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Fast and Reversible Red Emission Modulation in
Photoswitchable Molecules Toward Optical Data Storage

Pankaj Dharpure, Heyou Zhang, Zifei Chen, Max GiefSiibel, Paul Mulvaney,

Jiirgen Kohler, and Mukundan Thelakkat*

Photoswitchable dithienylperfluorocyclopentene (DCP) and
dibenzothienylperfluorocyclo-pentene dioxide (BTCPO4) have potential
applications in optical data storage. They exhibit high fatigue resistance and
reverse ON-OFF photoswitching of emission due to ring opening and closing
reactions, feasible at two different wavelengths. DCPs are non-emissive

in both the open and closed states, whereas BTCPO4s are emissive upon ring
closure. There is a scarcity of fast, reversible, and bistable photoswitchable
red emitters. Therefore, a series of red-emitting BTCPO4s is synthesized,

and their detailed photophysical characterization is reported here.

This study shows that the red emitters are highly stable in the cyclized form,
requiring high laser power and long irradiation times for reverse cyclization to
the non-emissive state. Also, the ON-OFF contrast ratio is very low. To enable
red emission modulation and to increase the contrast ratio, energy transfer
from the red-emitting BTCPO4 isomer to a fast photoswitchable non-emitting
DCP molecule is exploited. This novel approach enables 60 times

faster, reversible modulation of the red emission with a four times higher
contrast ratio (£90%) and at 150 times lower visible laser irradiation intensity

1. Introduction

The advantages of fluorescent molecules
have been well documented in a variety
of applications, such as bioimaging and
optical data storage, and display.['>! Photo-
switchable fluorescent molecules have the
unique property that their emission can be
switched ON and OFF upon photoirradia-
tion with two different wavelengths of light.
A variety of photoswitchable molecular
systems comprising photoswitches such as
azobenzenes, spiropyran, acyl hydrazones,
and diarylethenes, or their dyads containing
fluorophores such as perylenebisamide,
coumarins, and rhodamines have been
explored because of their unique reversible
photoswitching and fatigue resistance
properties.>3] Among these candidates,
dithienylperfluorocyclopentenes  (DCPs),
constitute one very promising class of mul-

than can be achieved for the pure red emitter alone. Finally, the potential
for optical data storage is demonstrated for 100 write-read-erase cycles.
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ticolor photoswitchable molecules, which
exhibit high thermal stability and rapid
response time to photo-irradiation with
a suitable wavelength of light (UV/Vis).
They were first reported by Irie and coworkers.['*V] DCPs can
be repeatedly switched for multiple cycles without a signifi-
cant decrease in the contrast ratio (due to their high fatigue
resistance).'8] A key reason for this is that DCP photoswitches
undergo only small structural changes when converting between
the different isomers. This, in turn, is due to facile 6z electron cy-
clization and reverse cyclization. This small steric requirement
for both ring opening and closing enables the photoswitching
of DCPs to be equally efficient in both solution and in compact
solid-state (crystalline state).['*'7] However, the fast photoswitch-
able DCP molecules were non-fluorescent in both the open and
closed forms, shown as DCP (a) and DCP (b) in Scheme 1a.'¥]
Hence, it was necessary for the non-fluorescent DCP molecules
to be covalently linked to, or mixed with, a fluorescent dye in or-
der to exploit the full potential of DCPs for fluorescence modu-
lation applications. This strategy allowed the modulation of dye
emission (ON-OFF) by energy transfer, both in single molecules
as well as in ensembles.?1 A breakthrough in the synthe-
sis of turn-on photoswitches was subsequently reported by Kim
and co-workers, who utilized the oxidation of sulfur atoms in
dibenzothienylperfluorocyclopentenes (BTCP) to fluorescent sul-
fones (BTCPO4).1% Further, Irie and others systematically ex-
plored a series of intrinsic fluorescent BTCPO4 molecules with
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Scheme 1. Photochroism of DCP and BTCPO4. DCP is non-emitting in
both isomeric forms, whereas BTCPO4 emits on ring closure and is called
a turn-on photoswitch.

various aryl substitutions at 6,6’ position.[*'=3] These intrinsically
green-emitting molecules are termed BTCPO4-Green (a) or (b)
and are shown in Scheme 1b. These green emitters have negli-
gible emission in the open state (a) but are highly emissive in
the closed state (b). They also exhibit high thermal stability, fast
reversible photoswitching in both directions, and high fatigue
resistance.32->°] However, the fast reversible photoswitching of
this class of intrinsic fluorescent molecules has been limited to
green color emission up to now.

