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ABSTRACT: Fluorescent polypropylene-based aerogels from ther-

moreversibly crosslinked networks have been developed. This facile and

efficient synthesis results in low-cost, recyclable, chemically resistant,

and highly porous functional materials. This process includes the

chemical crosslinking of polypropylene, followed by thermal phase 4 % eg.

separation and freeze-drying, yielding aerogels with specific surface S N T

areas up to 200 m*/g, according to nitrogen absorption—desorption . e T S S

measurements. This is significantly higher than that previously reported

for polypropylene porous materials. Besides characterizations of O/;/E\ D/P\/;O |:> O%\ «ﬁo

polymer networks by infrared spectroscopy and differential scanning 1O om0 O 0 N)’ 0 TO—EmE—0T 0 N
cx&O o 9

J

calorimetry, a suite of analytical techniques was utilized to characterize o

the skeletal framework of aerogels, including scanning electron hemi-ester CAN fluorescent CAN O
microscopy and small-angle X-ray scattering. These methods revealed

the highly porous nanostructural features of interconnected 3D networks. The modulation of the excited-state properties of the
incorporated luminophore is demonstrated and provides insights into their potential applications. Importantly, the aerogels have a
pronounced ability to retain toluene, affecting their fluorescence behavior over an extended time scale. This conceptual study
presents a low-cost solution for the preparation of highly porous materials that might offer versatility in functionality and may open
the door to further exploration and design of high-performance materials that can act very effectively in the sensing and adsorption of

organic molecules. The results also provide an intriguing direction for future research focusing on the molecular mechanisms driving
the observed fluorescence modulations.

1. INTRODUCTION aerogels based on polyimide'®™"* and polyurethane'®™"" are
the most notable in the literature. However, these materials are
often prepared from costly precursors, and their polymer
networks typically feature complex backbone structures. Based
on the chemical structure, including several functional and
aromatic groups, these aerogels may suffer from instability in
harsh environments. Moreover, the porous morphology, which
is often not easy to fabricate, needs complicated and multistep
processes to be prepared. Surprisingly, reports on the
fabrication of porous materials based on low-cost, highly
resistant, and nonpolar polypropylene (PP) are relatively rare.
PP is chemically resistant to solvents, bases, and acids, is a
commercially available polymer, is reusable, and is reasonably
economical. Especially with regard to the three-dimensional
(3D) porous architecture, it is the ideal material for sorption

Aerogels are an exceptional group of porous materials
characterized by their unique properties, such as extremely
low density, high surface area, or low thermal conductivity.
These materials exhibit a three-dimensional micro/mesopo-
rous structure."”” Aerogels have garnered significant attention
in various scientific fields, including catalysis,3 chemical
sensing,’ energy storage devices,” and medical applications.’
Aerogels can be prepared from their respective gels through
several methods, with supercritical fluid drying being the most
common. Alternatively, a facile freeze-drying one-step process,
which avoids the use of complicated techniques, holds
technological significance. Traditional silica aerogels, invented
by Kistler’ in the early 1930s, were surpassed by the
emergence of polymer aerogels in 1989.% Also, several studies
have been devoted to the modification of the silica aerogels

with an organic component to resolve the issues with Received: November 8, 2024
sensitivity to moisture and fragility by endowing hydro- Revised:  March 18, 2025
phobicity to the system.9 Accepted: March 20, 2025

Apart from the intrinsic properties of aerogels, polymer Published: April 1, 2025

aerogels offer improved mechanical properties, flexibility in
chemical functionalities, and ease of processing. Currently,
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and separation applications. A hydrophobic—superhydropho-
bic surface allows oil to be attracted very efficiently. In this
respect, PP is among the best precursors for preparing super oil
sorbents. For instance, Erbil et al.*° reported a super-
hydrophobic PP gel-like porous coating. Lin et al.*' and
Othman et al.”* developed PP macroporous membranes with
potential applications in separation processes. Lang et al.”* and
Hong et al.”* demonstrated excellent separation performance
and lipophilic organic loading properties in PP-based
composite porous materials. In the similar vein, PP sponges
reported by Wang and Uyama®™ and Saleem et al.”® were
proven to be effective sorption materials in practical
applications. Furthermore, PP/silica composite aerogel materi-
als reported by Choi et al”’ and Yoda et al.”® exhibited
enhanced mechanical robustness and low thermal conductiv-
ities. However, these materials typically showed specific surface
area values well below 100 m’/g. PP aerogels were also
demonstrated to be very potent platforms for the construction
of phase-change materials™**’

