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Controlled Molecular Diffusion in Fluorescent Polymer Films
for Label-Free Detection of Volatile Organic Compounds
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Davide Comoretto,* and Paola Lova*

Aggregation-induced emission has eliminated the problem of fluorescence
quenching in the solid state, making molecules with this property excellent
candidates for vapor sensing due to their portability and ease of
interpretation. Here, films of polystyrene / 2-[4-vinyl(1,10-biphenyl)-
40-yl]-cyanovinyljulolidine copolymers are reported that exhibit
aggregation-induced emission behavior for the detection of toluene, m-xylene,
dichloromethane, and chloroform. After exposure to the analytes, the
emission of the copolymers shows significant changes in intensity and
spectral shape corresponding to the reduced microviscosity of the molecular
environment. However, these changes are similar for different analytes,
resulting in low chemical selectivity. Therefore, label-free selectivity is
achieved by controlling the molecular diffusion of the four vapor analytes
within the films using the Flory–Huggins solution theory with capping layers
of cellulose acetate (CA) and poly(vinyl alcohol) (PVA) polymers.

1. Introduction

Human exposure to volatile organic compounds is a known cause
of health complications,[1] making their detection essential in in-
dustrial or urban settings.[2] Unfortunately, the current widely
employed quantitative analysis is cumbersome, complicated, and
cannot be done by untrained personnel.[3] As such, simple and
fast sensors are needed for environmental and industrial mon-
itoring. In this context, fluorescent indicators have long been a
reliable means of chemical sensing,[4] specifically widely used
in biology and tissue imaging.[5] However, their utility is often
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limited to solution because of fluores-
cence quenching in the solid state.[6] The
phenomenon of aggregation-induced
quenching has been extensively studied
and is commonly attributed to increased
non-radiative relaxation pathways for the
fluorophores as the distance between
them decreases, and intermolecular
forces start modifying the electronic
states.[7] In this context, the discovery
of fluorophores exhibiting an enhanced
quantum yield in the solid state or
aggregates[8] has presented a paradigm
shift for applications including light-
emitting devices,[9] smart responsive
materials,[10] and sensing.[11] These fluo-
rophores exhibit an aggregation-induced
emission (AIE) where the lumino-
gens are referred to as AIEgens, as a
direct opposite to the aforementioned

aggregation-induced quenching phenomenon.[12] Multiple
mechanisms of fluorescence enhancement exist for AIEgens,
including J-aggregate formation, twisted intramolecular charge
transfer, excited-state intramolecular proton transfer, and
restriction of intramolecular motion.[11] For the latter, the immo-
bilization of the AIEgens in the solid state or aggregates blocks
the non-radiative vibrational and rotational relaxation pathways.
Fluorescent molecular rotors (FMRs) are a common example of
AIEgens used as viscosity probes.[13] This typology of AIEgens
are molecules with chromophore units linked with flexible
bonds that are free to rotate in solution (segmental mobility)
and whose rotation is restricted in aggregates, in the solid state
and even in viscous media, causing radiative relaxation and high
fluorescence quantum yield, as schematized in Figure 1a. Thin
films of polymers employing AIE have seen increasing interest
as vapor sensors.[14] In fact, the integration of such AIEgens
in polymers has been demonstrated as a viable way to make
fluorescent thin films sensitive to vapor analytes, where the
change in the microviscosity due to the solvent-induced plasti-
cization of the polymer modulates the fluorescence intensity.[15]

Equation (1) describes the relationship between the fluorescence
quantum yield (ϕ) and the viscosity (𝜂), where c is an experimen-
tal constant, and y is the viscosity sensitivity of the FMR[16] in
typical Förster–Hoffmann behavior.[17] The viscosity sensitivity
of FMRs depends strongly on their molecular design and has
the highest theoretical value of 0.66.[18] Since quantum yield
variations are perceived as intensity variations, this provides
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Figure 1. a) Fluorescence quenching of AIEgens in an environment of de-
creasing viscosity, b) structure of P(STY-co-JCBF) CP.

a straightforward transduction signal where the fluorescence
intensity is expected to increase with increasing viscosity.

log𝜙 = c + y log 𝜂 (1)