Red-emitting BTCPO, compounds exhibit exceptional photo-
stability under both ultraviolet (UV) and visible light irradia-
tion, making them superior to conventional red-emitting dyes
for long-term optical applications. In a comparative study led
by Prof. Irie, BTCPO, demonstrated significantly greater pho-
tostability than commonly used dyes such as Rhodamine 101
and Fluorescein when exposed to UV light (365 nm) and visible
light (>440 nm).Y This enhanced stability positions BTCPO,
as a promising candidate for applications requiring sustained
fluorescence performance. However, in the case of red-emitting
BTCPO4s, unlike the green emitters, reverse cyclization of the
closed form BTCPO4-Red (b) to an open form (a) is very hard
to achieve in most cases, and it usually requires a very high
light intensity (up to 120 kW cm™2) (Scheme 1¢).38 The slow
reverse cyclization rate is due to the extra stability of the closed
form isomer, provided by the extended z-electron delocaliza-
tion and intramolecular charge transfer.?**!l The reverse cy-
clization of BTCPO4-Red from closed form (b) to open form
(@) (Scheme 1c) can be improved considerably by replacing the
ethyl group with the sterically crowded neopentyl group at the
reactive carbon.[*?] Although the synthesis of BTCPO, molecules
containing the neopentyl group has been reported for all-visible-
light photoswitching, their potential applications in write-read-
erasing data storage (as reported here) have not yet been explored.
Recently, a two-photon absorption strategy was reported to im-
prove the reverse cyclization of BTCPO4-Red, from closed form
(b) to open form (a). However, this strategy likewise required
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high-power excitation pulses to drive two-photon absorption.*]
In summary, this class of red-emitting photostable BTCPO4s ex-
hibits fast cyclization reaction (emission turn-on) but faces two
issues: a slow reverse cyclization reaction (emission turn-off) and
the requirement of very high visible light intensities. This re-
stricts the use of these red-emitting BTCPO4s molecules to any
application where fast photoswitching in both directions is re-
quired. Low-intensity light irradiation is a prerequisite in general
for optical data storage and encryption to avoid sample degra-
dation, light scattering, and light interference problems. Specif-
ically, light scattering and light interference reduce the signal-
to-noise ratio, thus badly influencing the data read-out accu-
racy. Additionally, these effects increase the cross-talk between
the two neighboring data points, further degrading data fidelity.
While working on optical data encryption using green-emitting
BTCPO, embedded in polystyrene (PS) beads (300 nm diameter)
arranged in an ordered array with 5 pm spacing on a compact
0.5 cm X 0.5 cm glass substrate, we observed that the intensity
of light irradiation plays a critical role in the fidelity of informa-
tion writing, reading, and erasing.[*l High-intensity light ( > 3
W cm™2) leads to light scattering results in a cross-talk between
two neighboring data points, compromising data integrity, es-
pecially in miniaturized systems (scattering can be seen in the
videos of the Ref article).l**] Thus, to increase the data readability
accuracy further, low-intensity UV and visible light irradiation is
essential.

In this study, we address the issue of reversible fast pho-
toswitching of red emitters. This is a key step toward access-
ing the full potential of multiple color photoswitching to ad-
vance optical data encryption further. We synthesized a vari-
ety of red emitters and studied the emission quenching via
reverse cyclization. To address the challenges of low contrast
ratio and the need for high visible light intensities, we pre-
pared polymer blends with fast photoswitchable DCP molecules,
which enabled energy transfer (FRET or radiative energy trans-
fer) at low laser intensities for a variety of red emitters. This
constitutes a general and novel strategy for overcoming the
inherent slow kinetics of ring-opening reactions of turn-on
photoswitches.

2. Results and Discussion

2.1. Synthesis and Characterization of BTCPO4s

Motivated by the above facts and limitations regarding the red-
emitting BTCPO4 photoswitches, we synthesized a series of red-
emitting BTCPO4 molecules (7-13). The BTCPO4s 7, 8, and 12
were reported in the literature, while the BTCPO4s 9, 10, 11, and
13 were synthesized by us for the first time.l}1*6*] For varying
the emission color, we changed the flanking aryl substituent at
6,6’ position of the BTCPO4 moiety to extend the conjugation.
The synthetic details and characterization of the BTCPO4 deriva-
tives 7-13 are given in the SI (Scheme S1 and Figures S1-S16,
Supporting Information). After synthesis and purification, the
BTCPO4 molecules were isolated by column chromatography in
the dark to obtain the open isomers (7a-13a), and their absorp-
tion spectra are shown in Figure 1b and Figure S17 (Supporting
Information).
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Figure 1. a) Schematics of photoswitching of BTCPO4 (open form) to BTCPO4 (closed form) in solution using UV (254 nm) and closed form to open
form using visible light (488 nm) and the chemical structures of the different BTCPO4s; b) Absorption(black) and emission (red) of BTCPO4 7 in the
open form 7a and closed form 7b (4., = 480 nm); c) Normalized emission spectra of closed forms of 7b, 8b, 9b, 10b, 11b, 12b and 13b (4., = 480 nm
for 7b, 8b, 9b, 10b, 12b, 13b and A, = 450 nm for 11b); d) Photoswitching of 7a blended with PPMA in thin film by using 325 nm UV (3 W cm™2) to 7b
(violet) and with 488 nm from 7b to 7a at different intensities of 3 (blue), 45 (red) and 75 W cm~2 (black). The absolute starting emission intensities
(at zero time) are different due to the different excitation intensities (VIS intensity) of each measurement (l,citation ~ lemision)-

