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In this work, we have utilized a supramolecular approach to control emission, and generate white light and have
applied the system to both 3D printing and counterfeiting applications. In particular, we report two new dual-
mode orthogonal tunable fluorescence systems, A and B. System A is based on the fluorescent dyes perylene
diimide (PDI-C6) and 7-hydroxycoumarin, which are incorporated into the main guest system, namely cucurbit
[8]uril (Q[8]). This system can provide bright white emission and proved to be adaptable, whereby the emission

can be easily changed via temperature control; a smart temperature control switch in the range of 30 °C to 100 °C
was developed. System B is based on quinine sulfate with PDI-C6 and Q[8], and this system can provide white
emission over a wide concentration range and it was applied to LED lamps. Such white emission also performs
well in polymeric matrices and can be utilized for 3D printing, whilst solutions can be used for more practical
applications, for example as anti-counterfeiting materials.

1. Introduction

The host-guest chemistry of cucurbit[n]urils, Q[n]s, is currently a
hot topic in supramolecular chemistry, particularly given their ability to
bind cationic organic species in an aqueous solution [1,2]. Moreover,
systems that combine cucurbiturils with fluorescent dye guests and
enable such systems to act as fluorescent switches or sensors are of great
interest [3-6]. In this area, Scherman et al. (with Q[8]) [71, Zhang et al.
(with Q[71) [8], Hunter and Huang et al. (with Q[8]) [9], have reported
significant host-guest systems that involve naphthalene-containing
perylene diimide (PDI) as the rigid core of the guest with applications
involving free radical production and sensors. Meanwhile, Xu, Zhang,
and coworkers have recently employed a Q[7]@PDI system in photo-
thermal therapy [10], whilst Yang and An have employed a Q[7]/PDI
containing system to enhance the rate of catalysis during the RAFT
photo-polymerization of N,N’-dimethylacrylamide [11]. The interest in
PDI stems from its inherent desirable properties that include electron-
accepting ability, enhanced thermal and optical properties, high
extinction coefficients, and excellent quantum yields [12-19]. In water,
the planar conjugated structure tends to promote n- stacking and a lack
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of fluorescence. The presence of the Q[n] aids the depolymerization
process and allows for the formation of fluorescent supramolecular
systems [6,13-23]. By varying other parameters such as pH, the emis-
sion can be controlled, for example, to produce white light [24-30]. The
presence of other guests can also impact the behavior of the system.
There is thus a need to further develop combinations of guests and Q[n]s
to expand the armory of available and tunable supramolecular emissive
systems. The dynamic behavior of these systems though is challenging,
but if control of individual complementary colors can be achieved, then
this would be of technological relevance to, for example, OLED tech-
nology [5,31-39]. Other notable approaches to dual-mode fluorescence
modulation of supramolecular systems include locking/unlocking of
vibrational emissive units [40], and regulation of n-conjugated wings in
dihydrophenazine-type systems [41].

PDI molecules have many good attributes including their good sta-
bility, high coloration, photostable, strong n-n conjugation effects, an
electron affinity energy comparable to that of fullerenes, strong electron
deficiency properties, tunable solubility, and excellent photoelectric
properties [42-44]. However, PDI molecules tend to form non-
fluorescent 7n-m stacks in water, which hampers their function in
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aqueous systems, and greatly limits the application of PDIs as photo-
voltaic materials [45-49]. The adoption of a supramolecular approach
not only alleviates the negative effects of PDI-C6 intermolecular in-
teractions and energy transfer processes but also confers color tunability
and stimulus responsiveness to the white light-emitting materials due to
the dynamic and reversible nature of the non-covalent interactions
present. Indeed, well-structured supramolecular materials can regulate
energy transfer through an assembly-disassembly process and can lead
to potentially diverse applications. In general, supramolecular chemistry
focuses on chemical systems consisting of assembled molecular subunits
or components. Unlike traditional chemistry based on covalent in-
teractions, it utilizes weak and reversible non-covalent interactions,
including hydrogen bonding, metal coordination, hydrophobic forces,
van der Waals forces, n-n stacking, and electrostatic effects. With such
interactions in mind, the supramolecular platform can overcome the
problems caused by partial energy transfer from the donor to the
acceptor, which therefore provides a new perspective for the construc-
tion of tunable luminescent materials. Such supramolecular system
tunable white light is widely used in biomedicine, anti-counterfeiting,
sensors, and organic light-emitting diodes, but also enables enhanced
performance leading to superior fluorescent lamps, thereby providing
practical applications for new white light emission. The supramolecular
system-controlled fluorescence-tuned emitted white light is regulated by
the assembly-disassembly process of energy transfer, and overcomes the
problems associated with partial energy transfer from donor to acceptor,
making its application greener and simpler. Given these advantages, the
supramolecular system-controlled photoluminescence properties and
the development of smart color-tunable luminescent materials and their
devices have great potential for future applications [49-54].

