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The photophysical behaviour of phosphorescent rigidification-
induced emission (RIE) dyes is highly affected by their micro- and
nanoenvironment. The lifetime measure of RIE dyes dispersed in
polymers represents an effective approach to gain valuable infor-
mation on polymer free volume and thus develop materials poten-
tially able to self-monitor physical ageing and mechanical stresses.

Luminescent organic compounds in solid state have found
countless applications in the most diverse fields of research,
from LED systems' to stimuli-responsive switches® and
chemosensors.® This is due to their low cost, affordable scale-
up and lower or absence of toxicity compared to heavy metal
ion-based emitters and quantum dots. In some applications of
polymeric materials, the possibility of observing variations at
the nanometer scale may help in understanding slight changes
in properties and nano-organization that could have drastic
consequences on the material’s bulk properties.” In this con-
text, combining luminescent organic compounds and polymers
can be an excellent way to endow materials with the capability
of autonomously monitoring their long-term stability under
conditions that can change their physical properties before
failure.
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Aggregation-Induced Emission (AIE) molecules have bright
luminescence when aggregating in a solid state by restriction of
intramolecular motions (RIM).> This family of molecules can
display bright luminescence also in rigid environments, like in
frozen solution or supramolecular structure, so the term rigi-
dification induced emission (RIE) could also be employed.
Incorporation into the rigid environment of a polymer matrix
is an excellent strategy to inhibit the dye’s non-radiative decay
by RIM and, consequently, luminescence intensity and lifetime
increase.®”® This phenomenon can be smartly exploited to
acquire information about polymer behaviour, such as thermal
transitions, dissolution, crystallinity, phase separation, crack-
ing, and self-healing."®'! For instance, fluorescent AIE dyes
have been proposed as probes to determine polymer glass
transition temperature (7,)° and, recently, topology freezing
transition temperature (7,) in vitrimers."> These findings
encourage the use of AIE dyes as polymer additives to endow
materials with new functionalities, but there is still much room
for improvement.

In the present work, a step forward is the exploitation of the
phenomenon of phosphorescence that can bring several advan-
tages over fluorescence since it is a spin-forbidden process,
thus intrinsically slower than the spin-allowed fluorescence
process. The long phosphorescence lifetime enables time-
gated detection by recording the emission signal after a proper
delay from the excitation. This measurement is more precise and
allows the removal of undesired signals, like autofluorescence of
the matrix or scattering of the excitation light. To explore the
benefits of using phosphorescent RIE dyes as polymer additives,
we have selected the AlEgen hexakis(4-methyl-1-phenylthio)-
benzene (A6Me), known as one of the most phosphorescent
organic molecules in the solid state.>'* It is non-emitting in
solution at room temperature but in a rigid environment (ie. in
a frozen solution or a solid phase) it exhibits enhanced photo-
physical properties, with a very intense green phosphorescence
and a long lifetime (Table S1, ESIf) as a consequence of RIM."
A6Me is currently available on the market from several chemical
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Table 1 Glass transition temperatures (Tg) and emission properties of
polymeric films loaded with 2 wt% of A6Me

Sample T," [°C] Jmax [nm] ¢ [us]

PS-A6Me 97 530 8.5+ 0.8
PVAc-A6Me 43 520 18.7 £ 0.4
PLA-A6Me 59 550 22.6 + 0.4

“ Determined by Differential Scanning Calorimetry (DSC). > Emission
wavelength. ¢ Phosphorescence lifetime.

suppliers, which incredibly increases its scientific impact on
industry and academia.