2.2. Absorption and Emission of BTCPO4s in Solution

First, the absorption and emission of BTCPO4s 7-13 with differ-
ent substituents at 6,6’ positions (Figure 1a) were studied in ace-
tonitrile solutions. As a typical example, the spectra of 7a,b are
shown in Figure 1b. Figure S17 (Supporting Information) for the
individual absorption and emission spectra of the other BTCPO4
molecules, (8-13). The open form of the 7a has a characteristic ab-
sorption in UV below 400 nm. The negligible absorption in the
visible range above 400 nm arises because of the small amount
of the closed isomer present in the solution after synthesis. The
solution of 7a was irradiated with UV light (4: 254 nm, 8 W) to
convert it to the closed emitting form (7b) via a photoinduced cy-
clization reaction to 7b. The conversion of open form 7a to closed
form 7b can be easily distinguished by the change in the UV-
vis absorption (in black) and emission spectrum (in red) of the
molecule (Figure 1b). After UV light irradiation, the absorption
shifts toward the visible region (400-700 nm). This shift is due to
the extended z-electron delocalization in the closed isomer. Un-
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like the open ring isomers 7a-13a, all the closed ring forms 7b-
13b are emissive; the emission spectra of the closed forms 7b-13b
are in the red spectral region from 550-750 nm (Figure 1c). The
emission peak maximum (A,,,) varies over a broad range from
540 nm for 11b to 740 nm for 9b and 13b. Except 11b (with emis-
sion in the green region), all the rest six BTCPO4 molecules (7b,
8b, 9b, 10b, 12b, and 13b) emit in the red region. This broad vari-
ation of emission was achieved by varying the flanking aromatic
moieties as envisaged in the synthetic strategy.

2.3. Kinetics of Photoswitching of Red Emitting BTCPO4 in Thin
Films

To study the photoswitching process of molecules 7-13, we pre-
pared thin films of all embedded in PMMA matrices on quartz
coverslips (see SI for detailed procedure). The photocyclization
reaction was then carried out by irradiation using 325 nm laser
(3 W cm™?) for 2s. These parameters of UV laser intensity and
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duration were selected from our previous studies of green emit-
ting photoswitches.[* The reverse cyclization using 488 nm laser
(at 3 W cm™2) was found to be very slow, and therefore this step
was repeated with increasing light intensities of 45 and 75 W
cm™ for up to 10 min. A typical example of photocyclization of
non-emitting 7a to the emitting isomer 7b and its reverse cycliza-
tion to the open form 7a is shown in Figure 1d. Photocyclization
of 7a to 7b was fast (2s) as reported for BTCPO4s, while the con-
version of the 7b to 7a was very slow. At a lower light intensity of
3 W cm~2 we did not observe the reverse cyclization of 7b to 7a at
all, while at 45 W cm™2 we observed a partial ring opening with a
contrast ratio C of just 0.12. Here, contrast ratio is defined as C =

1— 2uo: where I, refers to the highest emission intensity of the

samf;laé that is observed at the beginning of Vis,g nm illumina-
tion, and I, refers to the lowest emission intensity of the sample
during 488 nm illumination at time ¢ (here, t = 600 s). Irradiation
at75 W cm~2 did not speed up the conversion significantly and re-
sulted in a slightly higher contrast ratio of 0.22. The photoswitch-
ing experiments with the same parameters were also carried out
for all the BTCPO4 molecules in thin films (see Figure S18, Sup-
porting Information). In each case, cyclization to the emissive
forms 8b-13b was very fast, whereas reverse cyclization at a high
laser intensity (75 W cm™2, 600s) was found to be very slow, and
the achieved contrast ratios of C = 0.17 to 0.50) also were not very
high, except for the green emitting molecule 11b (C = 0.65). In
summary, the reverse cyclization of the red emitters is 300 times
slower than the cyclization reaction (600s vs 2s). However, for
highly efficient writing-reading-erasing cycles involved in optical
data encryption and possible data storage applications, both the
cyclization (corresponding to writing data) and reverse cycliza-
tion reaction (corresponding to erasing) should be very fast.[**] By
comparison, our previous studies on a green-emitting BTCPO4,
which emits in the 550 nm range, showed a fast reverse cycliza-
tion (irradiation for 29s at 488 nm) at low power intensity of 3
W cm™2, resulting in a very good contrast ratio of 0.85.1*] It is
also equally important to have the fast-photoswitching processes
at low intensity laser irradiation to maintain the high fatigue re-
sistance and to avoid any sample damage. Thus, it is essential
to address these fundamental issues to enable the application of
red emitters with high fatigue resistance, long durability, and fast
switching in both directions under low intensity of UV as well as
visible light. In the following, we discuss a new strategy to achieve
this.

