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persistent room temperature phosphorescence
of amorphous nonaromatic polymersy
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Yongming Zhang and Wang Zhang Yuan ‘2 *

Deciphering the emission mechanism of nonconventional luminogens and achieving persistent room
temperature phosphorescence (p-RTP) from pure organic compounds have drawn increasing attention
due to their significant fundamental importance and promising applications. Previous reports on
nonconventional luminogens, however, mainly focus on fluorescence, while advances in pure organic
p-RTP are generally restricted to aromatic crystals or host—guest systems. Herein, we report the unique
intrinsic emission and moreover p-RTP in amorphous nonaromatic polymers of poly(acrylic acid) (PAA),
polyacrylamide (PAM) and poly(N-isopropylacrylamide) (PNIPAM). These polymers are nonluminescent in
dilute solutions, while being highly emissive in concentrated solutions, nanosuspensions and solid powders/
films. This can be rationalized by the clustering-triggered emission (CTE) mechanism, as supported by further
thermoresponsive emission, cryogenic and aggregation-induced emission (AIE) experiments, alongside single
crystal analysis. Furthermore, PAA and PAM solids under ambient conditions, and PNIPAM solids under
vacuum or under nitrogen, demonstrate distinct p-RTP, which can be enhanced through further ionization or
pressurization. These results not only refresh our understanding of the emission mechanism of nonaromatic
polymers, but also enable the facile fabrication and application of pure organic p-RTP luminogens from
readily available compounds, thus providing an important step forward in both nonconventional luminogens
and p-RTP.

the essential roles of oxidation,**'®” crosslinking and molecular

architecture,'® while others emphasize the external stimuli*’ and

Nonconventional luminogens without classic conjugates are
currently attracting increasing attention owing to their funda-
mental significance and diverse technical applications. These
luminogens normally enjoy the merits of good hydrophilicity,
facile preparation, environmental-friendliness and outstanding
biocompatibility, which render them highly suitable for bio-
logical and medical applications.''° Despite different systems
being reported, such as poly(amidoamine)s (PAMAM),*"°
poly(amino ester)s (PAE),"" poly(ether amide)s (PEA),"*> poly-
ethylenimines (PEI)"® and peptides,'* thus far, their emission
mechanism remains a controversial issue, with various assump-
tions being suggested.’”'* For example, some researchers argue
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hydrogen bonding,"* making it difficult to reach a consensus.
Previously, based on the observation of intrinsic emissions in rice,
starch and cellulose, we proposed the clustering-triggered
emission (CTE) mechanism,*® which can also explain other
nonconventional luminogens such as natural products,’
synthetic compounds™ and biomolecules."™ In this scenario,
the clustering of nonconventional chromophores with lone
pairs (n) and/or n electrons results in effective through-space
electronic communications, which give rise to extended electron
delocalization and simultaneously rigidified conformations;'>>*>1%
consequently, the clusters can be easily excited to generate remark-
able emissions. Further insights into nonconventional luminogens
will be beneficial to the understanding of their emission
mechanism and future exploration of novel emitters.
Meanwhile, as excellent alternatives to organometallic
complexes, pure organic luminogens with room temperature
phosphoresce (RTP) have also received considerable attention
owing to their unprecedented potential for optoelectronic and
biomedical applications.'®> Generally, to overcome the spin-
forbidden nature of singlet-triplet transitions and to suppress
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the nonradiative processes, on one hand, researchers have tried
to enhance spin-orbit coupling (SOC), and thus promote inter-
system crossing (ISC) by incorporation of aromatic carbonyl,
heavy atoms or hetero atoms.?* On the other hand, they have
endeavored to construct a rigid environment through crystal-
lization,"””*'® embedding in a matrix'®*'**° or supramolecular
interactions.>* Thus far, reported RTP systems, however, are
predominantly aromatics, with emphasis on crystalline
compounds.’””*** Less attention has been paid to amorphous
nonconventional luminogens, particularly those with persistent
RTP (p-RTP). Such a situation might stem from the active
vibrational stretching in amorphous states, and moreover, the
previously preconceived notion of the nonluminescence for
nonconjugated compounds. It would be interesting to obtain
p-RTP from amorphous nonconventional luminogens, which
could inspire new applications in view of their unique photo-
physical properties, and offer further insights into the emission
mechanism and the origin of p-RTP.%*?

