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Photovoltaic devices that switch color depending on illumination conditions may find application in future

smart window applications. Here a photochromic diarylethene molecule is used as sensitizer in a ternary

bulk heterojunction blend, employing poly(4-butylphenyldiphenylamine) (poly-TPD) and [6,6]-phenyl-

C61-butyric acid methyl ester (PC61BM) for the transport of holes and electrons, respectively. Sandwiched

between two electrodes, the blend creates a photochromic photovoltaic device that changes color, light

absorption, and photon-to-electron conversion efficiency in the visible spectral range after having been

illuminated with UV light.
1. Introduction

Organic bulk heterojunction (BHJ) solar cells have received
considerable attention in recent years as they promise to
combine high performance and device exibility with low
cost.1–3 However, in terms of large scale photovoltaic energy
production, alternative technologies are better suited at
present.4,5 It is therefore also of interest to explore alternative
application areas for organic solar cells to exploit the unique
properties of organic molecules. Here we propose a proof of
concept for a photochromic BHJ organic solar cell (POSC). A
POSC should change its absorption spectrum under the inu-
ence of selective illumination. Even more ideal, a future prac-
tically useful POSC would be able to provide full transparency
during low-light conditions and transform into a light-
absorbing state and solar cell in daylight by using a reversible
photochromic system matched to the day/night cycle of
sunlight. Such device does not exist. Some previous work on
photochromic solar cells has been reported, yet to our knowl-
edge none utilizing the BHJ concept,6–9 so we took it as our aim
to explore the possibilities for a POSC and develop a rst
example of a working device that changes color under illumi-
nation, provides a photovoltaic effect, and can be switched
between two states.

In a conventional BHJ solar cell, the photoactive layer
consists of a binary blend of organic semiconductors with
electron donating and accepting properties, respectively. The
photoactive layer is sandwiched between two electrodes of
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which at least one is transparent to light. At the interface
between the donor and acceptor, photoinduced electron trans-
fer generates holes and electrons that can be collected at the
electrodes aer being transported via the donor and acceptor
materials. As most existing photochromic dyes are not capable
of efficient charge transport, it is more appropriate to incor-
porate photochromic molecules as sensitizers in a ternary blend
in which the donor and acceptor materials ensure adequate
charge transport, but are weakly absorbing in the visible range
of the spectrum (Fig. 1). Aer absorbing UV light, the colorless
photochromic dye rst converts to the colored isomer. Subse-
quent absorption of visible light by the colored isomer of the
photochromic dye generates an excited state which dissociates
into a hole and electron on the donor and acceptor materials
(Fig. 1a).

For efficient charge generation, the energy levels of the
highest occupied molecular orbital (HOMO) of the colored
isomer of the photochromic dye should be positioned below the
HOMO level of the donor, while the lowest unoccupied molec-
ular orbital (LUMO) should be higher than that of the acceptor.
In addition, the photochromic dye has to be spatially arranged
to be simultaneously in electronic contact with the donor and
acceptor materials. In this way, holes and electrons generated
on the dye can be transported to the electrodes via the HOMO of
the donor and LUMO of the acceptor. In this concept, the donor
and acceptor govern the effective transport gap and thereby the
open-circuit voltage. The short-circuit current is determined by
the fraction of absorbed photons by the dye and the quantum
efficiency by which excitons on the dye can generate charges
that can be collected.

Irie's diarylethene (DAE) dyes are a versatile class of photo-
chromic molecules.10 DAEs possess two thermally stable
isomers (Fig. 1b) that can be interconverted selectively by illu-
mination with UV or visible light. The colorless open-ring
isomer and colored closed-ring isomer can retain switchability
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Energy diagram of a photochromic organic solar cell. The photoactive layer is a ternary blend containing a photo-switchable dye (DAE)
and organic donor and acceptor semiconductors for hole (poly-TPD) and electron transport (PC61BM). After switching the DAE dye with UV light
from the colorless open-ring to the colored closed-ring isomer, absorption of visible light generates holes on the donor and electrons on the
acceptor. (b) Structures of a DAE dye, poly-TPD, and PC61BM.
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and fatigue resistance of the interconversion in the solid state
and when dispersed in a polymer matrix.11–21 Hence, DAEs
promise to be suitable candidates to construct photochromic
devices. So far, DAE dyes have been used in functional elec-
tronic devices such as organic optical memories,11,21–27 organic
electronic switches,12,26,28–34 transistors,12,35 and organic light-
emitting diodes.36,37 In a bilayer structure with N,N0-di(1-naph-
thyl)-N,N0-diphenylbenzidine (NPB), DAEs generate
a photocurrent.38