2.4. Fast and Reversible Emission Modulation of Blends of DCP
and Red Emitting BTCPO4 in Solution

It has been reported by us and others that non-emitting DCP
derivatives can be switched back to open isomeric forms at a
very fast rate with low intensity of visible light irradiation (100
mW cm™2).[2746] Therefore, we thought that it is worthwhile ex-
ploring the quenching of red emission of BTCPO4 by possible
energy transfer (ET) processes to a non-emitting DCP isomer,
which switches very quickly and changes its frontier energy or-
bital energy to facilitate ET processes. In this way, the emission
can be switched off at a faster rate using low-intensity light in-
stead of attempting to photoswitch the red-emitting BTCPO4s
to their non-emissive forms. To verify our idea, first, we mixed
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the red-emitting BTCPO4 7b with the open form of non-emitting
DCP 14a in acetonitrile and irradiated this mixture with UV light
(254 nm, 8 W). The non-emitting DCP 14 chosen here is well
known for its fast photoswitching, high absorption coefficient at
600 nm in the closed form, high fatigue resistance, and thermal
stability.['®] It has also been demonstrated that the DCP in closed
form is capable of ET processes with red fluorescent dyes.[2>-28]
The schematics of photoswitching of DCP and possible red emis-
sion quenching/ modulation via ET are depicted in Figure 2a.
The irradiation times and change in absorption of 14a alone as
a function of time (0-5 min) are shown in Figure 2b. It is ob-
vious that 14a converts to its closed form 14b during prolonged
irradiation with UV light (254 nm) as seen at the absorption of
the closed isomer in the visible region (450-700 nm), increasing
continuously with almost complete conversion in 3 min. The ab-
sorption peak at 600 nm, which is a characteristic peak of 14b
saturates after 3 min, suggesting that 14a is fully converted to
14b within 3 min of 254 nm irradiation (Figure 2b).'8] Also dur-
ing the UV irradiation of the mixture (7b +14a) for a period of 5
min, a full ring closure of the 7b occurs (absorption increase in
the range of 400-550 nm) (Figure 2c). Simultaneously, the emis-
sion of 7b in the mixture is progressively quenched during the
ring closure of 14a to 14b in accordance with the PL measure-
ment data (Figure 2d) and as indicated by the color change from
red fluorescent to a non-fluorescent brown color (Figure 2a). A
remarkably high maximum emission quenching of 95% was ob-
served within 5 min UV irradiation of the mixture in solution.
Further, the original intense red-fluorescent color was recovered
from the non-fluorescent brown sample by irradiation with the
600 nm LED light (40 W), which enables the ring-opening of 14b
to yield the 14a isomer, but not the conversion of 7b-7a (which
is very slow as discussed above). Since the closed non-emitting
14b has a very good absorption overlap with the emission spec-
trum of 7b, it fulfils one of the basic requirements for an energy
transfer process from 7b to 14b. Here, it is important to note that
the absorption spectrum of the open isomer 14a does not overlap
with the emission spectrum of 7b at all, and therefore, probably
it cannot undergo any kind of energy transfer. This is manifested
by the 100% recovery of emission intensity in 14a +7b, and this
process can be repeated multiple times in the solution in both
directions (Figure 2e). To emphasize, we were able to achieve a
high contrast ratio of 0.95 (95% emission quenching) and fast re-
versible switching of red emission in solution. We also carried out
similar emission quenching experiments with the other mixtures
8b+14a, 9b+14a, 10b+14a, 11b+14a, 12b+14a, and 13b+14a in
solution using UV and visible light irradiation. We observed a
similar trend of high contrast ratio (0.80-0.95) as a function of
UV light irradiation duration in acetonitrile (Figures S19-S25,
Supporting Information).

2.5. Mechanistic Investigation of Emission Modulation of
7b+14a Mixture in Solution

The 95% emission quenching observed in the 7b+14a mixture
by switching 14a to 14b could be due to different reasons, such
as electron transfer, non-radiative energy transfer (via Foster Res-
onance Energy Transfer FRET), or radiative energy transfer or a
combination of these processes. It is known that the energetics
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Figure 2. Absorption and emission study of 14a and 7b+14a (1:1) mixture (200 um concentration of each) in acetonitrile using UV (254 nm, 8 W) for
cyclization and Vis (600 nm, 40W LEDs) for ring opening. Emission spectra were recorded by 4., = 480 nm: a) Schematic representation of fluorescence
modulation in a mixture of (7b+14a) and color change before and after UV and Vis light irradiation; b) Absorption spectrum of 14a recorded at different
irradiation time with 254 nm irradiation; c) Absorption spectra of 7b+14a (1:1) recorded at different irradiation time with 254 nm; d) Decrease in
emission intensity of 7b+14a (1:1) at different time intervals of UV irradiation due to conversion of 14a to 14b; e) Reversible emission quenching for
two photoswitching cycles of 7b+14a (1:1), and in inset- seven photoswitching cycles of 7b+14a (4., = 480 nm).
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Figure 3. a) Absorption spectra of 14a and 14b overlapped with the emission spectra of 7b; b) Concentration dependent contrast ratio plot of 7b+14a
(1:1) mixture in acetonitrile on UV irradiation (254 nm, 5 min); (after UV irradiation, 14a gets converted into 14b resulting in PL quenching); c) PL
lifetime decay in acetonitrile before (7b+14a) and after (7b+14b) irradiation of 254 nm; d) Plot of contrast ratio against average intermolecular distance

in the solution at different concentrations.

