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Abstract: Ultralong organic phosphorescence strongly depends on the formation of aggregation,
while it is difficult to obtain in dilute environments on account of excessive internal and external
molecular motions. Herein, ultralong single molecule phosphorescence (USMP) at room
temperature was achieved in the monomer state by coassembling biphenyl and naphthalene
derivatives at low density with polyvinyl alcohol (PVA), where PVA provides a confined
environment to stabilize the triplet state. Various factors that affect the USMP were studied,

including aggregation, conformation, temperature and moisture. In these systems, the formation of
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aggregates through intermolecular stacking and hydrogen bonding interactions in the film or crystal
phases completely suppresses the USMP. However, the fluorescence is enhanced when
coassembling these compounds at high concentration with PVA, and becomes stronger in their
powder state, indicating that the intersystem crossing process is blocked by the aggregation.
Theoretical calculations suggest that the aggregation depresses spin-orbit coupling between the
excited singlet and triplet states and enhances nonradiative quenching process. Moreover, relatively
twisted conformation is more conducive to the occurrence of intersystem crossing than planar
conformation. The USMP shows delicate and reversible sensitivity to the changes of temperature
and moisture, rendering them with the applicability as smart organic optoelectronic materials.
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ultralong organic phosphorescence

Introduction

Ultralong organic phosphorescence (UOP) has long been considered difficult to achieve at
room temperature owing to the quenching of the triplet excitation induced by surrounding media.’
Thus, several strategies have been developed to realize UOP, which include heavy atom effect,>*
crystal engineering,” host-guest doping,'? and polymer dispersion.!!"!7 Crystal engineering seems

18-30 since the suppression of nonradiative relaxation can

particularly promising for obtaining UOP,
be acquired in a rigid crystal environment by intermolecular stacking with restricted molecular

vibrations and rotations.?! For example, closed stacking interaction can lead to the formation of H-

aggregation in a crystal phase in order to stabilize the triplet state for UOP.3? Bright UOP was
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achieved in -m and n-m mixed excited-state configurations, attributed to intermolecular electronic
coupling in organic crystals.>* In addition, strong intermolecular interactions can also improve the
UOP effectiveness through promoting intersystem crossing (ISC) process.** However, many of
these organic molecules cannot emit fluorescence or phosphorescence in the crystal state, because
of the aggregation-caused emission quenching (ACQ). The charge transfer between their excimers
can quench the excitons and enhance the nonradiative transfer.?®

As compared to the aggregation state phosphorescence from organic crystals, achieving
ultralong single molecule phosphorescence (USMP) in dilute solutions at room temperature is even
more difficult, as the triplet state of the luminescent molecule can be easily quenched by solvent
molecules or air. In order to address this problem, low temperature (77K) is often utilized to slow
down the molecular motion and promote the single molecule phosphorescence, which is
unfavorable for practical applications.! Consequently, the development of USMP at room
temperature still remains a great challenge.

Diluting organic molecules into a relatively rigid matrix can increase the effectiveness of ISC
and suppress molecular motions for obtaining UOP. For example, we reported UOP from a series
of molecules surrounded by polyvinyl alcohol (PVA), where strong H-bonding interactions
between luminescent molecules and PVA effectively protect the triplet state of these molecules.?®
Recently, UOP was also obtained in an oxygen free environment by diluting dye molecules into a
poly(methyl methacrylate) (PMMA) matrix with strong interactions between the host and guest
molecules.’” In these systems, however, the mechanisms whether the UOP is generated from a

monomer or its aggregate, and how the monomer or its stacking influences the fluorescence and
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phosphorescence emission are still unclear. In addition, some smart UOP materials that are
responsive to water®® or light*® were reported, where the intermolecular interactions in these
systems could be reversibly altered by the stimulus, leading to controlled photophysical properties.
Therefore, it is an urgent need to reveal the relationship between stacking and emission in these

systems with tunable photophysical properties.
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Figure 1. Schematic illustration of USMP and various factors that affect the USMP. (a) Chemical
structures of biphenyl and naphthalene compounds. (b) Representation of coassembly. The organic
molecules and PVA can form hydrogen bonds, and the organic molecules can be diluted by the
PVA network. The twisted structure of the organic molecules can improve the ISC process and
emit monomer phosphorescence. (c) Proposed mechanisms for USMP. The PVA networks can
enhance the ISC and reduce the nonradiation transfer of the monomer exciton, enabling USMP.