In this study three DAEs 1–3were selected (Fig. 2). Their ring-
open isomers (1a–3a) absorb light in the UV range at wave-
lengths l < 350 nm, while the corresponding ring-closed
isomers (1b–3b) absorb light across the entire visible part of
the spectrum, i.e. at 450 nm < l < 650 nm. For 1–3, the quantum
yields both for the cyclization (4O–C) and cycloreversion (4C–O)
reactions in various solvents and in solid matrices have been
reported.11,39,40 DAEs 1a–3a exhibit high cyclization quantum
yields (4O–C) of 0.40–0.65 in solution, but the cycloreversion
quantum yields (4C–O) of the corresponding 1b–3b isomers are
considerably lower: 0.01–0.02. This is a useful asset because
a high 4O–C/4C–O ratio is required to reach a signicantly
colored lm in ambient sunlight which has relatively little
intensity in the UV range compared to the visible range. The
open-ring and closed-ring isomers of 1–3 have been reported to
be thermally stable up to temperatures of 100 �C.11,39,40 This
Fig. 2 Structures of the open-ring (1a–3a) and closed-ring (1b–3b) DAE
interconversion.

This journal is © The Royal Society of Chemistry 2020
enables analyzing the properties of the uncolored and various
photostationary states.

The colorability of DAEs is less in thin lm than in solu-
tion.23,41,42 This has been explained by considering that the
open-ring isomer of DAE photochromes exists as a near 1 : 1
mixture of two conformational isomers. One in which the aryl
rings are oriented parallel to each other and one with these
rings in an anti-parallel orientation (Fig. 3). Only the anti-
parallel conformation can convert to the closed-ring isomer
upon UV illumination.41,43–51 in accordance with a conrotatory
mechanism for the photoinduced ring-closing.52–54 In solution,
thermal interconversion between both the two conformers of
the open-ring isomer proceeds rapidly at room temperature, but
decreased orientational freedom in the solid state can restrict
this interconversion.

The aim of this work is to provide a proof-of-principle for
a photochromic organic solar cell based on a ternary blend bulk
heterojunction using DAE dyes. We will show that one of the
three dyes selected (1), exhibits the desired functionality, giving
a clear difference in photoresponse in the visible range aer UV
illumination converted the ring-open (1a) to the ring-closed (1b)
isomer. The other two dyes do not exhibit this behavior, which
is explained by either a poor photoconversion (2), or inappro-
priate positioning of the energy levels to act as a sensitizer (3).
isomers. Selective illumination with UV or visible light results in their

RSC Adv., 2020, 10, 30176–30185 | 30177
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Fig. 3 The parallel and antiparallel conformations of 1a that are interswitchable in solution but are less likely to interconvert in the solid phase.
Correspondingly in the solid state the photochromic ring closure to 1b will occur from the antiparallel conformation of 1a.
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2. Results and discussion
2.1 Optical and electrochemical properties

Table 1 lists the wavelength of maximum absorption (lmax), the
onset of the optical absorption (lg), the optical band gap (Eg),
the molar absorption coefficients (3) and the quantum yields
(4O–C and 4C–O) inferred from measurements on solutions of
the ring-open and ring-closed isomers of 1–3 before and aer
UV illumination in either hexane (1, 2) or acetonitrile (3).17,40,55

In all cases, the ring-open isomer is colorless and only absorbs
light with wavelength l < 400 nm.