orbitals of 14 a change drastically on UV irradiation, resulting
in the closed form 14b. Therefore, before investigating the emis-
sion quenching phenomenon, we calculated the HOMO-LUMO
energy levels of all BTCPO4 (7a,b-13a,b) and DCP 14a,b in both
open and closed form by DFT (see Table S1, Supporting Infor-
mation for all calculated orbital energy values). The LUMO en-
ergy values of closed form isomers, 7b-13b (lie in the range of
—3.18-—3.44 eV), are less than the LUMO energy value of the
DCP in the open form 14a (—1.78 eV) and closed form 14b (-2.71
eV). These energy levels clearly suggest that electrons from the
closed form of 7b-13b to a high-lying LUMO energy level of 14b
are energetically unfavorable. Thus, the emission quenching by
electron transfer can be almost ruled out. The obvious spectral
overlap observed between the absorption spectra of 14b and the
emission spectra of 7b (Figure 3a) implies that there are now two
ET possibilities for emission quenching, namely: (FRET) or ra-
diative energy transfer, or a combination of both. To understand
the contributing factors and their mutual distance dependence
in the ET process toward highly efficient quenching in the mix-
ture in acetonitrile solution, we have performed PL quenching
experiments with increasing concentrations (2.5 to 250 pM each)
of both 7b and 14a, at a 1:1 molar ratio. Thus, the total concen-
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tration was varied from 5 uM to 500 uM. Here again contrast ra-
tio, C=1 — 2mn where I, is the PL intensity measured after

5 min 254 nm irradiation, and I, is the PL intensity measured
before 254 nm irradiation. The obtained contrast ratio is plotted
against the total concentration of the photoswitches 7b and 14a
(Figure 3b). We observed an increase in contrast ratio with an in-
crease in the concentrations of the 7b + 14a from 5 to 200 pm. At
200 um concentration (100 pm of each), saturation of contrast ra-
tio at #0.92 was observed. The increase in contrast ratio with an
increase in total concentration can be explained by the possible
decrease in average molecular distance between 7b and 14b. This
result confirmed the molecular distance-dependent nature of PL
quenching. Therefore, this implies that the emission quenching
could be because of FRET. To verify the role of FRET, we carried
out PL lifetime decay experiments on the mixture 7b+14a before
and after irradiation with 245 nm for 5 min, during which 14a was
converted to 14b. (Figure 3c). The PL lifetime decay experiment
showed a small decrease in the lifetime (r) of emitting 7b after
irradiation of 254 nm for 5 min (from 7 = 2.4 ns for 7b+14ato r =
2.0 ns for 7b+14b). This decrease in lifetime indicates an energy
transfer from 7b to 14b. However, this small change in lifetime of
the excited state of 7b (just 17% decrease in 7) may not explain the
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Figure 4. Photoswitching in PMMA film blended with (7b+14a) using 325 nm UV laser for 2s and 488 nm Vis laser radiation for 25s: (a) Energy transfer
efficiency and contrast ratio in film samples with different molar ratios of 7b+14a, (concentrations used for film preparation are: 7b, 400 um and 14a, 0,
400, 800, 1200, 1600, 2000 um respectively); b) PL lifetime decay of 7b+14a (1:3 molar, 1600 pm), before UV irradiation (red) and after UV irradiation
for 1 min (purple). Inset: PL lifetime decay of film samples of different concentrations; c) Photoswitching of 7b+14a (1:3) using UV 0.25 and Vis 0.5 W
cm™2 The concentration used for film preparation 7b is 400 um and 14b is 1200 um; d) Contrast ratios (red: maximum and blue: minimum) for 7b+14a

(1:3) 1600 um at different intensities of 325 nm and 488 nm.

very efficient PL quenching (contrast ratio 0.95) observed in so-
lution. Thus, to further study any possibility of FRET (operating
range of 1-10 nm distance) in this PL quenching process, we have
calculated the average distance between the molecules in the so-
lutions at different concentrations (Pages S23-S24, Supporting
Information for calculations and the values). This average inter-
molecular distance arising out of the different concentrations is
plotted against the measured contrast ratio of 7b emission in the
mixture 7b+14a obtained after UV irradiation (Figure 3d).[*7#8]
The plot exhibits a sigmoidal curve, and the calculated inter-
molecular distance between the two molecules decreased from 46
nm to 10 nm with an increase in concentration from 5 to 500 um,
respectively. A 0.5 contrast ratio was observed at an average inter-
molecular distance of 21 nm. Further, the contrast ratio increased
to 0.98 when the average intermolecular distance decreased to 10
nm for 500 uM concentration. Since FRET is effective only below
an intermolecular distance of 10 nm, we can say that FRET is
perhaps not a predominant factor for PL quenching observed in
solution under these low concentrations.**°! Therefore, we in-
creased the total concentration to 6 mM to verify the FRET contri-
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bution. At high concentrations, the influence of FRET was con-
firmed by calculating the FRET efficiency (E;), as E; = 1— <,
T