p-RTP from amorphous nonaromatic luminogens, neverthe-
less, remains in its infancy.?”"*>** Recently, we observed such
emissions from an example nonaromatic poly(amino acid) of
e-poly-L-lysine (e-PLL)'® and sodium alginates (SA).*’ Considering
the prevalence of RTP and persistent phosphorescence at 77 K in
nonconventional luminogens,> it is rational to speculate the
possibility of realizing p-RTP in nonaromatic compounds with
effective intra- and intermolecular interactions. In view of this,
herein, three amorphous polymers of poly(acrylic acid) (PAA),
polyacrylamide (PAM) and poly(N-isopropylacrylamide) (PNIPAM)
were synthesized and studied (Fig. 1A). They were carefully selected
based on the following considerations: first, clustering of the
pendants may generate intense emission;' second, intra- and
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intermolecular interactions could be modulated by the changing
structure; finally, p-RTP might be achieved and finely tuned due to
the involvement of n electrons and the variation of pendants.
Indeed, they emit intense blue lights in concentrated solutions
and solid states. Amazingly, bright p-RTP are clearly visualized in
PAA and PAM solids, even at ambient conditions, which can be
enhanced through ionization. Furthermore, despite the fact that
no RTP is detected for PNIPAM in air, isolation of oxygen endows it
with noticeable p-RTP. These results strongly suggest that no
aromatics are a prerequisite for the light emission of such non-
conjugated polymers. Moreover, the unique p-RTP from these
amorphous and polymeric nonaromatics not only provides more
opportunities toward emerging advanced applications, but also
offers new aspects for deciphering the emission mechanism and
the origin of triplet excitons.

Results and discussion

The polymers were facilely prepared by radical polymerization
using 2,2/-azobisisobutyronitrile (AIBN) as the initiator (Scheme S1,
ESI}), aiming to avoid the introduction of any aromatics. "H and
3C NMR spectra clearly suggest the successful preparation of the
target polymers (Fig. S1, ESIT), whose weight-averaged molecular
weight (M,,) and polydispersity index (PDI) are 33 200/31 600/22 500
and 1.3/3.0/1.2 for PAA/PAM/PNIPAM (Fig. 1A), respectively. They
are nonluminescent in dilute solutions, but become emissive
when concentrated (Fig. 1B and C and Fig. S2-S5, ESIt), exhibit-
ing concentration-enhanced emission characteristics, which
are similar to those observed in other nonconventional
luminogens.'?*@ Taking PNIPAM as an example, its dilute
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Fig. 1

(A) Structures, M,,, PDI and features of PAA, PAM and PNIPAM. (B) Different PNIPAM/DMEF solutions taken under 365 nm UV light. PL spectra of (C)

different PNIPAM/DMF solutions (lex = 310 nm) and (D) 2 M solution with different Ae,s. (E) Absorption spectra of different PNIPAM/DMF solutions.
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dimethylformamide (DMF) solutions (i.e. 1.25 x 10~> M) dis-
play no visible emission, with rather low photoluminescence
(PL) signals being recorded (Fig. 1B and C). Weak but visible PL
around 374 nm is detected when the concentration grows to
0.125 M, and even brighter emission is observed for the 2 M
solution, accompanying the greatly boosted quantum efficiency
(@) from nearly zero (1.25 x 10~* M) to 8.9%. Meanwhile, when
irradiated with different excitation wavelength (1es), the 2 M
solution emits with changing maxima at 374, 381, 386, 400 and
429 nm (Fig. 1D). Such excitation-dependent emission strongly
indicates the presence of multiple emissive species. In addition,
progressively enhanced absorption with extended edge is observed
as the concentration increases (Fig. 1E), which implies the
formation of new species with enlarged conjugations. Similar
photophysical behaviors are also found in other DMF and/or
aqueous solutions of the polymers (Fig. S2-S5, ESIT), thus
suggesting their general underlying mechanism.

The preceding results clearly indicate that the emission
of these nonconventional luminogens does not rely on any
aromatics, and is also irrelevant with oxidation or specific
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structures, all of which were previously regarded as essential
roles for the emission of different systems.®®?”'°3 These
behaviors, however, can well be rationalized by the CTE
mechanism. When dissolved in dilute solutions, COOH,
CONH, and CONH(i-Pr) groups are predominantly dispersed
along the polymer chains as individuals, which are not easily
excited. On the contrary, in concentrated solutions, polymer
chains are collapsed, allowing the pendant moieties to approach
one another in close proximity. The clustering of pendant groups
facilitates effective intra- and intermolecular interactions among nt
and n electrons, resulting in chromophores with effective
through-space electronic communications and consequently
extended delocalization and simultaneously rigidified confor-
mations; therefore readily being excited to generate remarkable
emissions. Notably, DMF solutions have much higher efficiencies
compared with those of their aqueous solutions,*® presumably
because the hydrogen bonds between water and pendants are
unfavorable to the emission.