In this work, we have investigated the construction of two new dual-
mode orthogonal tunable fluorescence systems. The first, A, comprises
(PDI-C6@QI[8]@7-hydroxycoumarin), whilst the second, B, is (PDI-
C6@Q[8]@QSD); PDI-C6 was prepared from N,N-bis[diethylamino]-
3,4,9,10-perylene tetracarboxylic diimide and 6-bromohexanoic acid
(see Fig. S1 in the supplementary section). Within the one system, a
series of dye systems with dual fluorescence emission is obtained due to
the two simultaneously generated excited states. Excitation at the
appropriate wavelength leads to balanced emission from a single excited
state, resulting in pure white light emission [37]. Although the prepa-
ration of single molecules with white light emission is extremely chal-
lenging, by varying the excitation wavelength, the fluorescence intensity
associated with 7-hydroxycoumarin/quinine sulfate can be controlled in
the supramolecular system and is not affected by Q[8]. In contrast, the
emission of PDI-C6 is influenced by Q[8] due to host inhibition of ag-
gregation. In other words, in systems A and B, 7-hydroxycoumarin and
quinine sulfate can control the white light emission by using different
stimuli, e.g. excitation wavelength, and temperature. Moreover, by
using this dual-mode modulation, the system has the potential to cover
the entire white light region. It is worth noting here that for the system
developed by Qu et al., the application is somewhat limited by the fact
that the interaction site between Q[8] and the PDI derivative is on the
aromatic ring molecule [13,34]. Here, the use of PDI derivatives with
highly water-soluble carboxyl chain arms at the amine site allows for the
formation of a 1:2 host-guest fluorescent system (by encapsulation of
the chain arms). In addition, the addition of 7-hydroxycoumarin, which
exhibits n-n conjugation with the aromatic part of PDI-C6, allows for the
adjustment of the white light by varying the amounts of Q[8] or PDI in
the system. Thus, a new type of temperature control switch has been
developed due to its increased solubility and the variable concentration/
ratio of the system. We note that the design of water-soluble luminescent
materials is more challenging due to their inherent properties. This is
because the intrinsic hydrophobic effect of organic chromophores may
affect the dispersion and aggregation-induced quenching (ACQ) phe-
nomena. It is also noteworthy here that the use of quinine sulfate can
adjust the white light over a wider concentration range, which can be
utilized for LED white luminescence. Meanwhile, due to the large
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difference in solution color observed under natural light and at 365 nm,
the PDI-C6@Q[8]@QSD solution was cast into a polymer material, and
EP transparent films were successfully prepared, which showed excel-
lent white luminescence properties. Such hybrid films can be coated
onto banknotes for anti-counterfeiting applications, thereby enriching
the potential applications of this orthogonal system. The system and
components used here are shown in Scheme 1.