where 7 is the lifetime of the mixture after UV irradiation (5 min
UV) and 7, is the Lifetime of the pure emitting isomer 7b. The
lifetimes were obtained from the photoluminescence (PL) life-
time decay experiments of different samples of 7b+14a with to-
tal concentrations ranging from 5 to 6 mm (Table S2, Supporting
Information). The graph, E; vs. intermolecular distance (Figure
S26, Supporting Information), clearly shows that E; increases
considerably below 10 nm intermolecular distance, which cor-
responds to a total concentration of 500 um. However, at 500
um the FRET efficiency is less than 10% (Table S2 and Figure
S26, Supporting Information). However, even at 6 mm concen-
tration (~4.3 nm), the calculated E; was only 34%, even though
>500 um concentration, there is almost quantitative PL quench-
ing (C = 98%). Additionally, we have quantitatively analyzed the
Foster radius for 7b—14b donor-acceptor pair. The calculated ra-
dius is 5.51 nm (Pages S25 and S26 and Figure S27, Supporting
Information for detailed calculations). To achieve this Foster ra-
dius in solution, the total concentration must exceed 3000 pm,
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hence it clearly supports the possibility of FRET at higher con-
centration. However, we observed nearly complete PL quench-
ing (C = 98%) at a much lower 400 um concentration in solu-
tion (experimental concentration of 7b+14b, at a 1:1 molar ra-
tio). This implies a strong possibility of radiative energy transfer
of red emission of 7b to 14b due to the very good overlap of the
emission spectrum of 7b with the absorption spectrum of 14b.
The high absorption coefficient of 14b at 600 nm clearly favors
the radiative energy transfer phenomenon as the dominant fac-
tor contributing to the observed high PL quenching in solution
at experimental concentration (400 um).

2.6. Red-Emission Modulation of the Blends of DCP and
BTCPO4s in Thin Films (Solid State)

A further increase in intermolecular distance is feasible in the
solid state, and many applications of optical data storage require
thin film systems. Therefore, we prepared thin films of 7b+14a
mixture with PMMA as matrix, coated on a quartz substrate, and
studied the PL quenching. During the film preparation, after spin
coating, all solvent molecules evaporated completely. This leads
to a significant reduction in intermolecular distances. As a result,
we can expect enhanced emission quenching via FRET compared
to solution samples. To validate this hypothesis, we studied the
contrast of PL emission quenching and PL lifetime decay of thin
film samples of the 7b+14a. We also increased the stoichiometry
of 7b:14a (7b:14a = 1:1, 1:2, 1:3, 1:4, and 1:5 molar) to verify if a
different molar ratio than 1:1 favors FRET. See Figures S28 and
S29 and Table S3 (Supporting Information) for all the detailed re-
sults. The E; and C values were plotted against the molar ratios
of the 7b+14a in Figure 4a. We observed a drastic increase in the
contrast ratio from 0.48 to 0.96 in thin films as we increased the
molar ratio of 14a in the mixture from 1:1 to 1:5. At 1:3 molar
ratio, the contrast ratio almost reached saturation. On the same
line, we observed an increase in the energy transfer efficiency
(Et) from 0.60 to 0.88 and saturated as we increased the molar
ratio of 14a in 7b+14a from 1:1 to 1:3. Thus, from Figure 4a it
is very clear that the contrast ratio and the energy transfer effi-
ciency values increase in equal magnitude suggesting that the
emission quenching is predominantly because of the FRET pro-
cess in the film samples. As typical examples, PL lifetime decay
spectra of 7b+14a, (at 1:3 molar ratio) before (red) and after UV
irradiation (purple) are shown in Figure 4b.The lifetime of the
sample 7b+14b (sample after UV irradiation) is 0.3 ns, explain-
ing also the very high energy transfer efficiency from 7b to 14b
(Er = 0.88) at this molar ratio of 1:3. In comparison, The life-
time of 7b+14a (sample before UV irradiation) is 2.5 ns (exactly
same as that of 7b in PMMA film, 7 = 2.5 ns), suggesting that
there is no energy transfer from 7b to 14a. Further, we have also
recorded the PL lifetime of the optimum mixture of 7b+14a (at
molar ratio 1:3) for different total concentrations ranging from
400 to 4000 um (Figure 4b inset for spectra), to elucidate any in-
fluence of concentration at the optimum composition. The PL
lifetime experiments showed an increase in energy transfer ef-
ficiency with an increase in total concentration from 400 uM to
1200 uM (Table 1). At 1200 uM, E; saturated at 0.88, and it does
not increase further on increasing concentration. A similar trend
was also observed for the contrast ratio, with a clear rise and then
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Table 1. FRET Ey values and PL contrast ratio (C) for 7b+14a films prepared
with different concentrations with molar ratios 1:3.