For a working photochromic solar cell, the dyes must have
appropriate energy levels for the HOMO LUMO compared to
donor and acceptor materials used for charge transport to be
able to generate free charges (Fig. 1a) upon illumination. In this
study poly(4-butylphenyldiphenylamine) (poly-TPD) and [6,6]-
phenyl C61 butyric acid methyl ester (PC61BM) are used as
donor as acceptor, respectively. Poly-TPD has an optical band
gap of about 2.9 eV and, hence, does not absorb in the visible
spectral range. PC61BM has a much lower optical band gap of
1.75 eV, but the absorption coefficient is low in the visible
range. Hence poly-TPD and PC61BM are suitable materials for
a proof-of-concept. Cyclic voltammetry was used to determine
the energy levels for 1–3,55–58 and to compare them to those of
poly-TPD and PC61BM.

The open-ring isomers 1a–3a, all show irreversible oxidation
waves (Fig. 4). For 3a, the onset of the oxidation is at lower
potential than for 1a and 2a as result of the absence of the six
electron withdrawing uorine substituents on the cyclopentene
ring. Compared to 1a, the onset of oxidation of 2a occurs at
a slightly higher potential. A likely explanation is that the
phenyl and thienyl rings cannot be coplanar in 2a because of
steric hindrance by the methyl groups on the 3-position of the
thienyl rings. The loss of coplanarity increases the oxidation
Table 1 Optical properties and quantum yields for interconversiona

Open-ring isomer

lmax

(nm) lg/Eg
b (nm eV�1) 3 (M�1 cm�1) 4O–C (at lmax)

1 285 330/3.76 3.99 � 104 0.59
2 262 310/4.00 2.80 � 104 0.46
3 279 340/3.65 3.45 � 104 0.43

a From ref. 17, 40 and 55. b Optical bandgaps were determined from the on
acetonitrile.55

30178 | RSC Adv., 2020, 10, 30176–30185
potential. Interestingly, aer oxidation of 1a and 3a, the signals
in the subsequent reduction waves occur at potentials also
found in the cyclic voltammograms of the ring-closed isomers
1b and 3b (Fig. 4a and c). This indicates that 1a and 3a undergo
ring closure upon oxidation.59,60 For 2a this occurs to minor
extent only. The reduction of the open-ring isomers 1a–3a
occurs at potentials well below �2 V vs. Fc/Fc+. Only for 2a
a reduction wave was observed (Fig. 4b), which is irreversible.

Of the closed-ring isomers, 1b and 3b show reversible
oxidation waves. For 1b the oxidation involves two consecutive
one-electron oxidations (Fig. 4a), while for 3b three closely
spaced one-electron oxidation waves can be seen (Fig. 4c). The
much lower oxidation potential of 3b compared to 1b is related
to the electron-withdrawing uorines on the cyclopentene ring
in 3b. This also causes the occurrence of the third oxidation in
3b to the triple cation at relatively low potentials. The oxidation
of 2b occurs at a higher potential than for 1b, because of steric
hindrance by the methyl groups on the 3-position of the thienyl
rings. In contrast to 1b and 3b, oxidation of 2b is irreversible,
likely as a consequence of the absence of methyl groups on the
para positions of the two phenyl rings. These methyl groups
effectively hinder dimerization via carbon–carbon bond
formation at the para positions aer oxidation in 1b and 3b.
Aer oxidation of 2b, the subsequent reduction wave shows
signals at much lower potentials that probably result from the
reduction of oxidized dimers of 2b that were coupled at the para
positions. At negative potentials, 1b and 2b show an irreversible
reduction wave. For 3b no reduction wave is observed and the
reduction potential is probably low and outside the potential
window of acetonitrile electrolyte used, as consequence of the
lack of uorine atoms. The onsets of the oxidation and reduc-
tions waves were used to estimate the energy levels of the
HOMO and LUMO for the ring-open and ring-closed isomers of
1–3 and are collected in Table 2.
Closed-ring isomer

lmax

(nm) lg/Eg
b (nm eV�1) 3 (M�1 cm�1) 4C–O (at 492 nm)