The potential functionalization of the PP chain and
subsequent crosslinking could result in a polymer network
that serves as a precursor for aerogel fabrication with enhanced
structural stability. It has been shown that crosslinked PP
provides improved mechanical properties.’”’’ Recently, we
demonstrated that crosslinked PP structures could serve as
suitable precursors in aerogel processing.”’> By substituting
permanent crosslinks with dynamic crosslinking structures,
materials can achieve enhanced properties inherent to covalent
adaptable networks (CANs).”> CANs are defined as cross-
linked network structures formed by dissociative or associative
dynamic covalent bonds between polymer chains, depending
on external stimuli.’”*** The implementation of dynamic bonds
presents an interesting approach for directly converting
conventionally covalently crosslinked polymers into CANs,
offering properties beneficial for material processing, such as
reshaping, recycling, or repairing. This attractive chemical
strategy, which introduces exchangeable chemical bonds, is a
rapidly emerging field, extending the realm of adaptable
organic polymer networks.

Functionalizing the nonreactive PP backbone can be
challenging. Accordingly, maleic-anhydride-grafted PP may
serve as a valuable springboard for constructing CANs based
on esterification. This approach offers the additional advantage
of retaining reactive carboxyl groups after the hydroxyl groups
react with maleic anhydride, forming a hemiester network.
Herein, we present the synthesis of PP-based networks with
thermoreversible covalent crosslinking and their processing
into aerogel materials with high surface areas. Furthermore, as
little attention has been paid to the preparation of function-
alized aerogels, we introduce 1,8-naphthalimide (NI) units into
aerogels by covalent bonding with the polymer network,
demonstrating the concept of functional aerogel materials. The
NI scaffold and its derivatives play a key role in fluorescent
materials and dyes and have found applications in various
scientific fields.”” The aerogel functionalized in this manner
would be of considerable research interest, as the conventional
sources of fluorescence used in aerogels are heavy-metal-based
quantum dots, which raise safety concerns.”’ Additionally,
fluorescent polyolefins have attracted significant attention due
to their wide range of potential applications in sensing,
fluorescent probes, light-emitting diodes, information storage
devices, sorting of plastics, quantifying plastic recycling, and
more.’

To the best of our knowledge, no report on aerogels based
on fluorescent adaptable PP networks has been published to
date.

2. EXPERIMENTAL SECTION

2.1. Materials. Isotactic polypropylenes grafted with 3 wt
% maleic anhydride (iPP-g-MA) (P1, commercialized as
G301S5, Eastman) and with 8—10 wt % maleic anhydride
(P2, Sigma-Aldrich), crosslinkers (poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (M, =
1100, C1), poly(ethylene glycol)-block-poly(propylene gly-
col)-block-poly(ethylene glycol) (M, = 1900, C2), and glycerol
ethoxylate (M, = 1000, C3) (Sigma-Aldrich)), N-(2-
hydroxyethyl)-1,8-naphtalimide (NI, 1ClickChemistry Inc.),
N,N-diisopropylethylamine (Sigma-Aldrich), 4-dimethylami-
nopyridine (DMAP, Sigma-Aldrich), and benzoic anhydride
(Sigma-Aldrich) were used as received. Solvents for synthesis
and workup obtained from commercial suppliers were used
without any further purification.