[

7b+14a (1:3) Concentration 7 after UV Irradiation Er1— C1 — -minh)
[uM] [ns] :T,a) max
400 1.7 0.32 0.48

800 1.0 0.60 0.74
1200 0.3 0.88 0.91
1600 0.3 0.88 0.94
2000 0.3 0.88 0.95
4000 0.3 0.88 0.95

Az, is the lifetime of 7b in film (2.5 ns); 7 is the lifetime of the sample after UV, irra-
diation (1 min); ®)1... = emission intensity of sample before UV,s; I,,,;, = emission
intensity of the sample after UV,s, irradiation; Note- 7 of sample 7b+14a is exactly
the same as 7, of 7b (2.5 ns).

a saturation at 1600 um total concentration, as shown in Table 1.
With this optimum sample concentration at 1:3 molar ratio (1600
uM), we performed red emission modulation of 7b+14a with an
UV, laser light intensity of 0.25 W cm~2 for cyclization (writ-
ing) and a Vis,g intensity of 0.5 W cm™ for reverse cyclization
(reading and erasing).

We achieved a fast writing with 2s, (for UV,,c) and a fast eras-
ing with 25s (for Vis,g) with a 0.90 contrast ratio (Figure 4c).
Thus, this mixture 7b+14a has clear advantages over 7b alone,
with 24 times faster erasing rate (erasing time decreasing from
600s to only 25s) and with an improved contrast ratio from 0.22
to 0.90 at lower visible light intensity (reduced from 75 to 0.5 W
cm~2 of 488 nm). Here, the low intensity visible light of 488 nm
played a dual role, on the one hand as an excitation wavelength
for emitter 7b and second as a trigger for the ring opening of
14b to 14a. The emission of 7b at 600 nm can also assist the ring
opening of 14b to 14a. In our earlier reports, we noted that spe-
cific combinations of UV and Vis laser intensities led to optimum
contrast ratios in photoswitchable systems.!?”3># Therefore, we
screened the influence of different laser intensity combinations
of UV, and Vis,g, on contrast ratio to achieve the highest con-
trast ratio at the lowest UV/Vis intensities for a mixture of 7b+14a
(molar ratio: 1:3 at 1600 uM). The contrast ratios are depicted us-
ing a color code in Figure 4d, where red indicates the maximum
and blue the minimum values. We obtained the highest contrast
ratio of 0.90 at intensities of 250 mW cm=2 (UV) and 500 mW
cm2 for Vis light. In general, very low contrast ratios result if
the laser light intensities are very low (130 mW cm~2). Overall,
we achieved a fourfold higher contrast ratio (0.90) for the 7b+14a
mixture using 150 times lower laser intensity (500 mW cm~2)
of Vis g irradiation compared to (0.22) for 7b alone (75 W/cm?),
as shown in Table S4 (Supporting Information). Notably, FRET-
based emission quenching can be effectively achieved by prepar-
ing a film from a donor—-acceptor mixture at a total concentration
of 1600 um or higher in a 1:3 molar ratio.

Further, we compared our results to our previous work
based on the covalently linked non-emitting DCP with pery-
lene bisimide as the fluorescent dye in a triad.[*! The covalent
linkage of the bulky dye to the non-emitting DCP influenced
the photoswitching parameters. Hence, a high laser intensity of
visible irradiation (45 W cm™2, 635 nm) was required for reverse
cyclization of the DCP in triad. This visible intensity is 90 times
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Figure 5. Comparison of photoswitching cycles: a) photoswitching cycle of 7a,b using UV 325 nm, 3 W cm™2 and Vis 488 nm, 75 W cm~2; b) photo-
switching cycle of 7b+14a using UV 325 nm, 250 mW cm~2 (1s) and Vis 488 nm, 500 mW cm~2 (10s).

higher than the visible intensity required for the emission modu-
lation of the mixture 7b+14a. Thus, this approach of mixing emit-
ting BTCPO4 and DCP with accompanying FRET proved to be
highly advantageous for fast reversible PL quenching or emission
modulation of red emitters. To underscore, the demonstrated low
laser intensities of UV and Vis are beneficial for future applica-
tions. With these optimized parameters for red emission modu-
lation, we studied the emission modulation kinetics of other sam-
ples of red emitter mixtures such as: 8b+14a, 9b+14a, 10b+14a,
11b+14a, 12b+14a, and 13b+14a in thin films, and the results are
summarized in Figure S30 (Supporting Information). All sam-
ples showed fast and reversible emission modulation with good
contrast ratios of 0.85, 0.70, 0.82, 0.79, 0.73, and 0.90, respec-
tively, in comparison to their corresponding emitting BTCPO4
8b-13b alone (Table S4, Supporting Information). The highest
contrast ratio (0.90) was found for 13b+14a, while the lowest
(0.70) was found in the 9b+14a. Among all the samples of mix-
tures, 7b+14a (red emitting) and 11b+14a (green emitting) are
good candidates for future applications because of the high fluo-
rescent quantum yields of the 7b and 11b (Table S4, Supporting
Information).