580 680/1.82 1.81 � 104 0.013
562 655/1.89 1.10 � 104 0.015
522 600/2.07 1.97 � 104 0.01

set of the absorption. For 1 and 2 solutions in hexane;17,40 for 3 solution in

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a–c) Cyclic voltammograms of open-ring (black solid lines) and closed-ring isomers (colored solid lines) of 1–3 in acetonitrile. Potentials
are versus Fc/Fc+. (d) Comparison of energy levels of 1–3 with those of poly-TPD and PC61BM.
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Based on the measured energy levels, some predictions for
the performance in the solar cells can be made. Compounds 1b
and 2b have HOMO and LUMO energies that lie between those
of poly-TPD and PC61BM, but for 3b the HOMO energy is higher
than that of poly-TPD. As consequence 3b will unlikely generate
Table 2 HOMO and LUMO levels derived from the onsets of the redox
wavesa

EHOMO (eV) ELUMO (eV) ECV
g (eV)

Poly-TPD �4.66 >�2.3b —
1a �5.57 >�2.3b —
1b �4.96 �3.09 1.87
2a �5.69 �2.39 3.29
2b �5.06 �3.28 1.78
3a �5.23 >�2.3b —
3b �4.41 >�2.3b —
PC61BM �5.60 �3.51 2.09

a Conversion using E(Fc/Fc+) ¼ �4.59 eV against vacuum. b No signal
observed within the measured range. The LUMO energy must be
>�2.3 eV.55–58

This journal is © The Royal Society of Chemistry 2020
holes on poly-TPD aer photoexcitation. For 1b and 2b the
offsets (DEHOMO) of the HOMO energies with poly-TPD are 0.30
and 0.40 eV respectively, which is likely sufficient for charge
transfer. The offsets (DELUMO) of the LUMO energies with
PC61BM are 0.42 and 0.23 eV for 1b and 2b, respectively. A
DELUMO of 0.23 eV for 2b is less than �0.3 eV that is oen used
as phenomenological threshold for charge transfer to occur.61

For several covalently linked DAE-C60 adducts it has been
shown that the photochromism is quenched severely when
compared to the non-covalently linked DAE equivalents in
isolation.62 It was concluded that, due their close proximity,
electron transfer from the DAE moiety to the fullerene cage is
the cause of the decreased photochromism. To determine the
photoswitchability of DAE dyes 1–3 in blends with poly-TPD and
PC61BM, UV-vis absorption measurements were performed
consecutively on DAE/poly-TPD/PC61BM blends in pristine
lms, aer UV illumination, and aer illumination with visible
light (Fig. 5). In these experiments, the weight ratio between
poly-TPD and PC61BM and was kept constant at 1 : 4. Fig. 5
shows the UV-vis spectra and photographs for lms of the three
dyes for a DAE to poly-TPD/PC61BM blend weight ratio of the of
RSC Adv., 2020, 10, 30176–30185 | 30179
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Fig. 5 UV-vis absorption spectra and photographs of ternary blends of 1–3, PC61BM, and poly-TPD. The ratio DAE/poly-TPD/PC61BM weight
ratio was 10 : 1 : 4. The samples were consecutively measured as pristine samples, after UV illumination, and after illumination with visible light as
detailed in the Experimental section. The UV-vis spectra are offset vertically for clarity.
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2 : 1. The corresponding UV-vis spectra and photographs for
DAE to poly-TPD/PC61BM blend weight ratios of 1 : 1 and 1 : 2
are shown in Fig. S1 and S2 ESI†.