Previously, a copolymer of polystyrene (STY) and the AIEgen
2-[4-vinyl(1,10-biphenyl)−40-yl]-cyanovinyljulolidine (JCBF)
showed fast quenching with different kinetics upon exposure
to different volatile organic compounds.[19] JCBF should indeed
act as a viscosity-sensitive AIEgen in the glassy polystyrene
(PS) matrix, owing to the presence of the cyanovinyljulolidine
moiety (red square, Figure 1b) and the rotation around the
julolidine–vinyl bond, as shown in the chemical structure of the
copolymer P(STY-co-JCBF) in Figure 1b, henceforth referred to
simply as copolymer (CP). The copolymerization was proven to
lead to faster quenching as compared to only dispersing JCBF
in a PS matrix.[19] However, without chemical labeling, some
analytes cause a similar response, which is a common limitation
of dye-based systems.[20] This is especially relevant as the prin-
cipal mechanism of sensing for the AIEgen in question is not a
chemical reaction but rather the physical resistance to molecular
rotation caused by the viscosity of the effective medium.

Multiple approaches have been implemented to increase the
selectivity of optical readout sensors circumventing chemical la-
beling, including utilizing arrays of responsive films and us-
ing multivariate analysis to identify the analytes.[21] Another is
adding a capping layer that selectively influences the diffusion
of possible vapors to the active medium. This approach has
been demonstrated as a means of selectivity in sensors based
on semiconducting polymers[22] as well as colorimetric solvent
sensors.[20] Importantly, for sensors based on thin polymer films,
the interactions between the polymer and the analyte have been
shown to rule the diffusion and hence the kinetics of the re-
sponse. We have indeed previously shown that engineered mul-
tilayered polymer structures significantly influence the diffusion
behavior in photonic sensors based on the Flory–Huggins solu-
tion theory.[23]

The specific polymer–solvent interactions, represented by the
Flory–Huggins interaction parameter 𝜒 , of a polymer–solvent

Figure 2. Normalized absorbance (black) and fluorescence (red) of
P(STY-co-JCBF) a) in chloroform solution and b) in thin film collected at
normal incidence (black) and by tilting the sample by ≈20° (light grey) on
a fused-silica substrate.

pair are also expected to influence the quenching kinetics. As the
value of 𝜒 increases, the permeability of the solvent in the poly-
mer strongly decreases,[24] causing a barrier effect.[25]

The parameter can be calculated as in Equation (2) using the
molar volume of the analytes (VM) and the squared difference be-
tween the Hildebrand solubility parameters for the components
considered (Δ𝛿2) (neglecting entropic contributions).[26] The lat-
ter represents the difference in the density of cohesive energy
between polymers and solvents such that higher solubility is rep-
resented by a smaller Δ𝛿2.

𝜒 = VM
Δ𝛿2

RT
(2)

In this work, we report on the fluorescence of thin CP films
incorporating AIEgens as well as using polymer barrier layers to
control the selectivity of disposable AIE-based vapor sensors for
toluene, chloroform, dichloromethane, and m-xylene.

2. Results and Discussion

2.1. Copolymer Absorbance and Fluorescence

Figure 2 compares the absorbance (black) and fluorescence (red)
of the CP in solution (a) and as a thin film (b). The absorbance in
chloroform solution in Figure 2a shows a high absorbance in the
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Figure 3. Fluorescence quenching: spectra collected for the unexposed
film (black) and after exposure to vapors of chloroform, m-xylene, toluene,
and DCM for one minute.

violet and UV with a peak at ≈420 nm. The thin film (black line
in Figure 2b) shows a complex spectrum with intense absorption
in the UV and violet range followed by a broad signal in the vis-
ible range. This second signal is associated with the presence of
an interference pattern. The nature of this signal is confirmed
by comparing the spectra of the film collected at a normal inci-
dence (black line) and by tilting the sample by ≈20° (light gray
line). While the spectral shape on the signal in the UV and violet
range remains mainly unchanged tilting the sample, the peak po-
sitioned in the long wavelength side of the spectrum shifts with
the angle, which is a characteristic behavior of the interference
pattern.

The photoluminescence of the solution peaks at about 520 nm
and extends almost through the entire visible spectrum. Con-
versely, the film emission is blue-shifted, narrower, and peaked
at 480 nm. The effect of different starting concentrations on the
fluorescence of the cast films and the impact of their drying is re-
ported in Figure S2 (Supporting Information). Drying the resid-
ual solvent in the film causes an increase in the fluorescence in-
tensity due to the rise in the viscosity of the film.