2.2. Characterization. IR spectra were recorded on an
FTIR spectrometer Nicolet iZ10 (Thermo Scientific, USA)
with a DTGS detector using the ATR technique, with a
spectral resolution of 4 cm™" and a spectral range of 4000—400
cm™. Variable-temperature IR spectra were recorded on an
FTIR spectrometer Nicolet 6700 with MCT/A cryodetector,
with a resolution of 2 cm™' and an accumulation of 128 scans
(recording of one spectrum took 2 min; temperature
corresponds to values at the middle of the measurement
period). Spectra were recorded using the DRIFT technique in
an in situ chamber under a flow of nitrogen (4.0) with a flow
rate of 10 mL/min, heated from 25 °C to the target
temperature with a ramp rate of 5 °C/min. The background
was measured at 25 °C in the cell with an optical mirror under
the flow of nitrogen. The parent polymer P2, supplied as
granules, was ground using a CryoMill (Retsch, Germany)
before measurement. The grinding process was performed
under continuous cooling with liquid nitrogen for 4 min at a
frequency of 30 Hz and using zirconium oxide grinding balls
and jar. The porosity and total specific surface area were
measured by the N, adsorption method at the boiling
temperature of liquid nitrogen (77 K). Prior to adsorption
experiments, samples were evacuated at 40 °C for 12 h. The
total surface area was evaluated by using the Brunauer—
Emmett—Teller (BET) method. The porosity distribution and
average width of pores were evaluated by the Barrett—Joyner—
Halenda (BJH) and density functional theory (DFT) methods
using the N,-DFT model with a regularization of 0.1. The
experiments were performed with the 3Flex instrument
(Micromeritics, Norcross, GA, USA), and the measured
parameters were evaluated using Flex software (Micrometrics,
Version 6.01). The structural analysis of samples was
performed using UHR-FE-SEM Zeiss Ultra Plus. The samples
were fixed on aluminum stubs using double-sided carbon tape;
the samples were not modified or metal-coated before the
analysis. Gentle beam conditions, including a low accelerating
voltage of 1 kV and low probe currents >1 pA, were used to
obtain images because of the beam sensitivity and low average
atomic number of the observed material. The images in
topographical contrast were acquired using a highly efficient
InLens secondary electron detector. The fluorescence spectra
of the powder samples were measured in the solid state.
Samples were prepared on microscope ground glass slides,
which were precoated with a thin layer of carbon in a vacuum
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deposition chamber. The luminophore-polymer samples were
then mounted on the carbon-coated slides using an Entellan
microscopic adhesive. A small drop of adhesive was placed on
the slide, and the solid sample was carefully deposited into the
adhesive using a spatula. Once the samples were applied, they
were cured on a heating plate set to 60 °C for 15 min to ensure
proper adhesion and adhesive hardening. After curing, any
excess sample material was removed using compressed air to
clean the surface. Excitation and emission spectra were
recorded using a Horiba Jobin Yvon Spex 3 spectrofluor-
ometer. All spectra were corrected using the factory calibration
functions to ensure accuracy. Emission spectra were excited at
370 nm and measured at a detection angle of 22.5° relative to
the excitation beam. For time-resolved fluorescence measure-
ments, decay profiles were acquired using a laser diode (372
nm), with the decay signals recorded using the single-photon
counting technique. The experimental setup was blank-
controlled, with comparison spectra collected to account for
background noise and to ensure reliable data interpretation. In
the time-resolved fluorescence decay experiments, the
excitation diode was held constant at 372 nm, while the
emission decay was measured at different wavelengths across
the 395—500 nm range, with a step size of 5 nm. The steady-
state spectra and time-resolved measurements were combined,
and a detailed analysis of the time-resolved emission spectra
(TRES) was performed. This approach allowed for the
observation of emission dynamics at multiple wavelengths,
providing comprehensive insights into the decay behavior of
the luminophore within the polymer matrix. Differential
scanning calorimetry (DSC) was performed to evaluate the
thermal properties. A differential scanning calorimeter (a
Metller Toledo DSC1 Star unit) was employed for thermal
analysis to discern the differences in heat between the PP
networks. The samples were heated from 25 to 190 °C in an
inert nitrogen atmosphere at a flow rate of 50 mL/min.
Thermal gravimetric analysis (TGA) was carried out using a
TGA QS00 instrument to investigate the thermal stability of
the aerogels. Small-angle X-ray scattering (SAXS) studies were
performed on SAXSPoint 2.0 instrument (Anton Paar) with a
MetalJet X-ray source (Excillum) with 1.34 A wavelength and
an Eiger R 1 M Horizontal detector at a sample detector
distance of 777 mm, using beamstop (2 mm Si) and 30s
acquisition time for each frame (10). Data analysis was
conducted with the SASfit* tool for modeling and analysis of
small-angle scattering.

