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Nontraditional intrinsic luminescence (NTIL) which always accompanied with aggregation-induced emission (AIE) features

has received considerable attention due to their importance in the understanding of basic luminescence principle and

potential practical applications. However, the rational modulation of the NTIL of nonconventional luminophores remains

difficult, on account of the limited understanding of emission mechanisms. Herein, the emission colour of nonconjugated

poly(methyl vinyl ether-alt-maleic anhydride) (PMVEMA) could be readily regulated from blue to red by controlling the

alkalinity during the hydrolysis process. The nontraditional photoluminescence with AIE property was from the new formed

p-band state, resulting from the strong overlapping of p orbitals of the clustered O atoms though space interactions.

Hydrated hydroxide complexes embedded in the entangled polymer chain make big difference on the clustering of O atoms

which dominates the AIE property of nonconjugated PMVEMA. These new insights into the photoemission mechanism of

NTIL should stimulate additional experimental and theoretical studies and could benefit the molecular-level design of

nontraditional chromophores for optoelectronics and other applications.

Introduction

Aggregation-induced emission (AIE) was a useful strategy and has
been extensively investigated since the first observation in organic
chromophores by Tang’s group in 2001.* Traditional AIE luminogens
(T-AlEgens) are generally constructed with aromatic groups and
conjugated subunits, which function as chromophore centers.>*
However, the intricate synthesis process and toxic precursors limit
their further application. Nontraditional AIE luminogens (NT-AlEgens)
free of aromatic conjugate structure in their molecular structures
and generally bearing electron rich moieties such as hydroxyl, amino,
and carboxyl, etc. have received considerable attention due to their
fundamental importance, promising applications.> ® NT-AlEgens with
typical structural features of no traditional chromophores gradually
developed into a new type of AIE luminophores, including nature and
synthetic small molecules,”1° polymers'*® and metal clusters.t’-%
Among them, nonconjugated polymers, which are free of aromatic
building blocks, have been intensively reported due to their unique
clustering-triggered emission (CTE).

Although many studies have reported the nontraditional intrinsic
luminescence (NTIL) in nonconjugated polymers, the rational
modulation of the NTIL over the whole visible light range remains
difficult. Most of the reported NTIL mainly focuses on the blue region
and always with many defects including relatively low quantum yield
(QY), limited production, etc. which further limited their practical
application.?> 2 Poly(maleic anhydride-alt-vinyl acetate) (PMV)
derivatives, a eco-friendly and low cost copolymer, were intensively
studied for their unique NTIL properties. Tang et al. reported that
PMV is strongly photoluminescent with the QY of 20% in organic
solvents and the emission was attributed to anhydride cluster
interacting in a through-space manner, while ring-opening reaction
induced by water would result in remarkable decrease of
photoluminescence (PL) practical
applications.?* Interestingly, Qiao et al. found that ring-opened PMV
could also generate strong blue and red dual photoemission after
interacting with acetone and metal hydroxide.? They confirmed that
the Na carboxylate group was the blue luminescence group with the
excitation-dependent property, and the bulky carboxylic ester group
was the red luminescence group with the excitation-independent

which is detrimental for

property. Very recently, they realized the precisely regulation of the
emission wavelength of hydrolyzed PMV from cyan to red by
controlling the pH value.?6:?7

Despite great efforts have made to modulate the emission
polymeric luminogens, their
emission mechanism, especially for their emission center, is still