On the other hand, the aggregation blocks the ISC process and quenches the phosphorescence. (d)
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A scheme showing reversely responsive USMP to temperature and moisture. Fluo: fluorescence,

Phos: phosphorescence.

Naphthalene compounds have been found to show the room temperature phosphorescence
when doped in PVA.*’ However, their phosphorescence lifetime is short (around 55 ms), with low
phosphorescence efficiency. In addition, how the aggregation affects their phosphorescence is still
unclear. More importantly, these molecules did not show responsive properties to the external
stimuli. Herein, we designed to coassembly four diphenyl compounds with PVA to achieve room
temperature USMP (Figure 1) and understand the basic influencing factors on USMP by using two
typical naphthalene compounds as the reference. Strong intermolecular interactions between these
small organic molecules and PV A matrix could significantly suppress the motions of the molecules,
hence protecting their triplet state excitons.’® As these small organic molecules contain O and N
heteroatoms, they are also conducive to the n-m transitions for phosphorescence*! in a rigid
environment (Figure 1a,b). The monomer phosphorescence emission could be proven by similar
emission wavelength as compared with their dilute solution emission at 77 K. The phosphorescence
lifetime of these molecules with PV A ranges from 0.3 to 0.8s, which is obviously higher than those
previously reported naphthalene compounds. Powder X-ray diffraction (XRD) study confirms that
the aggregation occurs in high content films. The aggregation turns off the phosphorescence but
not fluorescence. The single molecule state averagely affords larger interaction energy than
corresponding hydrogen bonding type dimer in PVA, suggesting that the aggregation could reduce

the protection effect to these organic compounds. The aggregation depressed spin-orbit coupling

5



(SOC) was demonstrated by theoretical calculations. Moreover, the twist conformation is more
conducive to the occurrence of ISC in molecular systems (Figure 1¢), and the twisted diphenyl type
compounds show higher phosphorescence emission efficiency than the naphthalene compounds
with the same functional groups. Significantly, we found that the USMP from the polymer network
is highly sensitive to the temperature and moisture (Figure 1d), which was not reported in previous

naphthalene compounds.*°

Results and Discussion

Four organic compounds were first employed for the studies (Figure 1a), including biphenyl-
4,4’-dicarboxylic acid (BPA), disodium 4,4'-biphenyldicarboxylate (BPNa), dimethyl biphenyl-
4,4’-dicarboxylate (BPE), and benzidine (BPAM). UOP was observed (Figure 2a) in the
coassembly films of PVA+BPA, PVA+BPNa, PVA+BPE, and PVA+BPAM by diluting 0.05 mg,
1 mg, 3 mg, 6 mg and 12 mg of each compound into 100 mg PVA, respectively. They all exhibited
UOP emission at the wavelength around 500 nm, with short lifetime fluorescence from 300 to 400
nm (Figures 2b and S1). The phosphorescent lifetime for these systems was above 0.2 s (Figures
2¢ and S2), which corresponds to a “UOP lifetime”.! In order to further confirm the emission of
the coassembly films, emission spectra of the organic compounds with various concentrations in
the coassemblies were investigated, where films with five ratios (0.05 mg, 1 mg, 3 mg, 6 mg, and
12 mg compounds mixed with 100 mg PVA, denoted as 005-PVA, 1-PVA, 3-PVA, 6-PVA, and
12-PVA, respectively) were prepared. In low concentrations (0.05-PVA), the organic molecules

might exist in a monomer state due to the dilution effect of PVA polymer. The results show that
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the phosphoresce of compound BPA dominates at low concentration coassembly films (0.05-PVA
and 1-PVA), which is further enhanced up to the 6-PVA film. The fluorescence becomes more
obvious in the 1-PVA film, and is enhanced with further increase of the BPA concentration (Figure
2a), accompanied with the emission color change from green to blue (Figure 2d). In the 12-PVA
film, the fluorescence keeps increasing, while its phosphorescence becomes weaker.