2.3. Typical Procedure for the Synthesis of Cross-
linked PP Materials. iPP-g-MA, P1 (6 g), was dissolved in p-
xylene (100 mL) at 120 °C (30—60 min). Then, N,N-
diisopropylethylamine (0.9 mL), 4-dimethylaminopyridine (19
mg), and benzoic anhydride (0.42 g) were added, and the
resulting mixture was stirred for 10 min. Next, the crosslinker
C1 (in an equimolar ratio of OH/maleic anhydride) dissolved
in p-xylene (10 mL) was slowly added, and the resulting stirred
mixture was allowed to react at 120 °C overnight. After cooling
to room temperature, acetone (50 mL) was added, the mixture
was filtered on sintered glass, and the solid was rinsed with
ethanol (2 X 50 mL) and acetone (2 X S0 mL). The product
was dried in vacuo (10 mbar, at least 2 h). This procedure
formed a white—off-white powder in an isolated yield of 5.5—6

2.4. Typical Procedure for the Functionalization of PP
Networks with 1,8-Naphthalimide (NI). P1C1 (3 g) was
dissolved in p-xylene (50 mL) at 120 °C (30—60 min). Then,

N,N-diisopropylethylamine (0.5 mL), 4-dimethylaminopyri-
dine (23 mg), and benzoic anhydride (0.20 g) were added, and
the resulting mixture was stirred for 10 min. Next, N-(2-
hydroxyethyl)-1,8-naphtalimide (178 mg) was slowly added,
and the resulting stirred mixture was allowed to react at 120 °C
overnight. After cooling to room temperature, acetone (SO
mL) was added, the mixture was filtered on sintered glass, and
the solid was rinsed with chloroform (2 X 50 mL), ethanol (2
X 50 mL), and acetone (2 X 50 mL). The product was dried in
vacuo (10 mbar, at least 2 h). This procedure formed a white—
off-white powder in an isolated yield of 2.8—2.9 g.

Assignment of PXCY refers to polymer/aerogel produced
from polymer PX (X = 1, 2) and crosslinker CY (Y = 1, 2, 3).
PXCYF refers to polymer/aerogel functionalized with a
fluorescent NI unit.

2.5. Typical Gelation and Drying Procedure. The
powdered samples were dissolved in p-xylene (typically 100
mg/mL) at 120 °C (30—60 min). Thereafter, the systems were
quenched to a desired temperature to solidify and poured into
cellulose tubes saturated with xylene (airtight plastic tubes).
The gels, which formed within 30 min, were aged in the molds.
The solvent within the gels was then gradually exchanged with
acetone in 24 h intervals starting with 25% p-xylene in acetone,
followed by pure acetone (6x). Thereafter, the home-built
freeze-drying (liquid N,, 0.3 mbar) apparatus was used to
obtain aerogels from the respective gels (Figure S1). The
device consisted of a rotary oil pump, which was connected to
the cold trap via a separation valve that protected the pump
against oil contamination. At the end of the system, there was a
stainless steel vacuum chamber (75 mL) with an additional
vacuum port enabling vacuum level measurement. Addition-
ally, a needle valve was used to slowly aerate the system after
the solvent extraction process. The samples were placed in a
chamber filled with liquid nitrogen, and then the entire
chamber was immersed in liquid nitrogen to completely cool
down. In the next step, the system was evacuated to 0.3 mbar
and kept overnight.

2.6. Interaction with Toluene. The appropriate aerogel
sample was placed in a Horiba solid-state plate sample holder.
The surface was smoothed with a spatula, covered with a
crystal glass plate, and measured at an angle of 22.5°, with
excitation at 380 nm. A drop of toluene was added to the
sample well containing the specimen, and the interaction
between toluene and the sample was monitored through
changes in the fluorescence intensity at specific time intervals:
10 min, 1, 2, and 18 h. However, consistent sample positioning
during measurements proved to be challenging, particularly
due to the dynamic changes in fluorescence as toluene
evaporated. Consequently, certain data sets were omitted due
to variability (for PIC2F and PI1C3F), and the results
presented here should be considered preliminary. Nonetheless,
they offer valuable initial insights into the dynamic interaction
of toluene with the dye and aerogel materials. The presented
data have been carefully selected for their robustness and their
capacity to clearly illustrate the main trends and mechanisms
under investigation.