2.2. Fluorescence Quenching

The same principle applies when exposing thin films of the
CP to different analytes. Figure 3 shows the fluorescence spec-
trum of the CP thin film cast on glass before exposure to any
analytes (black line) and after one minute of exposure to va-
pors of m-xylene (red), toluene (blue), chloroform (green), and
dichloromethane (DCM, orange). All the spectra are normalized
to their initial intensity for a clear comparison. The spectra show
that after one minute of exposure to the vapors, the fluorescence
is already noticeably quenched for all the analytes, with quench-
ing extent highest for exposure to DCM followed by chloroform,
toluene, and finally m-xylene. Also, minor spectral shifts of the
emission peak are observed for all analytes. From Equation (1),
the intensity is expected to decrease with decreasing viscosity and
thus with increasing concentration of vapor in the polymer film.
As the vapor pressure of a liquid (Pv) is correlated to its concentra-
tion, we examine the relationship between Pv (see Table 1) and the

Table 1. Vapor pressure for all tested analytes and Flory–Huggins interac-
tion parameters for the used analyte-polymer pairs.

Solvent Pv [kPa][27] T0.2 [min] 𝜒PS 𝜒PVA 𝜒CA

m-xylene 1.1 8.8 1.14 3.71 4.64

Toluene 3.9 2.9 0.82 2.88 3.65

Chloroform 25.5 2.2 0.41 1.78 2.31

DCM 57.8 0.9 0.14 0.98 1.33

fluorescence quenching extent after one minute for our system.
Indeed, the strongest quenching takes place on exposure to DCM
(Pv = 57.8 kPa), followed by chloroform (Pv = 25 kPa), toluene
(Pv = 3.9 kPa) and the slowest being m-xylene (Pv = 1.1 kPa). The
different quenching efficiency appears affected by to the differ-
ent analyte vapor pressure. The quenching time related to the va-
por pressure is reported in Figure S3 (Supporting Information).
There, we report the time needed for the CP to reach 20% of its
original intensity (T0.2) for the different analytes (see also Table 1).
T0.2 appears clearly correlated to the inverse of the vapor pressure.
This suggests that the analyte concentration in the environment
mainly dominates the quenching extent.

2.3. Polymer–Vapor Interactions

As stated in the introduction, the Flory–Huggins interaction pa-
rameter, 𝜒 , of a polymer–solvent pair is also expected to influence
the quenching kinetics in polymer matrices. This is used as a dif-
ferentiation mechanism to increase the selectivity of the sensor
using capping layers with different solubility in the analyte than
the PS comprising most of the matrix of the CP. The values of the
Hildebrand solubility parameters for both polymers and analytes,
as well as the molar volume of the latter, have been retrieved from
literature[26] and used to calculate 𝜒 for all the analyte-polymer
pairs investigated. Table 1 reports the Flory–Huggins interaction
parameter that exists between all the analytes and PS, which is
used as an approximate equivalent for the CP (due to the high
mole percent of PS in the CP), and for two other polymers: PVA
and CA used in the study. These polymers were also selected as
their solvents do not interact strongly with the CP, allowing se-
quential spin-coating of capping layers without damaging the flu-
orescent film (see materials and methods section).

The CP fluorescence quenching observed in Figure 3 appears
to be also correlated to 𝜒 as it is stronger for solvents displaying
lower 𝜒 with PS, as expected. This suggests the interaction with
DCM is the strongest and hence is estimated to be the fastest,
and the trend continues for the other analytes, with the slowest
being m-xylene.

On the other hand, lower and more diverse solubilities were
retrieved for the three molecules with respect to PVA and
CA (higher 𝜒).[26] As such, the two polymers are anticipated
to slow the diffusion speed of the non-polar toluene and m-
xylene, also having larger molecular sizes than chloroform and
dichloromethane.[26] Therefore, simply employing one or both
of these materials as capping layers can, in principle, rule the
diffusion kinetics of the analytes to the sensitive CP film, thus
making the response to the different analytes more distinguish-
able, achieving higher selectivity. Layers of the CP of ≈0.5 μm
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thickness were thus capped with PVA and CA films of roughly
0.5 and 1 μm, respectively (see thickness profiles in Figure S4,
Supporting Information). Three sets of samples were made, one
of CP covered by a single layer of CA, one of CP covered by a
layer of PVA and another of CP covered by CA, then PVA in such
order.