performance of nonconventional

controversial. Various assumptions have been suggested, including
the oxidation of terminal group (unsaturated hydroxylamine
center),?® 2% crosslinking of the polymer chain (linear structure vs.
hyperbranched structure),3® 3! hydrogen bond formation3? and
electron delocalization.'* 33 Each view has its limitations which
makes it difficult to reach a consensus. A recapitulative clustering-
triggered emission (CTE) mechanism was proposed by Yuan and
Zhang and gradually accepted to elucidate the photoemission of
nonconventional polymeric luminogens.3*3® The main principle of
CTE was the close contact of the nonconventional chromophores
leads to the overlapping of intra- and/or intermolecular electron
clouds, forming an extended conjugation that generate fluorescence
emissions. However, the fundamental principle of physical chemistry
hidden behind the abnormal emission phenomena remains highly
elusive, especially for the confirmation of the real emission center
and the principle of through-space electron interactions.3” Herein, a
new kind of PMV derivatives (PMVEMA) with NTIL properties was
reported. Hydrated hydroxide complexes embedded in the
entangled polymer chain make big difference on the AIE property of
nonconjugated PMVEMA. By manipulating the delicate interactions
between carbonyl groups and hydrated hydroxide complexes, we
successfully achieve precise control of emission colours from blue to
red. Combined with characterizations of steady-state and time-
resolved spectroscopy, we identify the emission center of
nonconventional polymeric luminogens, that is, the hydrated
hydroxide complex assisted p-band intermediate state (H,O0¢OH —
PBIS) resulting from the strong overlapping of p orbitals of the O
atoms of carbonyl and hydrated hydroxide though-space electron
interactions. Different with the widely accepted CTE mechanism, we
emphasize the predominant role of hydrated hydroxide. These new
insights into the photoemission mechanisms of NTIL should stimulate
additional experimental and theoretical research of nontraditional
chromophores for optoelectronics and other applications.



Results and discussion

These new kind of PMV derivatives with AIE properties were
prepared by alcoholysis with PMVEMA under appropriate alkaline
conditions (Scheme 1). The PMVEMA powder was pre-dispersed in
anhydrous ethanol to form milky suspension with ultrasonic
treatment. The formed PMVEMA/alcohol suspension disperse fast
when dropped into KOH aqueous solution. As dropping is finished,
yellow emulsion was obtained. After removing excess alcohol, the
mixed emulsion becomes semi-transparent yellow solution in the
daylight and the colour darkened with the increasing concentration
of KOH (Fig. S1f, inserted left). The formed aqueous PMVEMA-K
solution exhibits strong blue emission under UV irradiation (Fig. S1f,
inserted right). The emission wavelength gradually red shifted from
~400 nm to ~535 nm with the dosage of KOH increased from 0 g to 2
g (Fig. S1, a-e). After drying, the polymer films showed tunable
photoluminescent emission from blue to red under UV light (Fig. 1,
a-f, inserted pictures). The 3D emission spectra of the
photoluminescent polymer films were presented in Fig. la—f. It
indicated that the emission wavelength gradually shifted to longer
wavelength with the increasing dosage of KOH. Noting that all the
emission wavelengths are red shifted when dried from solution to
film which implies the formation of a more compact structure in film
state. The solidified film undergoes a dissolve-dry-dissolve process to
evaluate the stability of the emission center. The original film and
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dissolved solution were named as the 1%-film and 1%-solution. The
re-dried and re-dissolved samples were termed the 2"-film and 2"-
solution. Different with the reported PMV derivatives,?® the
PMVEMA-K film with intense red emission turn to yellow green when
dissolved in water, as shown in Fig. S2. This was probably cause by
the good water solubility of PMVEMA-K. When dissolved in water,
the preformed emission structure was broken and a looser emission
center formed due to the solvation effect. Noting that the red
emission could recovered by re-drying. The emission wavelengths of
2"-film and 2"-solution shifted to long wavelength compared with
1"-film and 1"-solution, and the emission was intensified which
implies an environment and assembly structure sensitive emission
center.

The emission mechanism of this nonconventional polymeric
luminogens with tenable emission wavelength was still elusive,
especially for their real emission center. Qiao et. al. ascribed the
metal carboxylate group to the blue emission center with the
excitation-dependent property, and the bulk carboxylic ester group
as the red emission center with the excitation-independent
property.?®> In addition, they found that the PMV solids could be
transformed into red-emission reagents by simple heat-treatment
and the red photoluminescence was attribute to the formation of
isolated C=C bonds.?”’” However, we find that the hydrolyzed
PMVEMA-K without carboxylic ester group exhibit the same emission
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Figure 1. The 3D photoluminescence spectra of PMVEMA-K films prepared with different dosage of KOH (alcoholysis). Insets show
corresponding photographs under UV light. Noting that the background scattering has been subtracted in the 3D photoluminescence spectra.
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Figure 2. UV-Vis diffuse reflection spectra of as-prepared PMVEMA-
K powders with different dosage of KOH (alcoholysis).