2.7. Adsorption Experiments. A PP aerogel (10 mg) was
dipped in 10 mL of toluene aqueous solution (200 mg/L) for
24 h under stirring at room temperature in a sealed glass vial.
The amount of toluene adsorbed by the aerogel was obtained
using a UV/vis spectrometer (PerkinElmer, Lambda 35); from
the calibration curve, the initial and final toluene concen-
trations in water were determined. The absorbed quantity was
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converted to the mass of toluene absorbed (mg)/mass of PP
aerogel (g) by using eq 1

_ (c0 - ce) XV
2. m (1)

where ¢, and ¢, are the initial and equilibrium toluene
concentrations (mg/L), respectively, V is the volume of the
aqueous solution (L), and m is the weight of the aerogel (g).
The toluene concentration was taken from the UV absorption
peak at 261 nm through a calibration curve.

Blank samples were included in the test runs to account for
adsorption due to the experimental material only and, mainly,
for the evaporation of toluene during manipulation.

2.8. PP Film Preparation. Powdered samples were
dissolved in p-xylene/methyl ethyl ketone (3/2, 2.5 mL
total) at 120 °C (10 min max), and thereafter, the hot solution
was drop-cast onto glass. The samples were left at ambient
conditions overnight and then dried under reduced pressure
(0.2 mbar, ~3 h). The flat solid films were characterized by
scanning electron microscopy (SEM) (Helios S PFIB Cxe
DualBeam FIB-SEM; accelerating voltage, 0.5 kV; probe
current, 3.1 pA; images in the topographical contrast were
acquired using a TLD detector in the BD mode) and contact
angle measurements (drop shape analyzer-Kriiss-advance,
software 1.16 DSA-30, at least 20 measurements per sample).

3. RESULTS AND DISCUSSION

PP-CANs were constructed by the reaction of maleated
isotactic PPs (P1 or P2) with capped-end block polyether
alcohols C1—C3 in an equimolar ratio (Scheme 1). The

Scheme 1. Reaction Path Leading to the Thermoreversibly
Crosslinked Fluorescent PP Networks and Structures of the

Crosslinkers
crosslinker O?S\ /\‘(\/;O
o —
OH HO
o~ HO—G®—0H OG0 N\S

P1 M,~47000, MA=3 wt.%! PXCY
hemi-ester CAN

(where X=1,2,Y=1,2,3)

{C1 M,=1100 l
1C2 M,=1900

S 0)

fluorescent CAN

optimal conditions for esterification were achieved using a
DMAP-catalyzed mixed anhydride system.””*" This catalytic
system was also employed for the post polymer modification
with the fluorescence NI unit (see Experimental Section). The
reaction between the maleic and hydroxy groups, leading to a
hemiester formation, was monitored by FTIR analyses. For
instance, the vibrational bands of the parent polymer P2 at
1770 and 1712 cm™, which are assigned to the carbonyl
vibrations of maleic anhydride and the carboxylic acid group
(formed by hydrolysis under wet storage conditions),

respectively, were significantly reduced upon reaction with
crosslinker C2 (Figure 1). A new carbonyl vibration located at

P2 M\L’\b
@
Q
c
@
2
?
2 P2C2F
<
Bl M
1 1 1 1 1 " 1 1
3000 2500 2000 1500 1000

Wavenumber [cm ]

Figure 1. FTIR spectra of the crosslinked polymer P2 (P2C2) and
fluorescent-labeled network P2C2F.

1734 cm™' appeared, which is assigned to the ester group.
Additionally, the intensive vibrational band at 1105 cm™,
assigned to the C—O vibrations of the polyether chain of the
crosslinker, was slightly reduced upon the reaction of the
polymer network with NI, forming P2C2F. This reduction
may indicate partial de-crosslinking. The other two vibrational
bands at 1718 and 1668 cm™ are inherent to the NI unit.
The thermoreversibility of the crosslinking was investigated
using DSC measurements, as shown in Figure 2. The double

1 v T v T v T

Heat Flow [W/g]
@

6 . 1 . 1 N ! s
100 120 140 160 180

Temperature [°C]