A6Me was physically blended at a concentration of 2 wt%, with
different polymer matrices of industrial relevance, i.e. polystyrene
(PS), polyvinyl acetate (PVAc), and polylactic acid (PLA), by prepar-
ing films through solvent casting (see ESIt). The selected polymers
are completely amorphous with T, in the range of 40-120 °C,
whose values (Table 1) are not affected by the addition of A6Me
(Fig. S1, ESIt). The photophysical characterization is shown in
Fig. 1, where the behaviour of the pristine dye is compared with
the emissions obtained in the different unaged polymeric films.
In the case of A6Me, it was previously demonstrated that the
nature of the excited state has a significant charge transfer
contributions,”® which in turn is notoriously strongly influenced
by the polarity of the environment. The emission maximum of
A6Me varies in the different polymers, probably due to different
intermolecular interactions between the matrix and the dye. This
interaction can be determined by the nature of polymer side
groups, which can favor the “solubilization” of A6Me, depending
on the overlap of the electronic clouds of the dye and the polymer.
The effect of the matrix becomes more evident when recording
lifetimes (Table 1). In the case of the complete immiscibility of dye
and polymer, the lifetime is expected to be equal to that of the
pristine dye in the solide state (i.e. 3 ps, Table S1, ESIt). However,
when dispersed in the glassy polymers, A6Me always displays
longer lifetimes, indicating a good dispersion of the molecule in
the matrices and a possible effect of the matrix itself on the RIM
mechanism.

The next focus of the work was to assess if lifetime measure-
ments can provide information on local changes of polymer
free volume. To this aim, we characterized the dye emission
properties by measuring lifetime rather than the emission
intensity since the latter brings many problems associated with
its very nature. Indeed, the absolute value of emission intensity
is massively affected by the optical properties of the polymer
matrix (i.e. optical density, refractive index, sample thickness,
presence of voids/microcracks that can induce waveguide
effects or scattering, etc.) and the instrumentation parameters.
Therefore, a reliable comparison between the emission of two
different samples cannot be separated from the calculation of
the emission quantum yield. Differently, lifetime, being an
absolute measure, is not affected by the measuring conditions.
In this study, lifetime observation represents the keystone for
the application within the field of polymeric materials.

In glassy polymers, chain mobility decreases due to the free
volume reduction to reach a thermodynamically stable state.
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Fig. 1 (a) Sketch of the methodology applied to characterize starting films

doped with A6Me; (b) image of the polymeric samples under UV light;
(c) optical behaviour of A6Me: absorption spectra in CH,Cl, solution (left)
and emission spectra (right) of the chromophore in the solid phase and
dispersed in polymeric films of PS, PLA, and PVAc with Jeyc = 320 nm.

This phenomenon, known as physical ageing, is due to small-
scale chain relaxations that alter the local packing of the chains
and cause volume contraction. The practical consequence of
physical ageing is the increase of material brittleness, impair-
ing long-term applications.® Experimentally, ageing can be
investigated by dilatometry, calorimetry and spectroscopic
techniques such as positron annihilation lifetime spectroscopy
(PALS), FTIR, and UV-Vis spectroscopy based on photochromic
probes and labels.* By using A6Me as a probe, we can take
advantage of the long lifetime of the exited state and monitor
lifetime variations in polymers subjected to accelerated physi-
cal ageing. The polymeric films were thermally annealed at a
temperature below T, for a specific time. For each polymer,
Fig. 2a reports the lifetime of the dye and the enthalpy relaxa-
tion as a function of ageing time. As expected, the enthalpy
relaxation strongly increases at short ageing times for the
quenched samples, being far from the thermodynamic equili-
brium, and continues to increase up to 7 days, albeit with a

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Enthalpy relaxation (AH,eiax) (blue) and lifetime (red) of A6Me

as a function of ageing time for PS, PVAc, and PLA; (b) lifetime of A6Me

(red curve — sigmoidal fitting) measured in situ during stress—strain analysis of PS, PVAc, and PLA.