properties as alcoholyzed PMVEMA-K. As shown in Fig. S3, these
hydrolyzed PMVEMA-K films also showed tunable photoemission
from blue to red with the increasing dosage of KOH. So, what is the
real emission center for this pH controlled nontraditional intrinsic
luminescence of nonconventional polymeric luminogens? The
emission spectra of alcoholyzed and hydrolyzed PMVEMA-K films
indicated that the emission is mainly consisted of two typical
emission bands (blue: ~420, ~450, ~465, ~485 nm, red: ~580, ~605,
~625, ~650 nm), as shown in Fig. S4. The relative intensity of each
emission peak could be regulated by controlling the dosage of KOH.
The UV-Vis diffuse reflection spectra showed that these alcoholyzed
and hydrolyzed PMVEMA-K powders had significant absorptions in
UV and visible regions (Fig. 2 and Fig. S5). The broad absorption peaks
below 350 nm were ascribed to m—nt* and n—mt* transitions of C=0
bonds in aggregated state due to the conjugation or delocalization of
electrons between neighbouring carbonyl groups in the polymer

chain.'”-29 With the increase of KOH usage, two broad shoulder peaks
at ~450 nm and 550 nm appeared and intensified, which corresponds
to their 3D emission spectra and implies the formation of new
emission center caused by aggregation. Noting that even for the
excited state transition of clustered carbonyl groups, the absorption
at more than 400 nm usually cannot be distinguished.”-2% In addition,
we find that the water content of PMVEMA-K powders gradually
increased with the increasing dosage of KOH. Noting that two kinds
of water molecules (the physical and chemical adsorbed water) are
presented in the aggregation structure and the physical adsorbed
water molecules were removed by vacuum drying before doing
thermogravimetric measurements. As indicated in Fig. 3, all these as-
prepared PMVEMA-K powders contain a certain amount of bound
water. The decomposition temperature of bound water gradually
increased with the increasing dosage of KOH from 0 g to 2 g.
Simultaneously, the bound water content was dramatically increased
from 2.5% to 14.6%. Combined with further conducted spectroscopic
analysis, we can conclude that the hydrated hydroxide complex
dominates the AIE property of nonconjugated poly(methyl vinyl
ether-alt-maleic anhydride). It is reasonable that, in the confined
nanospace, the clustering of O atoms from carbonyl and hydrated
hydroxide through-space electron interactions, namely, overlapping
of these lone pair (n) electrons of p orbitals, extends the conjugation.
Thus, the corresponding intense absorption bands at more than 400
nm are observed with subsequent intense photoemission (Fig. 2).

A common feature for these nonconjugated polymers with AIE
properties is that their polymer chains always contain electron-rich
heteroatoms, including nitrogen (N), oxygen (O), sulfur (S) and
phosphorous (P), and so forth, which could promote the electron
communication through-space electron interactions. A descriptive
hydrated hydroxide complex assisted p-band intermediate state
(H,0*OH —PBIS) model was proposed to explain the origin of the
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Figure 3. (a-e) Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of as-prepared PMVEMA-K powders with different
usage of KOH. Noting that these samples were processed at 80 °C in an oven to remove the physical adsorbed water before doing
thermogravimetric measurements. (f) Correlations of the water content of PMVEMA-K powder versus dosage of KOH.
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Figure 4. Hydrated hydroxide complex assisted p-band intermediate
state (H,O*OH —PBIS) dominates photoluminescence of polymeric
luminogens. Schematic illustration of the alkalinity controlled AIE
properties of PMVEMA-K samples. The p-band emission center is
formed by the overlapping of p-orbitals of oxygen atoms in the
confined nanospace.

