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A molecular cocktail containing two photochromic diarylethene
derivatives that displays multicolor emission spanning blue-green
to orange in a color-correlated fashion has been devised. The
function does not rely on excited state communication such as
energy transfer reactions, which is the typical case for similar
systems. Instead, harnessing the intrinsic fluorescent and photo-
chromic properties of the two individual diarylethene derivatives
run in parallel is enough to realize the color changes. This offers an
extremely flexible situation as for the choice of the fluorophores
and their respective concentrations. The function is conveniently
demonstrated in bulk solution at pM concentrations, where a single
light source serves as the color changing stimulus.

Over the last decade, there has been an increasing interest in
molecular systems displaying stimuli-responsive changes in the
emission color. Main drivers for this development are potential
applications in optical data storage, bioimaging, super-resolution
microscopy, sensors, anticounterfeiting, and more." ™ Compared to
binary on-off (single-color) fluorescence switching, stimuli-
responsive multicolor systems offer many upsides such as allowing
for ratiometric methods,">™ full-color reproduction,'®® and the
possibility to introduce a high degree of unpredictability in the
associated spectral changes, a highly sought-after property in
data-security contexts."'%*°

For multicolor fluorescence photoswitching, the color
changes can be brought about in two principally different ways:
color-specific and color-correlated switching.* The latter allows
for a much more distinct color change, as the increase in
emission in one wavelength region is concerted, or correlated,
with the disappearance of the emission in another wavelength
region. A common strategy for color-correlated systems is to make
use of FRET processes,” >* typically by employing a “static”
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fluorescent dye as the energy donor and a molecular photoswitch
(photochromic molecule) as the corresponding acceptor.
Isomerization of the photochromic acceptor between the colorless
passive form and the colored, fluorescent FRET-active form allows
in principle for convenient toggling of the emission between 100%
donor-centered to 100% acceptor-centered. Efficient FRET reac-
tions, however, require the donor and the acceptor in close
proximity, typically at around 40 A or closer. Several supramole-
cular and covalently linked constructs have been presented,'®*>
the common denominator being a careful organization of the
system into a suitable geometry that allows for efficient FRET
reactions to occur. Most often these approaches imply complicated
synthetic procedures and the loss of system flexibility. Here we
report a novel, extremely facile means of color-correlated photo-
switching by simply mixing a cocktail of two photochromic
diarylethene (DAE) derivatives®* in acetonitrile bulk solution at
UM concentration. We harness merely the intrinsic fluorescent
and photochromic properties of the two photoswitches without
the need to fine-tune excited state reactions such as the above-
mentioned FRET processes. In addition, the system is controlled
by a single light source at 381 nm triggering the color change, and
a second light source at 410 nm for emission readout with virtually
non-destructive character.

The structures and the isomerization scheme of the two DAE
derivatives used in this study are shown in Scheme 1. Herein,
we refer to the compounds as Dasy (DAE asymmetric) and DAE9
(adopted from the nomenclature in the original report).** Both
exist in an open isomeric form absorbing almost exclusively in
the UV region (see Fig. 1 for spectral properties). UV exposure
triggers isomerization from the open to the closed form, and the
reverse reaction is induced by visible light. Dasy is fluorescent in
the open isomeric form Dasy(o) with a quantum yield of 0.11
whereas the closed ditto Dasy(c) displays no detectable emission.
The opposite is true for DAE9 where there is no detectable emission
from DAE9(0) but DAE9(c) emits fluorescence with a quantum
yield of 0.37. This value is significantly lower compared to the
fluorescence quantum yield in 1,4-dioxane (0.61).>* Similar DAE
derivatives have been reported to show the same trend, that is,
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Scheme 1 Structures and isomerization scheme of the studied compounds.
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Fig. 1 Absorption and emission spectra of Dasy (a) and DAE9 (b). Absorp-
tion spectra of the open isomers (dotted black lines) and the closed
isomers (solid black lines) are shown together with the emission spectra
(green solid line for Dasy(o) and red solid line for DAE9(c)).