To further probe the emission mechanism, additional experi-
ments were conducted. As an archetypal thermoresponsive polymer,
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Fig. 2 Photographs of PNIPAM/water solutions taken under (A) room light and (B) 365 nm UV light at 25 and 40 °C. (C) Transmittance, (D) emission
spectra and (E) dynamic light scattering result of 1.25 x 10~° M PNIPAM/water solution at 25 and 40 °C. (F) Photographs of PNIPAM/DMF solutions taken
under 365 and 312 nm UV lights or after ceasing the irradiation at 77 K. (G) PL spectra (lex = 340 nm) and photographs taken under 365 nm UV light of

PNIPAM in THF and 5/95 THF/n-hexane mixture (1.25 x 107> M).
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PNIPAM has a lower critical solution temperature (LCST) of around
32 °C.” Its aqueous solutions are highly transparent at 25 °C, whose
emission is hardly visualized until the concentration reaches 0.25 M
(Fig. 2A and B). When heated to 40 °C, apparent turbidity stars at
1.25 x 107> M, with greatly decreased transmittance and
remarkably enhanced emission (Fig. 2B-D). This phenomenon
is associated with a coil-to-globule transition of the polymer
chains, which results in the formation of aggregates (Fig. 2E).
Notably, despite the 0.125 M solution remaining nonemissive
at 25 °C, its even more dilute counterparts (1.25 x 10~ > and 0.05 M)
display feeble yet visible PL at 40 °C, which verifies the crucial role
of pendant aggregation for the emission. Meanwhile, upon cooling
to 77 K, no obvious emission is noticed for the dilute solutions
(i.e. 1.25 x 10> M) (Fig. 2F and Fig. S6, ESIt); however, for the
1.25 x 10~* M solution, upon aggregation in 5/95 tetrahydro-
furan (THF)/n-hexane, bright PL is observed at room temperature,
exhibiting typical aggregation-induced emission (AIE) characteristics
(Fig. 2G).”® Similar results are also found in other polymers
(Fig. S7-S10, ESIt), which indicates that without clustering of
the pendants, sole conformation rigidification is impossible to
generate effective emission. It is also noted that remarkably
boosted PL along with persistent phosphorescence is observed
for the concentrated solutions, owing to further conformation
rigidification of existing clusters. Additionally, after ceasing
the 365 and 312 nm ultraviolet (UV) irradiation, green and blue
afterglows are observed (Fig. 2F and Fig. S6-S8, ESIt), respec-
tively, thus testifying the presence of heterogeneous popula-
tions of emission species.

The unique intrinsic emission and AIE behavior of the
polymers prompt us to further investigate their solid emissions.
As can be seen from Fig. 3 and Fig. S11 (ESIt), PAA/PAM/PNIPAM
powders and cast films depict excitation-dependent luminescence
and emit bright blue lights under UV irradiation, with @ (%) values
of 4.5/8.3/9.6 and 5.7/13.7/12.4 (Table S1, ESIY), respectively. These
values are much higher than those of their solutions, presumably
owing to the stronger chain entanglement with more effective
intra- and intermolecular interactions. Meanwhile, the higher
efficiencies of the films compared with the powders strongly
suggest more compact molecular packing and consequently
depressed molecular motions in the former. Moreover, PAA/PAM
powders and films demonstrate cyan p-RTP after ceasing the UV
irradiation (Fig. 3B and Video S1, ESIY), with emission maxima
(Zem) and lifetimes ((1),) of 488/482, 504/489 nm and 41.8/97.6,
54.4/117.0 ms (Fig. 4 and Table S2, ESI}),”® respectively. X-ray
diffraction (XRD) patterns of these solids show weak and broad
diffusion diffractions, which clearly suggest their amorphous
nature (Fig. S12, ESIt). Such p-RTP emissions from nonaromatic
luminogens with well-defined chemical structures remain rare
cases,””'” particularly at the amorphous state. Closer insights into
these systems are not only beneficial to the in-depth mechanism
understanding, but also offer opportunities for the development of
new p-RTP luminogens with emerging applications. Based on the
CTE mechanism, the origin of p-RTP can be understood as
described below. First, the presence of C—0 groups as well as O
and N heteroatoms can promote the SOC; second, heterogeneous
clusters provide enriched energy levels and thus narrowed energy
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Fig. 3 (A) Schematic illustration of the modulation of p-RTP properties of
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powders under a pressure of 2000 kg cm™2 for 1 min.
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gaps between excited singlet and triplet states. The above factors
are favorable for the ISC processes to generate considerable triplet
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excitons, which can be stabilized through conformation rigidifica-
tion and isolation from quenchers, thus yielding remarkable
p-RTP. Meanwhile, a much longer (t),s of PAM solids compared
with those of PAA solids indicate their more rigidified confor-
mations, which are consistent with the much higher glass transi-
tion temperatures (T,s) of PAM powders/films (185.5/188.7 °C,
129.5/131.6 °C for PAA, Fig. S13, ESIf). No p-RTP, however, is
observed for PNIPAM solids in air (Video S1, ESIt), which might be
associated with its bulky i-Pr pendants (vide infia).