The 1a/poly-TPD/PC61BM blends show an increased absor-
bance at 600 nm upon UV illumination, corresponding to the
conversion of 1a to 1b. The conversion is reversible through
illumination with white light from a tungsten halogen lamp.
The cyclization and cycloreversion occur for each of the three
blend compositions tested and the absorption at 600 nm is
largest for the 2 : 1 blend. In contrast, the 2a/poly-TPD/PC61BM
blend shows almost no photochromism. Even for the 2 : 1
weight ratio of 2a to poly-TPD/PC61BM, the change in absorp-
tion upon UV illumination is marginal. At present, we have no
conclusive explanation for the different behavior of 1a and 2a. It
might be that the methyl groups on 3-position of the thienyl
rings in 2a cause toomuch steric hindrance in the solid state for
the aromatic rings to become coplanar with the bridging
cyclopentene ring. The 3a/poly-TPD/PC61BM blend showed
a response to UV light in between that of 1a and 2a, generating
a new band at �550 nm. Like for 1, the absorbance at 550 nm
increases with the concentration of the dye in the blend. In
contrast to 1, however, illumination with white light resulted in
further coloration of the layers instead of the expected
30180 | RSC Adv., 2020, 10, 30176–30185
discoloration. Apparently, under these conditions, the UV light
present in the white light has a higher efficiency for the cycli-
zation of 3a that the visible light has for the cycloreversion of 3b.
The photographs of the lms corresponding conrm the color
change to blue for 1 and to red for 3, but no change for 2,
consistent with the changes in the UV-vis spectra. All lms also
show an additional brownish color, which is primarily due to
the absorption of PC61BM. The surface topology of the blend
lms was checked before and aer UV illumination using
atomic force microscopy (AFM) (Fig. S3 ESI†). The blend lms
are very smooth with root-mean-square surface roughness (Rq)
of 0.26 nm# Rq # 0.70 nm before and 0.28 nm# Rq # 0.37 nm
aer UV illumination.
2.2 Photochromic photovoltaic devices

Solar cells were made by sandwiching ternary blend lms,
consisting of the ring-open isomers 1a–3a, poly-TPD, and
PC61BM between a transparent indium tin oxide (ITO) (180 nm)/
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) (40 nm) front contact and an opaque LiF (1 nm)/Al
(100 nm) back contact. The photovoltaic performance was rst
tested for pristine devices before any illumination induced
changes to the system, and then aer UV illumination (lz 365
This journal is © The Royal Society of Chemistry 2020
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nm) for 30 min. The assumption was made that the simulated
AM1.5 G light used to evaluate the devices does not signicantly
affect the performance during the measurement. Fig. 6 shows
the current density–voltage (J–V) characteristics and the corre-
sponding external quantum efficiency (EQE) spectra for the
three different blends. The photovoltaic parameters are
Fig. 6 (a, c and e) Current density–voltage (J–V) characteristics of ternar
convert the ring-open isomer to the ring-closed isomer, measured unde
(a and b) For DAE 1, (c and d) for DAE 2, (e and f) for DAE 3.

This journal is © The Royal Society of Chemistry 2020
summarized in Table 3. The results obtained for a device
comprising a binary blend of poly-TPD and PC61BM are
included in Table 1 as a reference and the performance is
similar to previous reports.63

When compared to the poly-TPD/PC61BM binary reference,
the inclusion of either 1a, 2a, or 3a in the corresponding ternary
y DAE/poly-TPD/PC61BM solar cells before and after UV illumination to
r simulated AM1.5 G solar light. (b, d and f) Corresponding EQE spectra.

RSC Adv., 2020, 10, 30176–30185 | 30181
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Table 3 Photovoltaic parameters for DAE/poly-TPD/PC61BM ternary blends before and after illumination with UV lighta

DAE Ratio d (nm) UV JSC (mA cm�2) VOC (V) FF PCE (%)

1 2 : 1 : 5 107 � 2 No 1.13 � 0.02 0.79 � 0.06 0.40 � 0.03 0.36 � 0.05
Yes 1.18 � 0.05 0.76 � 0.02 0.39 � 0.01 0.35 � 0.03

2 3 : 1 : 5 109 � 7 No 0.89 � 0.06 0.79 � 0.04 0.37 � 0.01 0.27 � 0.02
Yes 0.84 � 0.06 0.75 � 0.04 0.37 � 0.01 0.24 � 0.02

3 3 : 1 : 5 117 � 13 No 0.64 � 0.08 0.83 � 0.03 0.33 � 0.01 0.18 � 0.02
Yes 0.47 � 0.04 0.74 � 0.02 0.31 � 0.00 0.11 � 0.01

— 0 : 1 : 5 160 No 1.79 0.77 0.43 0.59
Yes 1.77 0.76 0.43 0.58

a The average values and standard deviations were obtained over 13 devices. The poly-TPD/PC61BM reference cell data were measured on a single
device.