2. Results and discussion

2.1. Supramolecular approach to construct a dual-mode orthogonal white
light system

White light systems typically consist of three types of fluorophores
and with RGB (red, green, and blue) primary colors mixed simulta-
neously. White light can be obtained at a single wavelength through an
intermolecular energy transfer process, but its rigid action ratio restricts
greatly the potential practical applications of white light. In recent
years, the use of fluorescence-tuned white light in the orthogonal mode
has stimulated interest as a new way of modulating white light. Spe-
cifically, in an emission mixing system, the emission intensity of two
independent units of complementary fluorescent colors can be tuned by
two discrete control units without interfering with each other. For
example, blue and yellow can be modulated in the orthogonal mode,
resulting in a mixed color emission. In this experiment, two blue fluo-
rescent substances, namely 7-hydroxycoumarin and quinine sulfate,
were selected to be added to the PDI-C6@Q[8] supramolecular system,
respectively. The fluorescence intensity of 7-hydroxycoumarin and
quinine sulfate can be adjusted by the use of different wavelengths of
excitation light; the results are given in Fig. 1. For 7-hydroxycoumarin
and quinine sulfate, when the excitation wavelength was changed
from 320 nm to 380 nm, the fluorescence intensity of these two sub-
stances decreased to less than 3 % of the original values, showing a very
sensitive change to the applied excitation wavelength. When the exci-
tation wavelength of PDI-C6 was changed from 320 nm to 380 nm, the
fluorescence intensity at 375 nm increased to only 2.3 times the fluo-
rescence intensity at 320 nm, showing an insensitive change in the
excitation wavelength of PDI-C6. Significant differences in the fluores-
cence response of the two dyes to changes in excitation wavelength were
investigated, which showed that the changing excitation wavelength
(blue fluorescence) was response specific for the fluorescence intensity
of 7-hydroxycoumarin/quinine sulfate rather than for PDI-C6, i.e. the
condition of fluorescence modulation of white light in the orthogonal
mode was satisfied. Since the fluorescence intensity of 7-hydroxycou-
marin can be significantly tuned on changing the excitation wave-
length, attention focused on the tuning of PDI-C6. The experimental
section provides the synthetic procedure used to prepare fluorescent
PDI-C6. The structures of these compounds were confirmed by 'H NMR
spectroscopy (see Supplementary Information, Fig. S2), and the fluo-
rescence intensity of 7-hydroxycoumarin in system A and quinine sulfate
in system B could be tuned significantly on changing the excitation
wavelength, thus, as mentioned above, attention focused on tuning PDI-
C6.

Given the chemical structure of PDI-C6, n-r stacking aggregation is
facile in solution, and when Q[8] is added to PDI-C6, a host-guest
complex is formed that inhibits this aggregation. This ability to inhibit
n-n stacking/aggregation greatly increases the fluorescence intensity.
Such a host-guest encapsulation strategy provides a more direct way to
protect the PDI dye from self-aggregation than arduous synthetic mod-
ifications to the dye. Importantly, this approach also provides the op-
portunity to reversibly switch the fluorescence response by additional
chemical stimulation. To further understand the effect of varying the
molecular ratio between Q[8] and PDI-C6, several fluorescence and UV
spectroscopic experiments were performed. As shown in Fig. 2, PDI-C6
(2 x 107 mol/L) exhibited yellow fluorescence in an aqueous solu-
tion, which increased significantly on gradual addition of Q[8] until the
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Scheme 1. System A and System B components used herein.
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Fig. 1. a) Fluorescence emission spectra of QSD (10 pM) solution at different excitation wavelengths; b) Fluorescence emission spectra of 7-hydroxycoumarin (10
pM) solution at different excitation wavelengths; c¢) Fluorescence emission spectra of PDI-C6 (10 pM) solutions at different excitation wavelengths.

ratio (of Q[8]@PDI-C6) reached 1:2 (Fig. 2a). This result is consistent
with the formation of the supramolecular complex PDI-C6@Q[8], which
was further verified by a Job’s plot (Fig. S7), with the maximum peak
occurring at a molar fraction of 0.33, which corresponds to a Q[8]-PDI-
C6 complexation ratio of 1:2 (involving aromatic ring binding of Q[8] to
PDI-C6). Isothermal Titration Calorimetry is also consistent with this
conclusion (Supplementary Fig. S3). The correlation between the Q[8]
concentration and the photophysical properties of the two dyes was then
investigated. Titration experiments were carried out by adding Q[8] to
the dye solutions. PDI-C6 showed a significant response to the addition
of Q[8]. As shown in Fig. 2b, the absorption peak of PDI-C6 at 535 nm
increased, while the absorption peak at 500 nm decreased slightly due to
the inhibition of Q[8] resulting in a decrease of H-aggregates. No sig-
nificant changes were observed on addition of 2 equivalents of Q[8],
indicating a 1:2 type of host-guest system. Notably, the addition of Q[8]
resulted in a significant increase in the fluorescence peak associated
with PDI-C6.