2.4. Quenching Dynamics

To get a more comprehensive view of the quenching during ex-
posure, Figure 4 shows the intensity of fluorescence at the peak
emission wavelength of the tested films as a function of the ex-
posure time (contour plots showing the whole exposure for all
wavelengths are reported in Figures S5–S8, Supporting Informa-
tion). While the CP films are surely sensitive to all the analytes, it
is rather complex to distinguish them from the other by analyzing
only emission intensity quenching. At the beginning of the expo-
sure for the CP film (Figure 4a), the quenching rate is observably
different for all analytes, as seen from the slope of the lines. Af-
ter the relatively fast initial quenching stage, the quenching slows
down to ultimately reach an equilibrium. Indeed, after reaching
equilibrium, the quenching extent values are rather similar for
all the analytes (Figure 4a, summarized below in Figure 4e), thus
making the system hardly suitable for specific detection. Cap-
ping the CP with CA, modifies the quenching dynamics, which
results slowed down for the analytes with the largest molar vol-
ume, which are toluene and m-xylene (Figure 4b). However, the
system reaches the equilibrium in a rather fast timeframe, mak-
ing again the analytes difficult to distinguish. Conversely, PVA
capping instead provides better diffusion kinetic, and therefore
fluorescence quenching is significantly slower than in the previ-
ous cases. This facilitates the recognition. However, non-unique
intensity values marked with “*” in Figure 4c) induce uncertainty
in the measurement. Last, employing CA and PVA as capping lay-
ers slows the kinetics and modifies the equilibrium state, which
is now different for chloroform and DCM, thus allowing full se-
lectivity among the four analytes (Figure 4d).

For the CP film, different analytes lead to very similar long-
term quenching to less than 10% of the initial signal (Figure 4e),
which means it is difficult to distinguish the different analytes
through intensity observation alone. However, the introduction
of the capping layers changes the perspective. For example, us-
ing the CA capping layer, the quenching of the m-xylene is de-
layed, which establishes a mechanism to differentiate between
the aromatic hydrocarbons m-xylene and toluene. The polar PVA
layer on its own decreases the quenching extent for all analytes
significantly (ranging from ≈20% for DCM to 80% for toluene),
but more so for the non-polar m-xylene and toluene. However, the
induced difference in quenching intensity for the chlorinated sol-
vents (around 30%) also allows for their differentiation. Finally,
using two capping layers of different materials provides a distinct
intensity difference between the chlorinated and aromatic com-
pounds, making using multiple barrier layers a viable possibility
for future developments in selective sensors.

Further examination of the quenching dynamics reveals more
information about the diffusion of the analytes in the films. First,
it is notable that there are different regimes during the exposure
for several film-analyte pairs. For example, the exposure of the
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CP film to DCM and chloroform, both chlorinated compounds,
causes a fast quenching in the first minute, followed by a slightly
slower regime which quickly flattens out (Figure 4a). In the case
of the exposure of the CP film to toluene, the quenching instead
is at first slow, then speeds up after around 36 s and then slows
down again for exposure longer than 100 s. Unexpectedly, the
addition of a CA film on top of the CP (Figure 4b) causes an ini-
tial increase in the quenching rate on exposure to m-xylene with
respect to the pristine copolymer. Then, in a clear 2-step mech-
anism (see Figure S9b, Supporting Information), the quenching
slows down to a steady rate. For both toluene and chloroform,
the quenching rates instead decrease, and a sharp increase in
intensity occurs after around 4 s for both, returns to normal,
and then occurs again at around 200. As for the DCM, no sig-
nificant change is noted. Conversely, as shown in Figure 4c, the
CP film capped with PVA displays a substantial variation in the
quenching kinetics, slowing down for all analytes diffusion and
becoming linear. This might be due to the polar nature of PVA
films. However, the influence on the rate of quenching is dif-
ferent for each analyte. Finally, for films composed of three lay-
ers, besides slowing the diffusion and quenching, the intensity
reached a plateau for the chlorinated analytes chloroform and
DCM (Figure 4d). On the other hand, the quenching caused by
exposure to toluene and m-xylene is much slower, and linear in
the observed time frame, allowing their easy optical recognition
from the chlorinated compounds. Clearly, it is evident that for the
same analyte, the fluorescence quenching kinetics and extent are
influenced strongly by the capping layers. The sudden changes in
the intensity in the initial part of the exposure for CP on its own
and that capped with CA might be attributed to the occurrence of
Langmuir adsorption first as a fast mechanism.[28] The following
linear portion of the quenching is then assumed to be controlled
by the diffusion related to the Flory–Huggins parameter.

