew. Chem. 2017, 129,
1070 – 1074.

[29] F. Wgrthner, A. Sautter, Chem. Commun. 2000, 445 – 446.

Manuscript received: October 11, 2017
Accepted manuscript online: December 4, 2017
Version of record online: December 20, 2017

Angewandte
ChemieCommunications

1033Angew. Chem. Int. Ed. 2018, 57, 1030 –1033 T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1039/c2cs15267c
https://doi.org/10.1039/c2cs15267c
https://doi.org/10.1111/pcmr.12581
https://doi.org/10.1080/02678292.2017.1355987
https://doi.org/10.1021/acs.inorgchem.7b00881
https://doi.org/10.1021/acs.inorgchem.7b00881
https://doi.org/10.1039/C3CS60406C
https://doi.org/10.1021/ar9001735
https://doi.org/10.1002/adma.201606117
https://doi.org/10.1002/cphc.200500170
https://doi.org/10.1002/cphc.200500170
https://doi.org/10.1002/anie.200701925
https://doi.org/10.1002/ange.200701925
https://doi.org/10.1002/ange.200701925
https://doi.org/10.1039/c0cp02110e
https://doi.org/10.1002/anie.200353451
https://doi.org/10.1002/anie.200353451
https://doi.org/10.1002/ange.200353451
https://doi.org/10.1002/aenm.201100554
https://doi.org/10.1002/aenm.201100554
https://doi.org/10.1002/adma.201606491
https://doi.org/10.1021/cm501508n
https://doi.org/10.1021/cm501508n
https://doi.org/10.1016/0143-7208(89)85048-X
https://doi.org/10.1039/C6QO00047A
https://doi.org/10.1039/C6QO00047A
https://doi.org/10.1002/macp.200300044
https://doi.org/10.1021/ja052940v
https://doi.org/10.1021/acs.chemmater.7b02968
https://doi.org/10.1021/acs.chemmater.7b02968
https://doi.org/10.1002/adfm.200902403
https://doi.org/10.1364/AO.50.000163
https://doi.org/10.1002/adfm.200900542
https://doi.org/10.1002/adfm.200900542
https://doi.org/10.1002/adom.201400132
https://doi.org/10.1016/j.scienta.2016.01.030
https://doi.org/10.1016/j.scienta.2016.01.030
https://doi.org/10.1002/anie.201611101
https://doi.org/10.1002/anie.201611101
https://doi.org/10.1002/ange.201611101
https://doi.org/10.1002/ange.201611101
https://doi.org/10.1039/a909892e
http://www.angewandte.org