Since BPA has a low solubility in ethanol and water, its aggregates might be formed even in
the low content films. Therefore, the sodium salt (BPNa) of BPA was employed to investigate the
emission at the same concentration for comparison. The monomer state of the molecule in low
concentration could be achieved, as BPNa is completely soluble in water. Similar to the BPA films,
strong phosphoresce with almost no fluorescence was observed in the low content film (BPNa
0.05-PVA), while the fluorescence becomes dominant at higher concentrations (Figure 2a). The
BPNa 1-PVA film shows significant phosphorescence emission, since the monomer state of BPNa
could still be maintained with its good solubility. For 1-PVA film of BPA, however, the
fluorescence becomes extremely strong, which may be due to the emergence of BPA aggregate.
For compounds BPE and BPAM, the fluorescence is dominant at all concentrations and increases
more significantly than phosphorescence upon enhancing the concentrations (Figures 2a and S2).
In addition, the phosphorescence from BPE and BPAM films is quite weak relative to compounds
BPA and BPNa, attributed to weak intermolecular interactions between BPE (or BPAM) and PVA
as compared to strong hydrogen bonding interactions between the carboxyl unit of BPA (or BPNa)
and hydroxyl group of PVA. Hence, the BPA and BPNa films showed higher phosphorescence QY

(Table S1) under the same coassembly concentration. Thus, we can speculate the significant
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monomer phosphorescence is resulted from the strong intermolecular interactions between suitable

organic molecules and PVA that protects the loaded organic molecules for emission.
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Figure 2. (a) Stable emission and USMP of the coassembly films consisting of BPA, BPNa, BPE
and BPAM in different concentrations with PVA. Insets show photographs of BPA 1-PVA film
(top images), BPNa 3-PVA film (middle images), and BPAM 3-PVA film (bottom images) under
on and off of a 254 nm UV lamp under ambient conditions. (b) Fluorescence lifetime and
instrument response function (IRF) of BPA 3-PVA film monitored at the emission wavelength of

400 nm (Aex = 370 nm). (C) Phosphorescent lifetime of BPA and BPNa 3-PVA films monitored at



the emission wavelength of 500 nm (Aex = 310 nm). (d) CIE 1931 chromaticity diagram of BPA

0.05-PVA and 3-PVA films.

The emission varies considerably with the change of the loading concentration. As discussed
above, in low content films such as 0.05-PVA, the polymer might provide a dilution effect to the
organic molecules in a monomer state. The varied emission feature could be due to a change from
monomer to aggregate state in the coassembly system, as the aggregation is inevitable upon

4142 Tn order to validate this consumption, we

increasing the concentration of organic molecules.
firstly recorded the UV-vis spectra of these systems. The coassembly films of the four compounds
at low content (0.05-PVA) present a redshift as compared to their absorbance at the single molecule
state in the solution (Figure S3), suggesting that there are strong intermolecular interactions
between PVA and the organic molecules. However, the redshift could not confirm the monomer
phosphorescence of these films. To prove the monomer phosphorescence, the emission spectra of
these compounds in ethanol or methyltetrahydrofuran were measured at 77k. The maximum
emission wavelength (494 nm) of the low temperature phosphorescence (Figures 3a and S4) shows
a small difference to the UOP emission wavelength (501 nm) of the 3-PVA BPA film (Figures 2a
and 3a), and their lifetime difference is also small (Figures 2¢ and S5). In addition, the peak at 463
nm in the solution state at 77k should be assigned to the vibration peak, since these molecules
normally have more vibration states in low temperature. Meanwhile, we also compared the

phosphorescence emission wavelength of BPAM at 77k in solution (512 nm) and 3-PVA film state

(516 nm). The small wavelength difference suggests that the film phosphorescence emission is
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from the monomer state (Figures 2a and S4). This is unlike many reported molecules showing a
large redshift when comparing their aggregate state phosphorescence wavelength to the monomer
phosphorescence wavelength.! As a result, the UOP emission in the present films originates from
the monomer phosphorescence. The strong intermolecular interactions between the organic
molecules and PVA could greatly restrict non-radiative transfer and facilitate the triplet emission
of the monomer. For high content films of BPA-PVA (Figure 3b) and BPAM-PVA (Figure S6),
their largest absorbance wavelength did not show any significant change upon increasing the
concentration. On the other hand, the largest absorbance wavelength shows an obvious blue shift
for both BPNa-PVA (Figure 3c) and BPE-PVA (Figure S6) when increasing the concentration of
the organic molecules, suggesting the restriction by the H-aggregation formation of BPNa and BPE
in high content films.*>4¢