In some cases, the encapsulation of the dye leads to profound
changes in emission wavelength and quantum yield, as well as an in-
crease in photostability. Since Q[8] has a large cavity, it can simulta-
neously bind two planar aromatic molecules. For 7-hydroxycoumarin,
we propose here a hypothesis based on the special perylene-core of PDI-

C6. 7-Hydroxycoumarin can bind to the perylene nucleus of PDI-C6
through non-covalent interactions to achieve a dynamic equilibrium.
On the other hand, the side chain of PDI-C6 enters the cavity of Q[8] for
binding. Thus, different fluorescence responses are observed when 7-
hydroxycoumarin and PDI-C6 are added to the Q[8] solution alone
and when the two guest molecules are added together to the Q[8] so-
lution. This is the key to construct an orthogonal switchable system. For
quinine sulfate, we found that quinine sulfate alone can enter the cavity
of Q[8] for binding and that the fluorescence intensity of quinine sulfate
is changed when it is bound in Q[8]. Given that Q[8] has a large cavity,
both the side chain of PDI-C6 and the alkyl portion of quinine sulfate can
bind to the Q[8] cavity and achieve dynamic equilibrium, resulting in
white light emission.

We first investigated separately whether 7-hydroxycoumarin and
quinine sulfate interacted with Q[8]. According to the Iy NMR spectra
(see Supplementary Information, Fig. S4), no significant changes were
found for the proton peaks of 7-hydroxycoumarin after the addition of Q
[8] to the 7-hydroxycoumarin solution. Furthermore, 7-hydroxycou-
marin showed no response to the addition of Q[8] in the absorption or
fluorescence spectra. This is due to the lack of host-guest binding be-
tween the neutral 7-hydroxycoumarin and the Q[8]. To further confirm
the orthogonality, titration experiments were performed in which 7-
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Fig. 2. a) Fluorescence emission (upon excitation at 375 nm); b) UV-vis absorption spectra of PDI-C6 (20 pM) solution with increasing concentrations of Q[8].

hydroxycoumarin was added to aqueous solutions of PDI-C6 and Q[8] in
a 1:2 M ratio (see Supplementary Information, Fig. S8c, d). The ab-
sorption and fluorescence spectra showed no significant change for the
peak of PDI-C6@Q[8] when the concentration of coumarin was
increased. Thus, the two dyes 7-hydroxycoumarin and PDI-C6 exhibit
different fluorescence responses when Q[8] is added, which is essential
for the construction of an orthogonal switchable system. Next, we
investigated whether there was a non-covalent interaction between PDI-
C6 and 7-hydroxycoumarin. the proton peaks Hn, Ho, Hp, Hq, and Hm of
7-hydroxycoumarin moved to a higher field, and the proton peaks of the
PDI-C6 alkyl chain also moved to higher field (see Supplementary In-
formation, Fig. S5). However, the two proton peaks of the benzene ring
of PDI-C6, Hi and Hj, moved to lower field. In addition, Hi on PDI-C6
was found to move to the same position as the Ho peak of 7-hydroxycou-
marin, while Hj on PDI-C6 moved to the same position as the Hn peak of
7-hydroxycoumarin. These phenomena indicate that there may be
noncovalent interactions between PDI-C6 and 7-hydroxycoumarin. For
quinine sulfate @ Q[8], it was found that the proton peaks of the
quinoline part of quinine sulfate were all shifted to low field, while the
proton peaks on the alkyl ring were all shifted to high field, indicating
that the alkyl part of quinine sulfate entered the Q[8] cavity for binding,
while the quinoline part was outside the Q[8] cavity (see Supplementary
Information, Fig. S9). Also, when the Q[8] is not yet present, the peaks of
quinine sulfate are not shifted, which indicates that the mode of action
of system B is different from that of the system A. As shown in the flu-
orogram, the peak fluorescence intensity of quinine sulfate at 375 nm
decreased and was red-shifted (and enhanced) to 475 nm when 10 uM of
quinine sulfate solution was added to Q[8] (see Supplementary Infor-
mation, Fig. S11). This confirms our proposed different modes and
mechanisms of action for the two tuned white light systems.

For an ideal organic light-emitting material (and device), the two
complementary colors should be tuned in an orthogonal mode, which
means that in an emission mixing system, the blue and yellow emission
intensities are in dynamic equilibrium, and the supramolecular control
unit is tuned without interference. The fluorescence emission of 7-