The quenching rate (i.e., (ΔI/I0)/Δt)) was extracted by fit-
ting the initial linear part of the fluorescence quenching of
Figure 4, not considering the rapid initial drops occurring for
example in CP-CA films on exposure to m-xylene (Figure 4b,
red line). In this time domain, the diffusion is considered fick-
ian as accumulation is negligible.[29] The extracted rate is re-
ported in Figure 5 for all the different film-analyte systems
(black squares, right axis). It is worth noting that the differ-
ent values for the rate imply very different quenching kinet-
ics for the systems, with the slowest being the PVA-capped
one.

In addition, the effective Flory–Huggins parameter 𝜒eff (which
is the thickness-averaged 𝜒 for the polymers forming the multi-
layered films) was calculated and multiplied by Pv and the value
is reported in red in Figure 5. There seems to be a general corre-
lation for solvents with higher 𝜒 and higher Pv (See Figure S10,
Supporting Information for the sensor response at different an-
alyte concentration) to cause a faster quenching, except for CP
exposed to chloroform. This might be because the systems’ thick-

Figure 4. Fluorescence intensity quenching as a function of exposure time
for: a) CP film, b) CP capped with CA, c) CP capped with PVA, and d)
CP capped with both CA and PVA on exposure to m-xylene (red), toluene
(blue), chloroform (green) and DCM (orange). e) Quenching extent for
fluorescent films after exposure to different analytes after 20 min.

Figure 5. Quenching rate (black squares) and the product of the 𝜒eff and
Pv for the a) CP, b) CP-CA, c) CP-PVA, and d) CP-CA-PVA films on exposure
to different analytes.

ness and polarity are not accounted for in the calculations. As dis-
cussed earlier, the quenching kinetics appear to be multi-staged
and complex. In fact, multiple interfering mechanisms, includ-
ing solvent accumulation at the barriers, diffusion acceleration at
the layer interfaces, and molecular relaxation could be at play, as
reported for similar systems in the literature.[19,25]

3. Conclusion

In summary, we demonstrate that a random copolymer of
polystyrene and the fluorescent AIEgen JCBF is a promising
disposable solid-state vapor sensor. We probed its fluorescence
intensity as a thin film and the influence of exposure to dif-
ferent volatile organic compounds on it. Most importantly, we
demonstrate that simple capping layers of different polymers can
be a versatile and simple tool for controlling the specificity of
the response of the thin-film sensor without changing the used
polymers. While exploratory, the results are promising for both
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sensing applications as well as investigations of diffusion kinetics
in polymer matrices.

4. Experimental Section
Synthesis of P(STY-co-JCBF): JCBF and P(STY -co-JCBF) were synthe-

sized and characterized according to the literature.[19] For the synthe-
sis of the random copolymer, a solution of JCBF (0.025 mmol), styrene
(4.800 mmol) and azobisisobutyronitrile (AIBN, 0.037 mmol) in 5 mL of
anhydrous toluene was introduced into a dry reaction tube and the poly-
merization was let to proceed at 60 °C for one week. The polymer was
then recovered by precipitation in methanol with a yield of 40% and a JCBF
content of 0.34 mol%. The number average molecular weight of P(STY -
co-JCBF) was Mn = 11 000 g mol−1 with a polydispersity of Mw/Mn = 1.6,
a glass transition temperature Tg = 102 °C, and degradation temperature
of Td = 420 °C.