a decrease in the fluorescence quantum yield with increasing
solvent polarity.**

As for the emission colors, Dasy(o) emits blue-green light
centered at around 497 nm, and DAE9(c) emits in the orange
region with emission maximum at 561 nm. The CIE coordinates
of the respective spectra are shown in Fig. S12, ESL.{ We would
like to emphasize that a fluorescence quantum yield of 0.11 is
unusually high for the open isomer of a regular perfluoro DAE
derivative. In fact, we know of only two reported examples with a
higher number. ***® These compounds, however, suffer from a
UV-induced photostationary state poorly enriched in the closed
form, implying that “on-off” switching of the emission is not
possible.
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Exposing a cocktail solution of Dasy(o) and DAE9(o) to UV
light would imply initial emission of blue-green fluorescence
from Dasy(0) only. This emission will gradually disappear, as UV
exposure triggers also the isomerization to the non-fluorescent
Dasy(c) isomer. Concomitant to the decrease in blue-green
emission intensity, an increase in the orange emission from
DAE9(c) is expected, due to the UV-induced formation of this
species. Extended UV irradiation would eventually yield a total
disappearance of the blue-green emission (given that the photo-
stationary distribution of Dasy is 100% shifted to the non-
fluorescent Dasy(c) isomer) and exclusively intense orange
emission from DAE9(c). Please note that this color change is
expected to occur without the need for FRET reactions. It is
simply a matter of balancing the rates of the two isomerization
reactions, Dasy(o) — Dasy(c) and DAE9(0) — DAE9(c) allowing
for a continuous color change. The choice of irradiation wave-
length indeed allows for tuning the relative rates of these
isomerization reactions (Fig. S13, ESIf and text below).

As for the reading process, that is, excitation for emission
readout, a constant overall emission intensity throughout the
process is desirable. Moreover, reading the sample in a non-
destructive fashion, implying that the excitation light for emission
readout does not induce changes in the isomeric distribution,
would also add to the appeal. The former matter reduces to
choosing the excitation wavelength as to match the brightness
of the two fluorophores, whereas the latter implies exciting the
cocktail at a wavelength with minimal absorption of the photo-
chromically active species. We have detailed in the ESI,{ how
the photophysical properties of the photoswitches are used as a
guide to the experimental conditions for optimal performance
according to above.

Fig. 2 shows the evolution of the overall emission spectra of
a sample containing ca. 35 pM Dasy and 2.3 pM DAE9 with
increasing exposure time to 381 nm UV light. Excitation for
emission readout was done at 410 nm. It is clearly seen that the
initial spectrum (green) contains no or only minor contribution
from DAE9(c) but is instead dominated by Dasy(0), whereas the
final spectrum (red) shows fluorescence from almost exclusively
DAE9(c). Moreover, the overall emission intensities are compar-
able at all times as shown in Fig. S14, ESI,} and the color change
occurs in a continuous fashion from blue-green to orange, as is
evident from Fig. S15, ESL{ This clearly shows that the rates of the
isomerization reactions Dasy(o) — Dasy(c) and DAE9(o) — DAE9(c)
occur on a similar timescale, which is also seen by comparing the
individual isomerization rates from UV-vis absorption measure-
ments where the rates differ by only a factor 2 (see Fig. S13, ESIt).
The isomerization quantum yields for the closing reactions are
0.52 and 0.13 for Dasy and DAE9, respectively. Resetting the
sample to the initial state containing only Dasy(o) and DAE9(o)
is conveniently done by exposure to visible light, in this case
at 523 nm, allowing for repeated operation with excellent
reproducibility (Fig. S16 and S17, ESIt). The sample can be
exposed to at least five switching cycles without substantial
photodegradation (Fig. S18, ESIT).

The stability of the system with respect to color changes over
time both in the absence and in the presence of the excitation

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Time evolution of the emission spectra for the Dasy + DAE9
cocktail in acetonitrile under exposure to 381 nm UV light for isomerization
purpose. All spectra were recorded upon excitation at 410 nm after
exposure to 381 nm light for O s (green line), 5, 10 s, 155, 20 s, 30 s,
405,505,805, 110 s, 140 s, 200 s, 260 s, and 350 s (red line).