hydroxycoumarin can be easily tuned by the excitation wavelength
(Fig. 1b), while the fluorescence emission of PDI-C6 remains unchanged.
Given its inherent special properties, for the mixture of 7-hydroxycou-
marin and PDI-C6 added to Q[8] solution, as shown in the fluores-
cence spectrum in Fig. S10, the fluorescence intensity of the
characteristic peak of PDI-C6 at 550 nm gradually increased, and when
0.2 times Q[8] was added, its fluorescence intensity was the same as that
of the characteristic peak of 7-hydroxycoumarin at 450 nm, and the
solution exhibited white fluorescence under such conditions. Unlike the
mode of action of 7-hydroxycoumarin, the alkyl portion of the quinine
sulfate can enter the cavity of the Q[8] as shown in Fig. S11. The fluo-
rescence spectrum was red-shifted by a difference of 100 nm when
quinine sulfate was added to Q[8] and the fluorescence intensity was
enhanced, thus tuning the white light differently when 7-hydroxycou-
marin was employed. When quinine sulfate was added to the system
of PDI-C6@Q[8] (10 pM; 1:2), the peak of quinine sulfate at 466 nm was
blue-shifted, and when quinine sulfate was added to the system of PDI-
C6@Q[8] (10 pM; 1:2), the peak of PDI-C6 decreased in fluorescence
intensity at 555 nm, when the presence of quinine sulfate reached 1.0
equiv. i.e., the fluorescence intensity reaches equilibrium. This indicates
that quinine sulfate and PDI reach equilibrium in the cavity of the Q[8]
in a 1:1 ratio (see Supplementary Information, Fig. S12).

2.2. Construction of white light LEDs

Based on the above results, after confirming that the two supramo-
lecular fluorescence systems can be bimodally orthogonally tuned, we
measured the fluorescence spectra of the two systems in an orthogonal
manner (by adding Q[8] solution or PDI-C6 solution and using different
excitation wavelengths). We found that for system A, following the
addition of Q[8] to the solution of PDI-C6 (10 pM) @ 7-hydroxycou-
marin (10 pM), by varying the excitation wavelength modulated the
blue-yellow light, there was an increase in fluorescence intensity (see
Supplementary Material Fig. S10a, b). As shown in Fig. 3, when 0.2
equivalents of Q[8] were used, white light emission was obtained at 365
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Fig. 3. a) Mixed solution (7-hydroxycoumarin, 10 pM; PDI-C6, 10 pM) at increasing concentrations of Q[8], b-c) color changes from blue to yellow, and the cor-
responding CIE coordinate diagram of PDI-C6 (10 pM) and 7-hydroxycoumarin (10 pM) solution on increasing concentrations of Q[8].

nm excitation with a CIE (0.30, 0.33) close to that of pure white light
(0.33, 0.33). When QI[8] is added continuously, the fluorescence in-
tensity was enhanced. A fluorescence change was observed when
employing a 365 nm UV lamp on the system, and it was found that the
solution changed from an initial blue color to white and finally to yellow
with the addition of Q[8], as shown in Fig. 4. Similarly, the addition of
PDI-C6 to a solution of Q[8] (10 uM) and 7-hydroxycoumarin (10 pM)
also tuned the blue-yellow light (see Supplementary Material, Fig. S10c,
d). When 0.3 equiv. of PDI-C6 was added, white emission was obtained
at 365 nm; CIE (0.33, 0.29). However, when 0.6 equivalents of PDI-C6
were added, there was almost no change in fluorescence intensity. The
fluorescence changes were observed for this system using a 365 nm UV
lamp, and it was found that the solution changed from blue to white and

finally to yellow with the addition of PDI-C6.

In addition, for system A: the Q[8] (2 pM)@PDI-C6 (10 pM)@Q7-
hydroxycoumarin (10 pM) system and the PDI-C6 (2 pM)@QI[8] (10 pM)
@Q7-hydroxycoumarin (10 pM) system were excited at 355-370 nm
excitation wavelengths, respectively, as shown in Fig. 5a and c. It can be
seen that the intensity of the characteristic peak of 7-hydroxycoumarin
varies with different emission wavelengths, while the intensity of the
characteristic peak of PDI-C6 hardly changes, and for Q[8] (2 pM) @
PDI-C6 (10 pM) @ Q7-hydroxycoumarin system (10 pM) the CIE
changes from blue CIE (0.20, 0.19) to yellow (0.39, 0.48) (Fig. 5d). For
the PDI-C6 (2 pM) @ Q[8] (10 pM) @ Q7-hydroxycoumarin system (10
uM), the system CIE coordinates changed from (0.21, 0.21) to yellow CIE
(0.37, 0.46) (Fig. 5b), which showed that intermolecular energy transfer

a)

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4. a) Mixed solution (7-hydroxycoumarin, 10 pM; Q[8], 10 uM) with increasing concentrations of PDI-C6, b-c) color changes from blue to yellow and corre-
sponding CIE coordinate diagram of (Q[81,f)10 uM) and 7- hydroxycoumarin (10 pM) solution on increasing concentrations of PDI-C6.
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can be tuned to white light by changing the excitation wavelength,
providing a clear tuning pattern for white light applications.