Thin Film Fabrication: The CP P(STY -co-JCBF) was dissolved in chlo-
roform to give solutions of 5, 8, 10, and 20 mg mL−1. The solution was
stirred for 24 h before casting. The solutions were then spun at 20 rev-
olutions per second (rps) for 20 s onto square glass substrates (1 inch
side) or round fused silica substrates (1.5 cm diameter). Solutions of cellu-
lose acetate (CA, Sigma Aldrich, Mw 46 000) and poly(vinyl alcohol) (PVA,
Sigma Aldrich, Mw 40 000) at a concentration of 30 mg mL−1 in diacetone–
alcohol and water/ethanol mixtures (75:20), respectively, were cast by dy-
namic spin coating at 175 rpm. In this case, the solution was also stirred
for 24 h before deposition. All films were stored in Petri dishes and dried
in the dark under room conditions for at least 24 h before use. The films
cast from the solution CP with a concentration of 8 mg mL−1 were used to
prepare the sensors. They were either used as is or coated with a layer of
CA, PVA, or both polymers. CA was treated with 30 s air plasma (Gambetti,
Colibri) prior to PVA deposition to improve coverage and homogeneity of
the subsequently cast PVA film. Since the thickness of the polymer film has
an influence on the molecular diffusion coefficient in polymer films[25] and
thus on the response kinetics, all samples were prepared under identical
conditions to avoid being influenced by this parameter.

Absorbance Measurements: Absorbance measurements were per-
formed using UV-1800 Spectrophotometer (Shimadzu, Kyoto, Japan).

Reflectance Measurements: Reflectance was recorded through a cus-
tomized optical fiber-based setup consisting of deuterium and tungsten-
halogen sources (Micropak, DH2000BAL, spectral range 230–2500 nm)
employing reflectance from a UV-enhanced aluminum mirror (Thorlabs,
PF10-03-F01) as a reference. The light was transmitted to and from
the sample through an optical fiber (Avantes, FCR-7UVIR200-2-ME) and
was detected through an AvaSpec-ULS4096CL-EVO spectrometer (CMOS,
spectral range 200–1100 nm, resolution 1.4 nm).

Analytes: The tested analytes were chloroform (anhydrous, >99%,
Sigma–Aldrich), dichloromethane (DCM, anhydrous, ethanol stabilized,
SupraSolv, Supelco), toluene (ACS reagent, >99.5% Sigma–Aldrich), m-
xylene (ReagentPlus, 99%, Sigma–Aldrich).

Fluorescence Intensity Measurements: Films were cut into ≈10 × 7
mm2 rectangles for fluorescence measurements during vapor exposure.
These were performed in a custom-built setup schematized in Figure S1
(Supporting Information). The samples were placed inside a fused silica
(Hellma QS macrocells) cuvette at 45° to avoid collecting edge-guided flu-
orescence signals as well as reflected laser beams. The optical fibers-based
setup allowed the facile collection of the fluorescence signal during expo-
sure to analyte vapors. Fluorescence variations were collected upon CW
excitation with an Oxxius 405 nm continuous wavelength laser focused
on a 1 mm2 spot. The fluorescence signal was collected using the same
spectrometer used for reflectance measurements. Long-pass optical filters
(RazorEdge LP 442 RE and EdgeBasic LP 205 R, Semrock) were used for
the collected fluorescence to eliminate the excitation laser signal. Excita-
tion and collection were performed at 90°. Vapor exposure was achieved
by adding ≈0.5 mL of the desired analyte to a glass pouch and allowing the
closed pouch to be saturated with the vapor at room temperature (Figure
S1, Supporting Information). Afterward, the bulb was fitted to the cuvette,
and the fluorescence was recorded each second for 20 min. Fluorescence

of the solutions was measured using the same excitation source, fibers
and spectrometer while changing the holder to allow for appropriate exci-
tation/collection geometry.

Thickness Measurements: Film thicknesses were determined through
Atomic Force Microscope (AFM) measurements through the scratch
method. The films were first scratched, and the profile was measured to
determine the height of the polymer film. Measurements were performed
in tapping mode using Nanosurf CoreAFM microscope. Analyses of the
scans were performed using the open-source software Gwyddion.[30]

Statistical Analysis: Measurements of steady-state absorption and PL
were normalized to maximum spectral intensity. Quenching measure-
ments were normalized by the maximum spectral intensity at zero expo-
sure time. Quenching dynamics were determined after normalization as
the emission intensity at 480 nm. Quenching values were derived from
the quenching dynamics at a given time. No outliers were excluded. the
𝜒-values were calculated according to Equation (2). All data analyses and
fits were performed using OriginLab software, with errors represented by
x ± standard deviation.
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