Fig. 7 Evolution of the normalized photovoltaic parameters of solar
cells based on 1/poly-TPD/PC61BM blends in five cycles of 30 min of
UV illumination followed by 30 min exposure to visible light.
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blend results in a decrease in short-circuit current (JSC), a small
increase in open-circuit voltage (VOC), and a decrease in ll
factor (FF) to result in an overall lower power conversion effi-
ciency (PCE) (Table 3). These results can be understood by
considering that the open-ring isomers of the DAE dyes have an
overlapping absorption with both poly-TPD and PC61BM and
dilute the blend, which reduces charge generation as absorp-
tion by the open-ring isomers of the DAEs does not result in
charge generation. The 10% increase in VOC possibly relates to
the fact that 1a–3a have a signicantly lower HOMO than poly-
TPD in the binary blend system.64

UV illumination converts 1a to 1b and 3a to 3b, but does not
ring close 2a to 2b in blends with poly-TPD/PC61BM (Fig. 5). For
a solar cell based on a ternary blend of 1a with poly-TPD and
PC61BM, UV illumination results in small increase in JSC from
1.13 � 0.02 to 1.18 � 0.05 mA cm�2 that mainly originates from
photons absorbed around 600 nm as shown by the EQE spec-
trum in Fig. 6b. This spectral range corresponds to the
absorption prole of 1b (Table 1 and Fig. 5) that is formed from
1a upon UV illumination. The small, but distinct contribution
of 1b to the photocurrent in the EQE spectrum demonstrates
that for DAE dye 1 charge generation occurs as shown in Fig. 1a,
and that for excited 1b charge generation in the blend competes
with the cycloreversion reaction. Whereas JSC has increased
aer UV illumination, the VOC decreases, and the FF remains
virtually the same. The VOC (0.76 � 0.02 V) is now similar to the
VOC (0.76 V) of the cell with the binary poly-TPD/PC61BM blend.

As expected from the absence of a photochromic conversion
from 2a to 2b in a blend with poly-TPD and PC61BM as inferred
from Fig. 5, the J–V characteristics and EQE of a photovoltaic
device consisting of a 2a/poly-TPD/PC61BM ternary blend are
virtually identical before and aer UV illumination (Fig. 6c and
d). The only relevant change is a small decrease of VOC that is
seen for all three DAE/poly-TPD/PC61BM cells.

For 3a, an overall decrease in photovoltaic performance is
observed aer UV illumination (Fig. 6e and f). The EQE spec-
trum shows a decrease in photocurrent generation over the
entire spectrum. A plausible explanation is that the shallow
HOMO energy of 3b impedes charge transport via poly-TPD by
acting as a trap for the transport of holes. An alternative
explanation for the reduced performance could be UV degra-
dation of 3. The switching and photostability of analogs of 1 and
30182 | RSC Adv., 2020, 10, 30176–30185
3 in solution has been studied by van Esch et al.65 They nd that
the perhydrocyclopentene is very stable towards photochemical
decomposition, but roughly 2–3 times less than the corre-
sponding peruorocyclopentene. Because of the small differ-
ence and bearing in mind that 1 survives several cycles of
30 min. UV illumination, we consider it unlikely that 3 degrades
signicantly already in the rst cycle. Also the red color and the
corresponding change in the UV-vis spectrum aer UV illumi-
nation (Fig. 5) show that 3 is largely converted to the closed
form.