For system B, the blue-yellow light can be modulated by changing
the excitation wavelength and adding quinine sulfate to the solution of
PDI-C6 (10 pM) @ Q[8] (10 pM), see Fig. 6. The fluorescence spectrum
shows that the peak of the quinine sulfate at 466 nm is blue-shifted,
while for the peak of PDI-C6 at 555 nm, the fluorescence intensity de-
creases. When the molar amount of quinine sulfate in the system reached
1.0 equivalent to PDI-C6, the intensity of the characteristic peak of
quinine sulfate gradually increased with the increase of concentration,
while the characteristic peak of PDI-C6 at 550 nm decreased to a con-
stant trend, which shows that the alkyl part of quinine sulfate entered
the cavity part of the Q[8], and at the same time, the fluorescence in-
tensity of PDI-C6 decreased. This proved that the quinine sulfate and the
PDI-C6 reached equilibrium in the cavity of the Q[8] at a ratio of 1:1. As
shown in Fig. 6¢ and d, with 0.4 equiv. and 0.5 equiv. of quinine sulfate,
white light emission was obtained under excitation at 365 nm with CIEs
of (0.29, 0.31); (0.31, 0.33) close to the CIE of pure white light (0.33,
0.33), respectively. When quinine sulfate was added continuously, the
intensity of the characteristic peak of quinine sulfate was enhanced,
while the fluorescence intensity of the characteristic peak of PDI-C6
decreased continuously, and the CIE (0.29, 0.32) showed cold white
light when 0.6 equiv. of quinine sulfate was added, and the fluorescence
color gradually turned blue until almost no change occurred when 0.7
equivalent was added.

It is clear that for the two supramolecules A and B, when the fluo-
rescence intensity of the blue and yellow molecules in the system are
equal, the system reaches a blue-yellow dynamic equilibrium and emits
white light in the white region of the CIE diagram. Thus, when quinine
sulfate is added to the strong yellow solution of Q[8]@PDI-C6, the
fluorescence CIE goes from the yellow to the blue region, and the
emission band of quinine sulfate in the presence of PDI-C6@Q[8] covers
almost the entire region of the visible spectrum during the whole titra-
tion, with a calculated CIE coordinate of (0.31, 0.33), which is close to
that of pure white light (0.33, 0.33). In the fluorescence spectrum, when
the characteristic peak of quinine sulfate at 450 nm has the same fluo-
rescence intensity as the characteristic peak of PDI-C6@Q[8] at 550 nm,
then the system exhibits white light emission. This feature was also
demonstrated in the PDI-C6@Q[8]@7-hydroxycoumarin liquid, where
the tunable color emission within the white light of both systems came
from an equilibrium mixture, showing the potential for tunability. The
tunable color emission of both systems, including white light, came from
an equilibrium mixture, and the emission of the fluorescence of PDI-C6
was greatly improved by the addition of Q[8] to the mixture under 375
nm excitation, i.e. higher fluorescence quantum yields and fluorescence
lifetimes (see Supplementary Fig. S13, S14). Such results show the po-
tential for application of this system in the construction of organic
white-light emitting materials with tunable and responsive properties.

The conventional white light system mixes three types of fluo-
rophores (red, yellow, and blue) at the same time and is structured by a
multi-component energy transfer process. This strategy requires a
strictly fixed ratio and carefully designed energy matching of the three
fluorophores, which has a large limitation, while the current A and B
systems are obtained by stimulus induction and are controlled by su-
pramolecular bodies with energy resonance tuning. Due to this unique
supramolecular structure, its blue and yellow fluorescence can be used
to build a white light system emitted by LEDs. Both A and B mentioned
above show dual blue fluorescence and yellow emission, which can be
tuned by controlling the ratio between each other. Such characteristics
make the supramolecular assembly suitable for constructing LEDs with
stable fluorescence spectra and CIE coordinates that demonstrate good
stability and specificity of white light emission at room temperature.