slower rate. Concomitantly, the dye’s lifetime increases, follow-
ing the same trend of enthalpy relaxation. Moreover, the
radiative constant of the deactivation of the phosphorescent
excited state increases upon ageing, while the non-radiative one
decreases (Table S3, ESIt). This result demonstrates that the
change in dye lifetime reflects the micro- and nanostructural
changes of the glass occurring during thermal annealing, and
can be related to the reduction of free volume, notoriously
accompanied by material densification. In other words, the free
volume available for A6Me rotational motions decreases with
ageing time, thus limiting the non-radiative decay pathways of
the excited state and enhancing the radiative deactivation.
Lifetime measurements were also carried out during tensile
stress—strain tests. Fig. 2b reports for each polymer both the
stress-strain curve and A6Me lifetime resulting from the fitting
of experimental data recorded by positioning the optical fibre
in front of the central area of the sample under tension (see
Fig. S4 and Table S5 for the fitting procedure, ESIf). As
expected, PS and PLA behave as rigid glassy polymers, showing
a linear elastic region at low strain characterized by a high
Young’s module, followed, in the case of PLA, by a fragile
fracture and, in the case of PS, by a short plastic deformation
before breaking. Differently, PVAc behaves as a thermoplastic
tough material, characterized by a lower Young’s modulus in
the elastic region and a strong yield followed by plastic defor-
mation at constant stress before breaking (see mechanical data
in Table S3 and Fig. S3, ESIt). A striking result is the evident
reduction of A6Me lifetime during the elastic deformation in all
host materials. In the case of PS and PLA, the lifetime linearly
decreases in the elastic regime, reaching, in the case of PS, a
constant value in the plastic regime. A similar behaviour, albeit

This journal is © The Royal Society of Chemistry 2023

with some differences, is observed in the lifetime of the dye
dispersed in PVAc. Here, again, the fast decrease of A6Me
lifetime occurs during matrix elastic deformation, but the
decrement persists after yield, up to 20% of deformation, till
reaching a constant value. The deformation mechanism of bulk
isotropic linear glassy polymers in uniaxial tension has been
the subject of intense experiments and numerical simulations
aimed at correlating the mechanical behaviour with the defor-
mation mechanism at the molecular level.'® Molecular
dynamics simulations of a glassy amorphous polyethylene
polymer under uniaxial tensile strength showed that the free
volume increases in the elastic region while it reaches a
constant value in the plastic deformation.’”” This deduction
nicely agrees with PALS analysis conducted on polycarbonate
that experiences an increase in free volume when subjected to
tensile deformation.'® Supported by these previous results, it is
conceivable that the observed decrease in A6Me lifetime is due
to the activation of dye motions in polymer sites where the free
volume increases in the elastic regime. Mechanochromic poly-
meric systems, capable of monitoring deformation and stress
to gain information on deformation mechanisms, are the
subject of intensive research.'®?® The strain threshold for
mechanoactivation can vary over a wide range, depending on
the polymer under investigation and on the mechanorespon-
sive species, but, mechanochromism is generally achievable
only after the yield point. This is the first observation of a
luminescent probe sensitive to elastic deformation and repre-
sents a significant step forward and, at the same time, a
starting point for future methodologies in this area.

In conclusion, we have developed auto-diagnostic materials
where A6Me dye works as a probe of free volume changes in the
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Fig. 3 Sketch depicting A6Me lifetime (zq) variation as a consequence of
physical ageing and tensile deformation. Dye’s lifetime in aged polymers
(taged) iNCreases as a consequence of free volume reduction, while dye’s
lifetime in mechanically stretched samples (tsyetched) decreases during
elastic deformation because of free volume increase.

surrounding polymeric matrices of three different polymers of
industrial relevance. This all-organic dye was chosen to exploit
its exalted and highly potent luminescence properties under
the effect of an AIE-based process. In this work, we focused on
correlating the dye’s lifetime with the changes in the surround-
ing micro- and nano-organized environment. The dye lifetime
is thus affected by small changes of free volume, occurring as a
consequence of physical ageing, but also by molecular move-
ments activated by mechanical stresses (Fig. 3).

Our methodological approach is based on: (i) an affordable,
metal-free, relatively non-toxic organic dye with exalted phos-
phorescent properties; ii) a simple preparation method consist-
ing in mixing a small amount of A6Me dye with the polymer
without compromising its properties, and (ii) on lifetime detec-
tion that can be performed in situ and circumvents issues
related to sample geometry and scattering effects, that may
limit the reliability of emission intensity measurements. These
results pave the way for further in-depth studies where phos-
phorescent AIEgens can be exploited to get helpful information
on structural motions and nanostructural evolutions of
polymers.
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