Figure 2. DSC thermograms of heating scans of polymer P2 (dotted
lines) and polymer network P2C2F (solid lines) treated with three
heating—cooling scans.

endothermic peak at around 140—160 °C is connected with
polymer melting and the melting of a small fraction of the
random ethylene copolymer of the highly isotactic PP.*
Evidence of the thermoreversibility is demonstrated by the
shoulder peak centered at 138 °C, indicating cleavage of the
ester bonds in P2C2F. After being subjected to three heating—
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cooling cycles, DSC heating scans still present a noticeable
peak around the same position. This is a clear indication of the
reformation of covalent ester bonds during subsequent cooling,
a peak that is notably absent in the parent polymer P2.
Therefore, it is expected that the material can be reprocessed at
elevated temperatures. Moreover, this covalent crosslinking
provides a more environmentally friendly alternative for
polyolefin crosslinking.

The thermoresponsive behavior was further investigated by
variable-temperature IR spectroscopy. As shown in the spectra
in the difference mode (initial spectrum at 25 °C subtracted)
for the parent polymer P2 in Figure 3 (top), the intensity of
the vibrational band at 1712 ecm™}, assigned to the carboxylic
acid group, was significantly reduced on increasing the
temperature. At the same time, the intensity of vibrational
bands around 1770 and 1850 cm ™, assigned to the asymmetric
and symmetric carbonyl vibration of the maleic anhydride
group, respectively, increased as cyclization to the anhydride
between carboxylic groups occurred. Meanwhile, one can
transiently observe the appearance of a new vibrational band at
1750 cm™’, originating from carbonyl vibrations associated
with carboxylic groups, among which the hydrogen bonding is
disrupted by the increased temperature. A similar pattern is
observed for the polymer network P2C2 (Figure 3, middle),
and moreover, the intensity of the vibrational band around
1730 cm™' associated with ester groups is reduced by
increasing the temperature. These changes are most
pronounced when the temperature reaches 140 °C, which
corresponds with the observations from DSC (vide supra).
After cooling back to 25 °C, no significant changes were
observed except the higher content of maleic anhydride groups
with respect to the state before the heating procedure, thus
providing proof of the thermoreversibility of cross linking.
Finally, similar changes were also observed for the polymer
network P2C2F (Figure 3, bottom), but they are less intense.

The thermally induced phase separation (TIPS) method was
used for the preparation of aerogels from the prepared polymer
networks. Here, homogeneous solutions were prepared at an
elevated temperature. After phase separation, achieved by
cooling the polymer solution, the diluent in the wet gels was
replaced by acetone. The gels were subsequently dried by using
a facile freeze-drying method. The highly porous nano-
structural features of interconnected 3D networks are shown
in Figure 4. Microscopically, all aerogels exhibit similar
morphologies composed of spongy aggregates of spherulites
and fibrilates with uniformly interconnected pores. These
nanostructural hierarchical features generally fall within the
lower tens of nanometers. An increase in the inhomogeneity
and size of pores, along with a lower degree of porosity, was
observed for the aerogel derived from polymer P2. This may
be due to the denser packing of polymer chains, an observation
consistent with the BET results (vide infra). Additionally, it
was shown that the introduction of the NI unit into the
polymer network did not affect the aerogel morphology, as
demonstrated by the comparison with the P1C1 aerogel (see
Figure S13 and Table 1).

Significant differences in morphology and pore structure are
evident when compared to the previous literature on PP
porous materials. For example, a cellular pore morphology with
a pore size of around 9—17 um was reported for PP
membranes prepared by TIPS.*” Similarly, the PP sponge
reported by Wang and Uyama,” prepared by the TIPS
method, exhibited a macroporous structure with an average
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200 nm

Figure 4. SEM micrographs of the aerogels: ( A) P1CIF, (B) P1C2F,

(C) P1C3F, and (D) P2C2F.