2.3. Construction of a temperature-controlled switch

In this systematic study of PDI-C6@7-hydroxycoumarin@Q[8], we
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developed a novel bimodal orthogonal tunable supramolecular fluo-
rescence system. It was found that the fluorescence colors of the system
were different at low and high temperatures when the system reached a
certain concentration. We hypothesized that the whole system could not
only adjust the system color by different ratios but also by adjusting the
temperature experienced by the host-guest system, which leads to the
observed fluorescence color change. Based on this conjecture, we con-
ducted the following experiments. Firstly, we prepared solutions of PDI-
C6 (1 mmol), Q[8] (0.1 mmol), and 7-hydroxycoumarin (5 mmol) and
then subjected the solutions to programmed temperature changes from
30 °C to 100° C and observed the color changes under natural light and
365 nm UV light. The results are shown in Fig. 7a and b. The solution
changed from an initial purple-red color to red and finally to a yellow
solution. These actions here caused by the temperature may occur for
several reasons: (i) High temperatures may disrupt non-covalent in-
teractions or result in dynamic equilibrium exchange more frequently;
(ii) Decrease in the emission intensity due to increased non-radiative
conversion; (iii) may contribute to solubility by reducing any form of
aggregation. Thus, as the temperature increases, the noncovalent in-
teractions in the system are broken, or dynamic equilibrium exchange is
more frequent, the n-m aggregation of the PDI-C6 dye is broken,
stretching the intermolecular arrangement, giving the solution a final
bright yellow color.

2.4. 3D printing, and anti-counterfeiting applications

Given the excellent properties of these supramolecular controlled
white light-emitting systems, and that the commercialization of LED
technology has promoted research into the application of white light,
more and more researchers have sought to incorporate a variety of dyes
into supramolecular systems to develop white light applications. A series
of dyes with dual fluorescence emission has been obtained in such su-
pramolecular systems due to their two simultaneously generated excited
states. Excitation at the appropriate wavelength allows the emission of a
single excited state to be balanced, and thus, pure white light emission is
produced. Therefore, the preparation of supramolecular systems with
white light emission is of great practical importance. For practical ap-
plications, the use of Epoxy resin (EP), which has a good film-forming

a) Natural light

b) 365nm

80°C 90°C § 100°C

i

Fig. 7. Fluorescence color changes of the mixed solutions. Fluorescence
changes of PDI-C6 (1 mmol), Q[8] (0.1 mmol), and 7-hydroxycoumarin (5
mmol) were observed under natural light (a) and 365 nm UV lamp (b),
respectively, with temperature changes (30 °C-100 °C).
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Fig. 8. The EP film containing PDI-C6@Q[8]@QSD was coated on the UV-LED lamp (the LED lamp with an excitation wavelength of 365 nm was selected), and the
white luminescence was shown under sunlight irradiation (left) and 365 nm UV lamp irradiation (right) after power on, respectively.

ability, as a medium for encapsulating supramolecular systems is a
preferred method. Additionally, epoxy resins with good film forming
ability can be used to encapsulate these dye media. We then conducted
the following experiments. Initially, we prepared a special EP film by
pouring a solution of PDI-C6 (50 pM), Q[8] (100 pM), and quinine
sulfate (12.5 pM) into EP, and then coated this special EP film onto a UV-
emitting LED lamp (as shown in Fig. 8). By excitation at 365 nm from
this LED lamp, white light emission of 365 nm and visible light can be
successfully achieved on the LED lamp, and it was found that under the
energized conditions, the LED lamp exhibited white light under UV-365
nm irradiation. In addition, since EP can be used as a good 3D printing
material, A and B have the potential to be used as additives in 3D
printing materials for the manufacture of white light emission for certain
applications. The 3D printer successfully printed roses under UV light
using the polymer EP with and without the PDI-C6@Q[8]@Quinine
Sulfate additive. Notably, the 3D printing process and the quality of
the roses were completely unaffected by the PDI-C6@Q[8]@Quinine
Sulfate additive. The roses without the additive were completely
transparent in daylight, while the roses with the additive appeared pink
in daylight. In the absence of PDI-C6@Q[8]@Quinine Sulfate, the roses
exhibited weak blue light emission under 365 nm UV light (as shown in
Fig. 9a). Fortunately, roses containing PDI-C6@Q[8]@Quinine Sulfate