Next, to check the fatigue resistance of reversible photo-
switching of the 7b+14a (1:3) blend film, we recorded multiple
photoswitching cycles, from which the first fifty are shown in
Figure 5. We observed a good contrast ratio be-
tween 0.85-0.90 even after 100 photoswitching cycles
(Figure S31, Supporting Information), thus confirming
the high fatigue resistance and good stability of this
blend film under photoirradiation using Vis (488 nm,
500 mW cm~2) and UV (325 nm, 250 mW c¢m~2). A comparison
of the red emission photoswitching kinetics of 7b alone with
that of the 7b+14a blend film (Figure 5a vs 5b) demonstrates the
superior fast switching behavior of the mixture unambiguously.
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We observed fast photoswitching (60 times faster, reduced from
600s to 10s), at low visible laser intensity irradiation (150 times
lower, reduced from 75 to 500 mW cm™2), and 4 times higher
contrast ratio (from 0.22 in 7b alone to 0.90 in the mixture).

2.7. Application of Smart Mixtures of DCP and BTCPO4s in the
Solid State

To take advantage of the fast switching achieved in the blends, we
examined their potential for optical information encryption. We
considered 7b+14a as a typical example to demonstrate this. For
this, a well plate decorated uniformly with spherical microbeads
coated with the photoswitchable mixture of 7b+14a was tested
for repeated write-read-erase cycles of the logo “AFUPO” using a
mask and with UV light (254 nm) for writing, followed by visible
light irradiation for reading and erasing as shown in Figure 6a—c.
Further details of this demonstration are given in Section 6 and
Figure S32 (Supporting Information). When irradiated with blue
light, the optically written letters are read out in red color, while
the other part of the sample does not emit (see Figure 6¢). The
letters were very bright and could be easily distinguished from
the background due to the high contrast between the ON/OFF
emission states. A complete erasing of the photowritten informa-
tion was then achieved by irradiating the template with red light
for 3 min. The template restored itself to its original state after
information erasing (Figure 6a). In addition to fast photoswitch-
ing of emission, the mixture has another unique property, ie, it
changes its color in response to irradiation with UV and visible
light. So, we used this phenomenon to make color-changing ob-
jects, as demonstrated in Figure S34 (Supporting Information).
These simple experiments demonstrate the feasibility of using
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Figure 6. Information encryption on 3D-printed plate: a) Photograph of
sample: 7b+14a coated polypropylene granules arranged in an array of
cavities of 3D printed PLA plate; b) Photograph of Sample under UV light:
after writing the acronym “AFUPO” with UV 254 nm through a mask
(1 min); c¢) Sample under blue LEDs: for reading the encrypted informa-
tion.

write-read-erase cycles in photoswitchable molecules to store in-
formation.

3. Conclusion

We have synthesized and studied the photophysics of a series
of new red-emitting photoswitches belonging to the class of
BTCPO4. These red emitters are too stable in their closed iso-
meric form, and therefore the reverse cyclization is very slow,
and it requires very high irradiation intensities and long illu-
mination times. Moreover, the conversion efficiency is also very
low. To overcome these issues, we have used a mixture of the
emitting BTCPO4s (in their closed isomeric forms) and a non-
emitting DCP to achieve the long-cherished goal of fast photo-
switching of red emission. The strategy of mixing is very sim-
ple, and it avoids the tedious synthesis of complex molecules, in
which the photoswitch must be covalently connected to the flu-
orophore. The PL lifetime decay data reveal that the main factor
responsible for the quenching of the red emission of BTCPO4
(in closed form) by non-emitting DCP (in closed form) is via a
radiative energy transfer process in solution; while, in the solid
state, FRET is the predominant pathway for emission quenching.
The reversible fast modulation of red emission was demonstrated
at a low intensity of UV;,5 (250 mW cm™2) and Vis g (500 mW
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cm™?) irradiation. Compared to BTCPO4 (7b) alone, the photo-
switching of BTCPO4+DCP (7b+14a) mixture is 60 times faster,
requires 150 times lower light intensity, and more importantly
offers a four times higher contrast ratio (up to 0.90). The useful-
ness of the mixture was demonstrated for information encryption
and to make the color-changing 3D printed objects that are sen-
sitive to UV-vis light irradiation. Overall, this strategy allowed
the very fast photoswitching of red emission in both directions
with high fatigue resistance for the first time. Using this strat-
egy, we realized that the fast-switching process of DCP molecule
can be well exploited for radiative as well as non-radiative emis-
sion quenching. Also, FRET between the molecules is realized in
thin films without covalently linking the molecules together, but
instead simply by mixing them together above certain concentra-
tions. Thus, the fast photoswitching of DCP molecule can act as
a shutter between the input and output to modulate the red emis-
sion because of its high absorption coefficient at 600 nm. We also
anticipate that the efficient red emission modulation achieved in
these mixtures can be used for designing and addressing pho-
tonic circuits where the red-emitting mixture can act as an ac-
ceptor system and the light propagation can be modulated via
non-emitting photoswitchable units.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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