Fig. 5 shows that prolonged irradiation with visible light
converts 1b back to 1a in blends with poly-TPD and PC61BM.
This suggests that solar cells based on dye 1 can be switched
between two states. Fig. 7 shows the effect of exposing 1/poly-
TPD/PC61BM solar cells to alternating 30 min periods of UV and
visible illumination and recording the J–V characteristics aer
each illumination period. The results show that JSC increases
aer each UV illumination and then decreases aer subsequent
exposure to visible light. The switching of JSC occurs over at least
ve consecutive cycles (total 5 hour illumination). Some oscil-
latory behavior can also be seen for the FF and VOC. Overall the
parameters decrease with consecutive cycles. Fig. S4 (ESI†)
This journal is © The Royal Society of Chemistry 2020
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shows the J–V characteristics of the pristine cell, and of the cell
in the 1st and 5th cycle recorded in this experiment.
3. Conclusions

DAE dyes 1–3 were evaluated to investigate the possibility of
creating a photochromic organic solar cell. In combination with
poly-TPD and PC61BM for hole and electron transport, DAE dye
1 afforded a photochromic layer that can be reversibly inter-
converted between a colorless ring-open (1a) and a colored ring-
closed (1b) isomer. An organic solar cell based on a ternary
blend of 1a/poly-TPD/PC61BM exhibited a distinct induced
contribution at 600 nm in the EQE spectrum of the ring-closed
isomer 1b aer illuminating the cell with UV light. Hence, the
ternary 1a/poly-TPD/PC61BM blend provides a proof-of-
principle for a bulk heterojunction photochromic organic
solar cell, exhibiting an increased EQE in the visible region of
the solar spectrum aer illumination with UV light to convert 1a
to 1b. Despite the increased EQE, there is no increase in power
conversion efficiency because of a concomitant reduction of
open-circuit voltage and ll factor. The other two DAE dyes (2
and 3) did not yield photochromic organic solar cells. Dye 2 has
a very limited photoswitchability from 2a to 2b in a blend with
poly-TPD and PC61BM, such that UV illumination does not
change the photovoltaic characteristics. For 3, the HOMO
energy of the colored closed-ring isomer 3b is higher than that
of poly-TPD which, such that it can act a trap for hole transport.

While the 1a/poly-TPD/PC61BM shows the desired effect, the
PCE of 0.35 � 0.03% is very modest. There are some obvious
reasons for the low overall PCE. First, the poly-TPD/PC61BM blend
is not optimal for charge transport as evidenced by the low FF of
the reference devices without DAE dyes. Second, the concentration
of the 1 in the optimized blend is only 25% (by weight) and with an
optimized layer thickness of 110 nm, not all light will be absorbed
even if the conversion of 1a to 1b would be, and remain, quanti-
tative. Third, for an optimal charge generation the DAE dyes
should be solely positioned at the interface between poly-TPD and
PC61BM. It is unlikely that this condition is met in the blends.

Future optimization of charge transport materials and
photochromic dyes may alleviate some of the present limita-
tions. In a later stage, aer it has become clear how to increase
the PCE of photochromic organic solar cells, the dyes can
possibly be tuned to become thermally unstable in the closed-
ring isomer. The future, perfect photochromic dye would be
one that switches irreversibly to a colored form by using the UV
part of sunlight and only relaxes via a thermal process to
a colorless isomer in the absence of sunlight. In combination
with transparent electrodes, this would enable creating a device
that absorbs light and produces electrical energy in sunlight but
returns to a colorless and transparent conguration in dim light
and in the dark. Methods to tune the thermal stability of DAE
dyes have been described in literature to such an extent that the
thermal stability of both the both ring-open en ring-closed
isomers can be selectively altered,23,66–70 even independently of
the electronic properties of the DAE.68,71,72
This journal is © The Royal Society of Chemistry 2020
4. Experimental section

DAE dyes 1 and 3 were provided by Michael Pätzel and Stefan
Hecht of the Humboldt-Universität zu Berlin. DAE dye 2 was
obtained from TCI and used as received. Poly-TPD with
a molecular weight of 10–120 kg mol�1 was obtained from
American Dye Source, Inc. PC61BMwas purchased from Solenne
BV. Processing solvents (SAF) were used as received.