Notably, upon neutralization with NaOH or fuming with HCI
(Fig. 3A), the resulting PAANa and PAMHCI powders show
greatly enhanced efficiency and prolonged p-RTP (Fig. 3C), with
®/(t), values of 7.6%/139.1 ms and 16.7%/116.9 ms (Fig. 4B),
respectively, which should be ascribed to the stiffening of
conformations through electrostatic interaction. Such ionization-
enhanced p-RTP is further confirmed by the results of PAACa
solids (Fig. S14, ESIt). Compared with PAANa and PAMHCI salts,
even longer p-RTP is observed, which might be ascribed to the
much stronger coordination between Ca®* ions and carboxyls, thus
resulting in clusters with more rigidified conformations. Surpris-
ingly, when placed under nitrogen or in vacuum, p-RTP persisting
for more than 3 s ((t), = 89.4 ms) is observed for PNIPAM powders
(Fig. 3C, 4B and Video S2, ESI{),*® strongly indicating the pre-
dominant role of oxygen quenching rather than vibrational dis-
sipations to the disappearance of p-RTP at ambient conditions.
Such results should be attributed to the relatively bulky structure
of the i-Pr group, which would decrease the packing density and
subsequently increase the oxygen penetration in solids. Pressur-
ization is expected to ensure much denser molecular packing,

UVion UV off

N-H---0=C (A): 1.977, 2.

N-H--C=0 (A): 2.895
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thus shortening the distance of pendants within clusters and
making it more resistant to oxygen. Indeed, p-RTP persisting
for ~6 s ((t), = 143.7 ms) is recorded when pressurized PNIPAM
powders are placed in vacuum (Fig. 3C, 4B and Video S2, ESI{). A
dingle crystal structure of the monomers provides exact molecular
packings, which afford significant implications on how polymer
pendants interact with one another in aggregates, therefore
beneficial to deciphering the emission mechanism. Both acrylamide
(AM) and N-isopropyl acrylamide (NIPAM) single crystals were thus
cultured, which generate blue lights accompanying multiple peaks
under UV illumination (Fig. 5A and Fig. S15, ESIT). For AM, a nearly
planar structure is found in crystals (Fig. 5B).>' There are large
numbers of N-H: - -O=C (1.977, 2.074 A) and N-H-: - -C=0 (2.895 A)
hydrogen bonds, which not only stiffen the conformations, but also
facilitate the H-N- - -O=C (2.854, 2.941 A) electronic communica-
tions among N atoms and C—0 units (Fig. 5B). Consequently, an
effective 3D through-space electronic communication channel is
formed (Fig. 5C), thereby offering optically excitable conjugates
with extended delocalization and rigidified conformations.
Similarly, in NIPAM crystals, there are also abundant N-H- - -O—=C
(2.004, 2.054 A), C-H. - -O—C (2.485, 2.543, 2.673 A), and moreover
H-N---O=C (2.866, 2.918 A) short contacts (Fig. S16, ESI).
Meanwhile, despite being placed in vacuum, no p-RTP can
be detected for the monomer crystals. However, upon cooling
to 77 K, bright and persistent green phosphorescence enduring
for ~3 s (AM) and ~15 s (NIPAM) can be observed after ceasing
the UV irradiation (Fig. 5A and Video S3, ESIf). It is also noted
that while no emission of distilled AA can be observed under
312 nm UV light, bright blue light is observed at 77 K, along
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(A) Photographs of AM and NIPAM single crystals taken under 312 nm UV light or after ceasing the irradiation at room temperature (rt) and 77 K.