To better understand how the aggregation state influences the phosphorescence emission, wide
angle X-ray scattering (WAXS) was employed to detect the stacking parameters of the films. Since
conventional XRD technology is difficult to detect the diffraction signals of polymer films, we
used the X-ray scattering technique to study the film samples. The pure PVA film shows two
scattering peaks at q = 1.37 A1 (20 = 19.23°) and 2.81 A"! (20 = 40.31°), and the BPA 0.05-PVA
film presents similar scattering peaks, suggesting that the organic molecule in PVA remains in its
monomer state (Figure 3d). However, no significant scattering peak was found in the BPA 1-PVA
film, probably because of the transition state under this ratio. Interestingly, two new major

scattering peaks at q=0.43 A" and 0.81 A-! were observed from BPA 3-PVA film, along with two

weak scattering peaks at q = 1.77 A' and 1.87 A"'. The scattering peaks at q = 1.77 A! (with the
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distance of 3.55 A) and 1.87 A-! (with the distance of 3.36 A) become more obvious in the case of
BPA 6-PVA film (Figures 3d,e and S7), which should be related to the n-n stacking interaction
(3~4 A) of the organic molecule for the formations of dimers, trimers or higher oligomers. Thus,
the luminescent property of these coassembly films is unavoidably influenced by the stacking effect
(Figures S8 and S9). Furthermore, transmission electronic microscopy (TEM) was employed to

study the coassembly process. Similar to previous reports,

an even grid-like distribution of
nanowires was found at low content 0.05-PVA films (Figure S10a,d), confirming that no
aggregation was formed under this concentration. When 1 mg and 3 mg BPA were loaded into
PVA, larger block aggregates were observed (Figure S10b,c). Compound BPNa also exhibited a
similar trend (Figure S10d-f), supporting the WAXS results.

To gain further understanding of the stacking effect among the aggregated molecules, single
crystal structures of BPA,*” BPAM,*® BPNa and BPE were obtained and analyzed. The crystal
structures indicate that all four compounds exhibit n-n stacking interactions (Figures 3f and S11),
agreeing well with the WAXS results. Thus, these molecules at high concentration in the films
should have a similar stacking mode as the crystal state. The n-n stacking based dimers in high
coassembly concentration would unavoidably change the luminescent property of the compounds
as compared to the monomer state in low concentration. In addition, hydrogen-bonded dimers
(Figure S12) were also observed in the crystal state, due to the interaction of carboxyl groups. This

could be another important stacking mode at high concentration, attributing to the increased two-

dimensional extension of the films.
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Figure 3. (a) Phosphorescence spectra of BPA in ethanol (10 pM) at 77k and in film (3-PVA) at
room temperature under 290 nm excitation. (b,c) Absorbance of BPA and BPNa in different
coassembly concentrations with PVA. (d) WAXS patterns of PVA loaded with BPA at different

concentration. (¢) WAXS photograph of 6-PVA loaded with BPA. (f) Dimer structures observed

from the single crystals of BPA and BPNa.

12



Knowing that the stacking effect has a significant influence on the emission of the systems, we
then investigated the emission of the aggregation state using powders and crystals. No
phosphorescence was observed in powders and crystals of the compounds even at low temperature
of 77 K (Figures 4a,b, S13, and S14). Instead, fluorescence was observed, where the emission in
the powder state of BPNa, BPE and BPAM was stronger than that in the crystal state (Figures 4b
and S13). From the powder XRD studies (Figures 4c and S15), the n-n staking interaction is also
obvious in the powder state, proving that the powder has the similar aggregation mode to the single
crystal. Thus, it was suggested that the phosphorescence is quenched by the stacking, while
moderate stacking is useful to the fluorescence generation. In addition, higher content coassembly
films show higher quantum yield (QY) than that of lower content films. Powders exhibit the highest
QY (Table S1) on account of the enhanced fluorescence, indicating the reduced ISC efficiency
under the aggregation. The moderate stacking could restrict molecular motions and thus reduce the
nonradiative transition together with less harmful aggregation effect on the fluorescence
efficiency.*” From these observations and previous spectral studies of films, powders and crystals,
it was concluded that the stacking quenches the phosphorescence on the coassembly state even
when the aggregated molecules have the same environment with the monomer ones. The ISC
process would be depressed by the aggregation in these molecular systems. It should be noticed
that the high content films (3-PVA film and 6-PV A film) also showed strong phosphorescence. In
this case, while PVA is dominant in these films, many organic molecules still keep their monomer
state within PVA. On the other hand, other organic molecules at the aggregate state would induce