UV-vis spectroscopy was conducted on a PerkinElmer
Lambda 1050 spectrophotometer equipped with a 3D WB PMT/
InGaAs/PbS detector module. UV illumination of samples was
performed with a benchtop UV light (TL 8W BLB 1FM/10X25CC,
lz 365 nm, 30 min at a distance ofz10 cm). Illumination with
visible light was achieved with light from an unltered OSRAM
64610 HLX G6.35 50 W 12 V tungsten halogen lamp, for 30 min
at a distance of z10 cm. Cyclic voltammetry was carried out
using an Autolab PGSTAT 30 in inert atmosphere. The electro-
lyte consisted of 0.1 M tetrabutylammonium hexa-
uorophosphate (TBAPF6) in acetonitrile. A silver rod was used
as counter electrode and a silver chloride coated silver rod (Ag/
AgCl) as quasi-reference electrode. The measurements were
performed at a scan speed of 0.1 V s�1 and potentials are quoted
against the ferrocene/ferrocenium (Fc/Fc+) redox couple as
external standard. For conversion to energy levels versus
vacuum, E(Fc/Fc+) ¼ �4.59 eV was used, based on a recent
study.73 Values in the literature vary between �4.4 and
�5.4 eV.74 Cyclic voltammetry (CV) was conducted both in the
dark and under continuous illumination using a benchtop UV
light (TL 8W BLB 1FM/10X25CC, l z 365 nm) as the light
source. The assumption was made that the in situ generated
concentration of ring-closed product would be sufficient for
detection in CV.

Photovoltaic devices with an active area of 0.09 and 0.16 cm2

were fabricated by spin coating poly(ethylenedioxy
thiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios P, VP
Al4083) on pre-cleaned, patterned indium tin oxide (ITO) glass
substrates (Naranjo Substrates). The photoactive layer was spin
coated at 2000 rpm in air from a chlorobenzene solution at 100 �C
always at a total concentration of 30 mg mL�1. For optimized
devices, the weight ratios between DAE/poly-TPD/PC61BM were
2 : 1 : 5, 3 : 1 : 5 and 3 : 1 : 5, for 1, 2, and 3 respectively. For opti-
mized poly-TPD/PC61BM reference devices, a range of ratios from
1 : 2 to 1 : 5 poly-TPD : PC61BM was tested. Ratios of 1 : 4 and 1 : 5
gave similar performance. The back electrode was deposited using
high vacuum (z5� 10�7 mbar) thermal evaporation and consisted
of a layer of LiF (1 nm) and Al (100 nm). Cells with active areas of
0.09 or 0.16 cm2 gave virtually identical results and showed no
consistent trends in size-dependent differences.

J–V characteristics were measured using a Keithley 2400
source meter under z100 mW cm�2 white light illumination
from a tungsten–halogen lamp ltered by a Hoya LB120 daylight
lter. Short-circuit current densities and PCEs were calculated by
integrating the AM1.5 G solar spectrum and the spectral response
of the cells. EQEs were determined using modulated mono-
chromatic light from a 50 W tungsten–halogen lamp (Philips
Focusline) passing through amonochromator (Oriel Cornerstone
RSC Adv., 2020, 10, 30176–30185 | 30183
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130) with the use of a mechanical beam chopper. The response
was recorded as a voltage over a 50 U resistor (Stanford Research
Systems SR570) using a lock-in amplier (Stanford Research
Systems SR830). A calibrated silicon cell with a known spectral
response was used as a reference. During the measurement, the
device was kept in a nitrogen-lled box behind a quartz window.
UV illumination to switch the DAE dyes to the closed-ring
isomers was afforded by a benchtop UV light (TL 8W BLB 1FM/
10X25CC, l z 365 nm, 30 min at a distance of z10 cm).

The thicknesses of the active layers on the devices were
determined using a Veeco Dektak 150 prolometer, subtracting
the thicknesses of any underlying layers.
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