pH-controlled photoemission of nonconventional polymeric
luminogens. As shown in Fig. 4, these water-soluble polymer chains
gradually contracted during the dehydration process under certain
alkalinity condition. Finally, a new dense aggregation structure
formed and the hydrated hydroxide complexes were locked in the
local confined nanospace. At the nanoconfined space, the adjacent
O atoms locally interact with each other to form Rydberg matter-like
clusters by the overlapping of p-orbitals.3® 3° The delocalization of
the high-energy electrons produces a new overall lower energy state,
the so-called p-band intermediate state (PBIS),?° which acts as the
real emission center of nonconventional polymeric luminogens and
dominates their AIE properties. The hydrated hydroxide complexes
make big difference on the formation of p-band intermediate sate.
Firstly, it governs the aggregation structure of the carbonyl clusters
by hydrogen bond interaction. Secondly, these O atoms of hydrated
hydroxide complexes also contribute to the p-band emission center.
So, the emission properties of PMVEMA-K could be adjusted by
controlling the pH value. (1) KOH=0 g. When no KOH was added
during the hydrolysis process, most of these carboxyl groups are
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protonated (Fig. S6, red curve) and few hydroxyls are presented in
the nanospace. The emission center was formed by the clustering of
carboxyl groups and water molecules with blue photoluminescence
which often observed in Natural and synthetic nontraditional
luminogens.> 33 36,40, 41 (2) 0 g < KOH < 1.3 g. When KOH was
introduced into the system, the carboxyl groups start to deprotonate
and water molecules are presented as hydrated hydroxide
complexes. The emission center becomes the clustering of partially
deprotonated carboxyl groups and hydrated hydroxide complexes
with tunable emission wavelength from 430 to 485 nm. (3) KOH > 1.3
g. When the dosage of OH exceed 1.3 g, the carboxyl groups are
totally deprotonated (Fig. S6, blue curve). The emission center turns
into the clustering of deprotonated carboxyl groups and hydrated
hydroxide complexes with tunable emission wavelength from 580 to
650 nm. Based on our PBIS model, the p-band state was mainly
correlated with the distance between adjacent oxygen atoms.?° So
by controlling the alkalinity during the hydrolysis process of
PMVEMA, we successfully achieved the precise regulation of the
distance between these two adjacent oxygen atoms at the molecule
level.

Combined with these results, it gets clear that two kinds of
emission center with blue and red emission region were constructed
with the assistant of hydrated hydroxide complexes. This
consideration is supported by studying the luminescence lifetime of
as-prepared PMVEMA-K films with different dosage of KOH. As
demonstrated Fig. 5, the time-resolved fluorescence
measurements indicate that the average lifetime of these as-
fabricated prepared PMVEMA-K films with dosage of KOH less than
1.3 g is ~3.8 ns (fitted by three exponents) and the predominant
lifetime is in 1~3 ns range (Table s1). When the dosage of KOH
exceeds 1.3 g, the average lifetime of these as-fabricated prepared
PMVEMA-K films increases to ~5.3 ns (fitted by single exponent). The
simplification of emission lifetime components implies that a
compact and uniform emission center was formed under high
alkaline conditions. According to the H,OeOH —PBIS model and
considering the orientation of p orbitals in the space, it could
generate multiple p-band state in the same clustering assembly
structure with identical O-O distance, which was further verified by
the photoluminescence spectra. As shown in Fig. S4, a and c, the
emission spectra of PMVEMA-K films exhibit multiple emission peak
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Figure 5. Time-resolved luminescence decay profiles of as-prepared PMVEMA-K films with different dosage of KOH. (left: alcoholysis, right:

hydrolysis)
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Figure 6. (a, b) Emission spectra of as-fabricated PMVEMA-K films with different anions and cations. (c) PL increment of PMVEMA-K films
with increasing time of vacuumizing. Inset shows the corresponding PL intensity augment during the dehydration process. (d) Temperature-
dependent PL enhancement of PMVEMA-K. Inset shows the PL intensity is exponentially increased with decreasing temperature from 270 k
to 10 k. (sample a and b: alcoholysis, KOH=1 g; sample c and d: hydrolysis, KOH=1.5 g)

under a certain excitation wavelength. Differing from the localized
excitation of conventional chromophore, the emission of
nontraditional polymeric luminogens exhibit topological excitation
properties which induced by the dynamic combinations of p orbitals
of two adjacent oxygen atoms in different directions though-space
interactions.