the fluorescence emission.
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A series of theoretical calculations were conducted to obtain further insights for that the
phosphorescence is more readily achieved in the monomer state than in the aggregate state of these
biphenyl compounds. Quantum-chemical modelling was utilized to investigate this phenomenon
from the organization of the Si and low-lying Th states, the SOC efficiency between these states,
and their radiative lifetimes. As shown from Figure 4d, the SOC matrix element (SOCME) between
the Si and T3 excited states for the monomer of compound BPA is very large (7.28 cm™!), which
conveys very fast S1-T3 ISC and subsequent efficient population of the T, state through the spin-
allowed T3-T internal conversion. A clear increase of SOCME between the Si and T states with
the rise of twist angle between the two benzene rings of BPA (Figure S16) was observed,
suggesting that the distorted conformation is conducive to the ISC.3%3! Thus, it was proposed that,
in the absence of aggregates, an efficient S;-T3-T1 deactivation pathway is the main reason behind
the observation of the dominant phosphorescence emission at low BPA content in the PVA matrix.
The calculated radiative lifetime of the T state was about 0.2 s, which is close to the experimental
measurement (about 0.56 s). H-bonded and n-stacked dimers taken from the single crystal structure
were considered here for the estimation of aggregation effect on the phosphorescence rate. It was
found that the efficiency of the Si-T, ISC channels becomes smaller (i.e., SOCME is much smaller
as compared with S;-T3 in the single molecule) and the average radiation lifetime (tav) of T state
becomes longer (1.15 and 2.53 s for H-bonded and n-staked dimers, respectively) than that of the
monomer. Meanwhile, quantitative interaction energy of PVA fragments with single molecule
BPA and its hydrogen bonding type dimer was calculated for investigating the strength of

molecular interaction (Figure 4e). It was found that each BPA molecule in the single molecule state
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averagely obtains larger interaction energy than the dimer state, suggesting that PVA has better
protection effect to the single molecule BPA than hydrogen bonding type dimer. The formation of
hydrogen bonding type dimer may cause more nonradiation transfer to quench the phosphorescence
than single molecule BPA in PVA. Thus, these factors are related to the occurrence of
phosphorescence. These results agree well with the fact that the phosphorescence is almost

impossible in the aggregate state.
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Figure 4. (a) Emission spectra of BPA in the powder state at 77k and room temperature (Aex = 310
nm). (b) Emission spectra of BPNa in the powder state at 77k and room temperature, and in the

crystal state at room temperature (Aex = 310 nm). (¢c) Powder XRD spectra of BPNa and BPA in the
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powder state. (d) Diagrams of molecular energy levels for the single molecule (left), hydrogen-
bonded dimer (middle) and n-n stacking dimer (right) of BPA. Solid and dashed arrows denote the
radiative and nonradiative transitions, respectively. Blue and green lines correspond to the
fluorescence and phosphorescence pathways, respectively. (¢) Interaction energy for the optimized
complexes of PVA fragments with BPA single molecule and its hydrogen bonding type dimer. (f)
Stable emission spectra of NDA-based PVA films at different NDA concentrations. Tav: The average

radiation lifetime of T; state.

Similar to compound BPA, the USMP of sodium-containing compound BPNa in the PVA
matrix at room temperature (Figure S17) is induced by a quite strong SOC between S; and T; states
(SOCME = 1 cm™) together with a small S;-T; gap (0.12 eV). The simulations predict that USMP
in BPE-loaded PVA is caused by the Si-T4 ISC for the population of the T; state through Ts-T;
internal conversion (Figure S18). However, the SOC becomes very small in the dimer state of BPE,
and the USMP is completely quenched by the aggregation. BPAM demonstrates USMP through
the S1-T3-T1 channel (Figure S19), while small SOC and large radiative lifetime (>100 s) for the
T, state in the dimer of BPMA suggest that the phosphorescence is difficult to occur in the
aggregate state (Figure S19¢). Similar to BPA, BPAM in the single molecule state also averagely
obtains larger interaction energy than its dimer state (Figure S19d). Thus, these calculated results
well explain that the ISC process is efficient in the monomer state, while it is reduced by the
aggregation in these systems. Twisted conformation of compound BPAM also demonstrates more