exhibited different colors under 365 nm UV light, when printed at 0-4 h
with high water content; 3D printed roses exhibit white light under 365
nm UV lamps. After leaving the 3D-printed roses for 4-12 h, the mois-
ture content gradually decreases, and they gradually appear light pink
under the ultraviolet lamp, until the water completely evaporates, it
shows a bright pink (as shown in Fig. 9b, ¢, d). whilst there was no
significant difference under daylight. In the absence of PDI-C6@Q[8]
@Quinine Sulfate, the roses exhibited weak blue emission under 365
nm UV light (as shown in Fig. 9a). there is no obvious difference under
daylight. Based on such excellent fluorescence properties, the system
can be used to manufacture certain objects with 3D white light emission,
thereby illustrating the potential for the application of this white light
hybrid system of PDI-C6 in 3D printing. Due to the intrinsic hydrophobic
effect of organic chromophores, the multiple mixing of luminescence in
the A and B supramolecular systems by varying the content of PDI-C6
and quinine sulfate endows the prepared white light material with
optically tunable and reversible properties, which provides a new
method and strategy for the practical application of new LED light-
emitting devices.

In addition to this, since system B appears as a red solution under
natural light and a white light under 365 nm excitation, we applied the
white light system to the printing plate in proportion as shown in Fig. 10.

Fig. 9. 3D printed roses without (left) and with (right) PDI-C6@Q[8]@QSD, where a indicates roses without PDI-C6@Q[8]@QSD, photographed under daylight
(top) and 365 nm (bottom) UV-LED light, and b, ¢, and d indicate roses with PDI-C6@Q[8]@QSD at 4, 8, and 12 h, photographed under daylight (top) and 365 nm

(bottom) UV-LED light.
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b)

Fig. 10. The luminescent pattern of the numeral “1290” based on the repeated application of a solution containing PDI-C6(50 pM), Q[8] (100 pM), QSD (12.5 uM)
mixture on the printing plate. Photographed under natural light and 365 nm UV light irradiation, respectively.

The prepared solution of PDI-C6 (0.38 mmol), Q[8] (0.75 mmol), and
quinine sulfate (1.5 mmol) was repeatedly applied to the printing plate,
and the red number “1290” was displayed under natural light, and the
number "1290” was shown in white under 365 nm UV light. Thus, both
the application and potential of PDI-C6@Q[8] @Quinine sulfate in anti-
counterfeiting materials were demonstrated.

3. Conclusion

In summary, we have developed two novel dual-mode orthogonal
tunable fluorescence systems using a supramolecular host-guest
approach. In system A, 0.2 equal amount of Q[8] is added to A guest
molecular solution of PDI-C6@7-hydroxycoumarin (the ratio of two
guests is 1:1), or 0.2 equal amount of PDI-C6 is added to A solution of 1.0
equal amount of 7-hydroxycoumarin and 0.1 equiv. of Q[8] (where 7-
hydroxycoumarin and Q[8] do not interact) to a solution of the guest
molecule and produces blue, yellow, and white fluorescence under a
365 nm UV lamp at 25 °C. The ability to tune and reverse the physical
properties is possible in these systems. In addition, system A regulates
the host-guest interactions at different temperatures in proportion to
trigger a proportional fluorescence response between blue and yellow
emissions. The development of supramolecular systems with two-
component fluorescent molecules provides a reliable design approach
for more complex multi-component fluorescent molecular systems, a
strategy that could lead to more orthogonal-controlled fluorescence
systems and organic luminescent devices. In the case of system B, when
0.4, 0.5 equiv. of quinine sulfate (where quinine sulfate and Q[8]
interact) are added to the PDI-C6 (10 uM) @ Q[8] (20 uM) molecular
solution, such supramolecular systems facilitate the preparation of
stimulated fluorescent materials with white luminescence capabilities
because they have excellent luminescence properties. Based on these
supramolecular systems, we established a luminescence system con-
sisting of PDI-C6@Q[8]@quinine sulfate. Among the emission capabil-
ities, the system driven by n-n stacking shows tunable emission under
external stimulation. Flexible operation and good processability can be
established using polymeric substrates such as EP to encapsulate the
PDI-C6@Q[8]@quinicin sulfate-based supramolecular systems to build
white light emitters. This strategy may lead to more orthogonally
controlled fluorescent systems and organic light-emitting devices for
practical applications, such as 365 nm excitation white LED lamps, 3D
printing of white light shades, and applications of anti-counterfeit ma-
terials. Thus, supramolecular-controlled luminescent systems are not
limited to white light-emitting applications, but can also be explored for
more multifunctional material applications, which will ignite the
enthusiasm of researchers to develop more advanced multifunctional
supramolecular materials for various high-tech applications.
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