Fragmental molecular packing of AM crystals with denoted (B) intermolecular interactions and (C) specific C=O---N through-space electronic
communications. (D) Schematic illustration and Jablonski diagram of the polymers (i.e. PAM) from isolated to aggregated states.
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with green p-RTP after ceasing the irradiation (Fig. S17, ESIt).
These results clearly suggest a powerful polymer effect, which
should be ascribed to the conformation rigidification and
decreased oxygen quenching induced by the chain entangle-
ment and effective intra-/intermolecular interactions.

Considering all of the above results, it is rational to explain
the photophysical properties of these nonaromatic polymers by
the schematic illustration and corresponding Jablonski diagram
demonstrated in Fig. 5D. In dilute solutions, individual chromo-
phores with large energy gaps (AE) are not easily excited, therefore,
no emission can be observed even at cryogenic temperatures. In
the concentrated solutions, clustered chromophores with effective
through-space electronic communications, such as C=0-: N,
n-n* and dipolar interactions, are formed. The heterogeneity of
the clusters provides diverse energy levels of both singlets and
triplets, which may approach one another or even overlap, thus
making the ISC processes highly possible. RTP emission, however,
is difficult to achieve in solution due to active molecular motions
and external quenching. In the solid state, bright emissions with
both fluorescence and remarkable p-RTP can be realized in case
of sufficient conformation rigidity and proper isolation from
quenchers such as oxygen.

The combined properties of intrinsic emission with p-RTP
features, biocompatibility and film-forming ability make these
polymers applicable in anticounterfeiting, encryption, bio-
imaging, etc. Using the polymers and commercial highlighters,
anticounterfeiting and information encryption have been demon-
strated with respect to applications in security protection. As shown
in Fig. 6A, a colorful bird becomes luminescent in another color
model under UV light. After ceasing the irradiation, only the
skeleton of the bird is visible, exhibiting multimodal anticounter-
feiting properties. Meanwhile, a blue “CENTER” pattern composed

A) anticounterfeiting

> &

312 nm UV on

20 pm
—

Fig. 6 (A) Photographs of graphic security and information encryption
made from varying polymers and commercial highlighters. Confocal
luminescence images of HCT116 cells after incubation with 1 M PAM/
McCoy's5A solution for 1.5 h. (B) Confocal image recorded under excita-
tion at 405 nm, (C) bright field image and (D) corresponding overlay image.
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of PAA, PAANa, PAM and PNIPAM powders is visible under
312 nm UV light; only green “CTE”, however, is seen because
of their different RTP emission features. Additionally, these
polymers are also promising for bioapplications. After incuba-
tion with 1 M PAM in McCoy’s5A for 2 h, HCT116 cells exhibit
bright blue emission under confocal microscopy, whereas
no obvious PL signal is observed for the control (Fig. 6B and
Fig. S18, ESIt), which suggest PAM is ready to stain cells.
Furthermore, closer scrutinization reveals that PAM demonstrates
somewhat specific imaging of endosomes, which is important to
biomedical studies.

Conclusions

In summary, despite lacking any aromatics, intrinsic emission and
moreover p-RTP are observed from a group of amorphous poly-
mers. Concentration-enhanced emission features, and thermo-
responsive emission of PNIPAM, as well as AIE and cryogenic
experiments strongly suggest the CTE mechanism, which is further
supported by the implications from emission and single crystal
analysis of the monomers. Interestingly, while PAA and PAM solids
show bright p-RTP in air, PNIPAM does not demonstrate noticeable
RTP signals, owing to oxygen quenching. Furthermore, the p-RTP
can be finely modulated by ionization, isolation of oxygen and
pressurization (Fig. 3A), which indicates the tunability of p-RTP in
such nonconjugated systems through the control of intra- and
intermolecular interactions and isolation from or exposure to
triplet quenchers. Their nonaromatic structure, biocompatibility,
film-forming ability and p-RTP emission offer high potential for
diverse applications, such as anticounterfeiting, encryption and
bioimaging. These results, on one hand, shed new light on the
origin of the unique emission from nonconventional luminogens,
which is instructive for future discovery and fabrication of novel
luminogens. On the other hand, the results also provide opportu-
nities to achieve metal-free p-RTP from amorphous compounds,
thus paving the way for the fundamental study and emerging
applications.
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