efficient USMP emission than the planar conformation through the S;-T3-T1 channel (Figure S19).
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This is in line with Minaev's analysis that breaking the planarity of conjugated systems induces the
o-n mixing of corresponding molecular orbital and promotes comparatively large SOC between
corresponding electronic states, leading to enhanced ISC and phosphorescence.’*>* While
moderately twisted conformation is beneficial to the ISC process, we also know that excessive
distortion could cause excessive molecular motion that would enhance the nonradiative decay. It
was noticed that compound BPA is also moderately twisted, which would be conducive to the
phosphorescence emission. Because BPE has more planar conformation, we could understand why
it shows very weak USMP emission (Figure 2a). In addition, strong intermolecular interactions
such as hydrogen bonding interactions between the dye molecules and PVA network could also
induce the distortion of the dye molecules, because the dye molecules need to cater to the polymer
network. Naturally, the molecules with carboxyl groups show higher emission than those having
ester and amino groups.

The above phenomenon was not just discovered from diphenyl compounds, but also from
some naphthalene compounds (Figure 1a) including 2,6-naphthalenedicarboxylic acid (NDA) and
dimethyl 2,6-naphthalenedicarboxylate (NDE). NDA and NDE in the PVA matrix also show a
similar emission phenomenon as the diphenyl compounds (Figures 4f and S20-S22). Since NDA
and NDE have more planar conformation than the biphenyl compounds, they showed lower
phosphorescence QY (Table S1). USMP and the aggregation-quenched phosphorescence were
observed in these systems (Figures 4f and S20-S24). Their phosphorescence lifetime is higher than
previously reported naphthalene molecules,*” because they have more functional groups to induce

stronger intermolecular interactions. Moreover, the fluorescence was continuously enhanced in the
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coassembly system upon increasing the content of NDA (Figure 4f) or NDE (Figure S21). Their

powders exhibit strong fluorescence as well (Figures S20-S22 and Table S1). Stronger and

redshifted fluorescence emission (around 450 nm) of the PVA films with higher NDA contents as

compared to lower concentration ones may be due to the formation of J-type aggregates.
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high temperature induced vibration quenching of the USMP emission. (c) Emission intensity
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PVA film at 510 nm in 75% humidity environment over time. (¢) Fabrication process of the film
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for security protection (left diagram), and photographs of the obtained film under different

conditions (right diagram). rt: room temperature.

Having demonstrated USMP in the coassembly systems, we subsequently studied their distinct
properties as compared to crystalline materials for UOP. Firstly, we found that the coassembly films
were highly sensitive to temperature variations. At higher temperature such as 373K, the USMP
intensity of the coassembly films was extremely lower than its intensity at room temperature
(Figures 5a and S25). The phosphorescence of the coassembly systems showed more sensitive
response to the temperature as compared to corresponding crystals probably because that the closed
stacking in crystals blocks the excitons.>* High temperature could easily destroy the crystal
structure and change the luminescent properties, making the reversible response to the temperature
impossible.!>* The enhanced molecular vibration and rotation at high temperature trigger the non-
radiative decay to suppress the phosphorescence emission (Figure 5b). Interestingly, the monomer
state within thin and flexible films made the phosphorescence highly sensitive to temperature. The
materials could be reversibly restored to the original state that emits strong phosphorescence at
room temperature. Such a reversible process could be cycled at least five times (Figure 5c) of 1-
PVA film of BPAM.

Secondly, the coassembly films were also highly sensitive to the humidity of air. The BPAM-
PVA films were chosen as a presentative example for studying the moisture-responsive process.
Figure 5d presents the change of the emission intensity at the wavelength of 510 nm. In 75%

moisture environment, the emission intensity decreased to the level about 5 times less than the
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initial stage within 40 min. The photographs in Figure 5d show that the USMP of BPAM-based 1-
PVA film almost vanishes under the UV light in 75% moisture environment for 40 min. The
quenching of the USMP emission could be due to the weakening and breaking of the intermolecular
hydrogen bond network between the PVA host and BPAM molecule by water interference (Figure
S26). Fourier-transform infrared spectroscopy (Figure S26b) exhibits that the deformation N-H
vibration at 1650 cm’! obviously decreases, indicating that the hydrogen bonding between the
amino group and PVA is interrupted by water molecule in air.