Based on our H,0e¢OH —PBIS model, the photoluminescence of
PMVEMA-K should be sensitive to the adsorbed water molecules
including physical and chemical adsorbed water. To investigate the
influence of physical adsorbed water on the photoemission
properties of polymeric luminogens, we supervise the emission
spectra of PMVEMA-K powders during the dehydration process by
vacuumizing. In Fig. 6a, with increasing time of vacuumizing, the
photoluminescence intensity exponentially increased. The PL
intensity sharply increased ~30% in the first minute and then slowly
increased ~30% in the next hour and then sustained which implies a
dehydration process of unstable physical absorbed water.
Interestingly, the increased PL of PMVEMA-K would be recovered by
water absorption and the PL exhibits reversible evolution upon
dehydration/hydration process in vacuum/atmosphere conditions
(Fig. S7). This is consistent with experimental observations that the
PL of PMVEMA-K gradually weakened when exposed to atmospheric
conditions with high humidity. Too much physical adsorbed water
will destroy the structure of emission center by hydrogen bond
interaction which lead to the decrease of PL intensity. For the
chemical adsorbed water, it involves in the emission center and is
difficult to remove, as evidenced by thermogravimetric analysis (Fig.
3). To further verify the validity of H,OeOH —PBIS model, we

modified the photoluminescence signal of PMVEMA-K by regulating
the hydrogen bond. As shown in Fig. 6, c and d, Fig. S8 and Fig. S9,
the PL intensity was decreased when introducing other ions to
destroy the hydrogen bond. Owing to the salt-out effect, the dosing
of Hofmeister series ions perturbs the interaction between hydrated
hydroxyl complexes and surrounding carbonyl groups, leading to the
damage of preformed emission center. Consequently, PL emission of
PMVEMA-K was decreased. The PL of PMVEMA-K was temperature-
dependent due to their susceptible emission center. As shown in Fig.
6d, the PL intensity of PMVEMA-K powders significantly increased
with temperature dropping which implies the restriction of rotations
and vibrations of the hydrated hydroxide complexes assisted
emission center. From these results, we can conclude that hydrated
water complexes are crucial for stabilize the emission center of
nonconventional polymeric luminogens and these results provide an
effective method for controlling these ubiquitous weak interactions.
The previously reported abnormal emission phenomena for
nontraditional AIE luminogens now can be readily understood due to
the formation of diversity of PBIS with the assistance of hydrated
hydroxide complexes at the confined nanospace, including pH and
thermo sensitive photoemission,2® 27 42 solvatochromic effect,?* 2>
oxidation-controlled photoemission?® %3 and molecular weight-
dependent fluorescence.®



Conclusions

In summary, the nontraditional photoluminescence of PMVEMA
was readily modulated from blue to red using a pH-controlled
hydrolysis strategy. Based on the solid experimental evidences, we
first demonstrated that hydrated hydroxide complexes conducted
the construction of the emission center which dominates the AIE
property of nonconjugated polymeric luminogens. A hydrated
hydroxide complex assisted p-band intermediate state (H,O0¢OH —
PBIS) model was proposed to explain the origin of the pH-controlled
photoemission. The PL of nonconventional polymeric luminogens
was from the intermediate p-band state due to the overlapping of p
orbitals with high-energy lone-pair electrons through-space electron
interactions. The hydrated hydroxide complexes involve in the
construction of the p-band emission center, as well as regulate the
microstructure of the luminescent center at molecular level by
hydrogen bond interaction. The dynamic property of H,0¢OH —PBIS
makes it susceptible to the microenvironment, especially for the pH
condition which provides an avenue for modulating the
photoluminescence performance of nontraditional polymeric
luminogens. This proposed H,0¢OH —PBIS model is not only capable
for explaining the peculiar optoelectronic properties of
nontraditional AIE luminogens,> 22 3644 but also provides completely
new insights for the understanding of the photoemission process of
proteins.*>47
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