light for emission readout was investigated (Fig. S19-523, ESIT).
The former reflects the thermal stability of the system when the
photoswitches are in the closed isomeric form. Here, samples
of DAE9(0) and Dasy(o) were converted to the photostationary
state using UV light at 365 nm (both photoswitches display
virtually quantitative conversion to the closed isomers) and left
for 24 hours in the dark. No detectable changes in the absorption
spectra were observed for DAE9, whereas Dasy experienced
ca. 10% decrease in the absorption of the closed isomer. The
absorbance in the wavelength region 330-380 nm where Dasy(0)
displays its characteristic strong absorption band also decreased,
strongly signalling that the spectral changes are due to the
irreversible formation of a by-product.’” The system displays
excellent color stability with respect to excitation for emission
readout, that is, only minor changes in the emission spectra
were observed after recording up to 80 spectra with excitation at
410 nm. There is, of course, an inevitable trade-off between
absolute emission intensity and color stability, and in this study
the excitation wavelength was chosen as to optimize the color
stability without sacrificing too much in the signal-to-noise of
the fluorescence signal.

In order to demonstrate that the observed color changes do
not rely on FRET reactions of any kind, time-resolved single
photon counting experiments were undertaken (see Fig. S24
and S25, ESIt). The fluorescent lifetimes of the monomers alone
in acetonitrile are 1.8 ns for DAE9(c) and 5.4 ns for Dasy(0). The
lifetimes for DAE9(c) in the cocktail together with Dasy(o)
and Dasy(c) are both 1.8 ns, whereas Dasy(o) has lifetimes of
5.8 ns and 5.7 ns in the cocktail with DAE9(0) and DAE9(c),
respectively. Thus, it is clear that quenching by FRET reactions do
not occur.

Finally, the choice of photoswitches should be commented
on. The first prerequisite is that one of the two must be emissive
in the colorless form, whereas the other must be emissive in the
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colored form. Indeed, a photoswitch that displays intense emission
in both isomeric forms would be usable too, but to date, there
are no photochromic compounds with this favourable property.
Moreover, it would imply a loss in the overall flexibility as the
total concentration of the two emissive species would remain
constant through the isomerization process. Using Dasy and
DAE9 demonstrates the usefulness of the cocktail approach to
finetune both the relative concentrations and the excitation
wavelengths to compensate for differences in the emission-
and the isomerization quantum yields of the ingredient photo-
switches. Please note that although Dasy(0) used herein displays
unusually high fluorescence quantum yield compared to the
typical open form of any DAE derivative, an equivalent function
would be achievable also for less fluorescent compounds, but
then at a higher concentration to compensate. Alternatively, a
covalently linked dyad comprising a fluorophore covalently
linked to a non-fluorescent photochromic compound to consti-
tute a photoswitchable FRET (or photoinduced electron trans-
fer) donor-acceptor pair could be used. Note, however, that this
approach would impose additional constraints to the design
criteria, as the excited state interactions between the donor and
the acceptor would have to be carefully tuned.

Moreover, the structural properties of Dasy and DAE9 differ,
in particular with respect to Dasy being a dication whereas DAE is
charge neutral. This presents challenges as for many approaches
to self-assemble both compounds in confined volumes, which is a
requirement for efficient FRET reactions to occur. The herein
described approach overcomes also this limitation. It should be
noted, however, that the ease of operation requires a medium in
which the two photoswitches are fairly evenly distributed, as
regions of high local concentration of both chromophores will
interfere with the overall function by the onset of excited state
reactions such as FRET and photoinduced electron transfer.

In summary, we have presented a novel approach to multi-
color fluorescent photoswitching in a color-correlated fashion.
The function does not rely on FRET reactions to occur, which
allows for an extremely simple experimental protocol where two
fluorescent DAE derivatives are mixed in bulk acetonitrile
solution at pM concentrations. Hence, tedious synthesis of
covalently linked constructs or the formation of supramolecular
systems are avoided. A single light source is responsible for the
isomerization-induced color changes and the emission readout
process is virtually non-destructive. The all-photonic nature of
the external stimulus presents the typical advantages (waste-
free, non-invasive, and remote operation together with the
unsurpassed spatiotemporal control) compared to systems that
are driven by chemical or mechanical triggers.
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Notes and references

+ There are examples of other DAE derivatives with similar or higher
fluorescence quantum yields in the open isomeric form.*>**** In these
compounds, however, the emission is originating from a distinct
fluorophore associated with the photoswitch, and not integral part of
the same.
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