The fact that the coassembly films could distinctly respond to the temperature and moisture
brings about promising applications in the security protection field, such as information storage,
encryption, and anti-counterfeiting. Therefore, a smart security protection technology using
BPAM-based 1-PVA film and blue emitting planar diphenyl-diacetylene molecule (DPEPA)* was
developed in 50% humidity. The fabrication process is shown in Figure Se. First, the character
“V* is written by a dropper using BPAM-based 1-PVA solution and dried at 80 °C for 20 min.
Second, another “V” is written to obtain the character “W” by pure PVA solution followed by
drying. Third, the information is covered by a DPEPA-PMMA film with drying. The “W” pattern
was visible under daylight on account of the phase separation of the PVA and PMMA films. No
pattern was observed upon exposure to the 254 nm UV lamp because of the masking by strong
emission of the DPEPA-PMMA cover film. Interestingly, the pattern “V” became visible for several
seconds after the removal of the UV light, attributed to the existence of the USMP emission. When
putting the film in 75% humidity condition for 20 min, the “V” pattern vanished after turning off

the UV light, because the interaction with sufficient water molecule quenched the USMP emission.

20



The pattern “V” could be restored by simply heating the film at 100 °C for 2 min and then cooling
it down to room temperature. Furthermore, the pattern “V” disappeared upon heating the film to
100 °C for 5 min, since high temperature induced vibrations could quench the USMP emission.
The USMP emission was restored when cooling the film to the room temperature. It should be
noted that the fluorescence did not show any obvious change during this process, proving that the
USMP is much more sensitive to temperature than fluorescence. Hence, this operation indicates
that smartly and reversibly switching the USMP emission by moisture and temperature could be
used for the information encryption and decryption. As compared with conventional crystal based
UOP materials having low stability at high temperature and poor processability, the present film is
more stable, flexible, and easy to process. These remarkable advantages make these films highly

promising for anti-counterfeiting and security applications.

Conclusions

In this work, we have conducted a thorough research by achieving ultralong single molecule
phosphorescence within PVA polymer matrix, and studied how the aggregation, conformation,
temperature, and moisture could influence the monomer phosphorescence. The USMP was
obtained by forming supramolecular networks between these small organic molecules and PVA,
and confirmed by several techniques including photophysical spectra and powder XRD studies.
The aggregation of the dye molecules within the polymer matrix was investigated by WAXS
technology, where obvious stacking similar to the solid state was observed in these coassembly

systems. By combining the emission spectral studies of film, powder and crystal states, it was
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concluded that the ultralong monomer phosphorescence is turned off when the aggregation of these
small organic molecules is formed even in the PVA matrix. More interestingly, the aggregation
could permit the fluorescence, suggesting that the ISC process is blocked in the aggregation state.
The theoretical calculations proved that the aggregation quenched phosphorescence was due to a
depressed SOC between the excited singlet and triplet states, and PVA had better protection effect
to the single molecule than hydrogen bonding type dimer. Due to the twisted conformation, these
diphenyl compounds showed higher phosphorescence emission efficiency than the naphthalene
compounds with the same functional group. Moreover, the USMP could also be depressed upon
chancing the temperature or humidity. Significantly, the USMP could be switched reversibly in the
supramolecular networks by responding to the changes of temperature and humidity. The
temperature- and humidity-responsive films were utilized as smart materials for important anti-
counterfeiting and security applications. The flexible, reversible and robust nature of the films is
preferable over conventional crystal based UOP materials in these applications. Therefore, the
present research not only demonstrates the monomer phosphorescence, but also might open an
avenue for developing smart fluorescence and phosphorescence systems toward practical

applications.

Experimental Section
Preparation of coassembly films. PVA-100 (5g) was added in deionized water (500 mL), which
was stirred in 100 °C for 1 h. Small organic molecules with same concentrations but different

volumes (0.05 mg/0.05 mL, 1 mg/ImL, 3 mg/3 mL, 6 mg/6 mL and 12 mg/12 mL) were added
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into the prepared PVA solution (10 mL). The obtained solutions were then ultrasonicated at 60 °C
for 20 min to complete the coassembly. Dropping the solutions (about 0.5 mL) on quartz glass and

keeping it at 80 °C for 3 h resulted in the coassembly films.

Supporting Information. The Supporting Information is available free of charge on the ACS

Publications website at DOI

Synthesis, characterization and computation details, fluorescence and phosphorescent spectra and
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