Table 1. Summary of the Specific Surface Area, Pore
Volume, and Average Pore Width of Aerogels

aerogel
P1C1“
P1CI1F
P1C2F
P1C3F
P2C2F

specific surface area

pore volume

[m*/g] [em®/g] [nm]
191 0.77 10
185 0.74 10
172 0.71 11
172 0.70 10
103 0.33 8

average pore width

“Refer to Figure S13 for graphical data.

pore size of approximately S pm. In contrast, the aerogel
architectures reported here are similar to those we reported
recently using crosslinking without dynamics.”> This compar-
ison highlights that while other TIPS-prepared PP materials
tend to have larger macropores, the dynamic crosslinking
approach used in the current study results in a nanostructured
aerogel with interconnected 3D networks and smaller pore
sizes. This structural characteristic is advantageous for

applications requiring a high surface area and porosity, as
achieved in our aerogels.

The pore structure of the aerogels was probed by nitrogen
absorption and desorption measurements. The nitrogen
adsorption—desorption isotherms at 77 K and the pore size
distribution profiles are shown in Figure S. The data on surface
area, pore volume, and average pore width are summarized in
Table 1. The N, absorption isotherms do not reach a well-
defined saturation plateau at high relative pressures, indicating
a large portion of the macropores. Simultaneously, the shapes
of the isotherms suggest that the materials are mesoporous,
with average pore widths between 8 and 11 nm and a relatively
narrow pore size distribution. The shapes of the hysteresis
loops, characterized by parallel branches, suggest the presence
of cylindrical pores. The pore volume and average pore width
were determined using the desorption branches of isotherms
by applying the BJH model.** Similar values for specific surface
area, pore volume, and average pore width were achieved
independent of the crosslinker used with polymer PI.
However, the specific surface area and pore volume of the
aerogel P2C2F were significantly lower compared to those of
the aerogels made from polymer P1. This difference may be
due to variations in the structural arrangement, inhomogene-
ities, and surface defects, corresponding with SEM observa-
tions, resulting in significant changes in porosity.

The skeletal framework of the aerogels was further examined
using SAXS, which revealed more detailed information about
their structures. Representative X-ray scattering profiles are
shown in Figure 6. Several models, including the Beaucage
unified model, were applied over the entire Q-range, but the
fits were of low quality. However, the scattering profiles are
characterized by well-separated curvatures, allowing for
analysis using the classical Guinier and power-law equa-

ions**** with minimum subjectivity. The structural levels
consist of power-law regions I and III, which appear linear on
the log—log plots in Figure 6, and the Guinier knee regions II
and IV, indicative of characteristic length scales. These regions
are roughly separated by vertical lines in Figure 6 to facilitate
the identification of different structural levels. The Guinier
regions indicate the presence of characteristic length scales
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Figure S. N, adsorption—desorption isotherms of aerogels (A) and their pore size distribution profiles (B). To enhance clarity on the porous
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Figure 6. SAXS analyses of aerogels. (A) P1C1F, (B) P1C2F, (C) P1C3F, and (D) P2C2F (refer to Table 2 for information on the SAXS data).

associated with the aerogel structures, while the power-law
regions provide information about the fractal dimensions and
the nature of the scattering entities within the aerogels. This
combination of Guinier and power-law analyses helps in
understanding the hierarchical organization and the distribu-
tion of pores and particles within the aerogels, contributing to
the comprehensive characterization of their skeletal frame-
works.

Strictly speaking, the Guinier analysis is valid only for highly
dilute particle systems. However, it is possible to derive the
aggregate size under the assumption of independent
scattering.*® The high-Q Porod-law region (I), with a slight
oscillation of intensity at Q ~ 1.8 nm™, is attributed to primary
aggregates and provides information about the surface
characteristics of the primary aggregates themselves. The
slopes of the data in region I yield surface fractal dimensions D
to be in the range of 2.5—2.8, indicating uneven and rough
surfaces (Table 2). The Q-region that roughly corresponds to
region II was approximated by the extended Guinier analysis,
yielding the radii of gyration R, (1) of the primary aggregates
to be in the narrow range of 2.2—2.3 nm. This suggests that the
primary aggregates are composed of closely packed PP
segments, with almost no influence from the crosslinker. All
samples display similar R, values, indicating that the primary
aggregates in all samples are of comparable size. The slopes of

Table 2. SAXS Data for Aerogels with Reference to Figure 6

aerogel Dg” R, (1) [nm]® R, (2) [nm]*
pic1? 26 22 6.7
P1C1F 2.7 23 6.6
P1C2F 2.6 2.3 7.2
P1C3F 2.5 2.2 7.1
P2C2F 2.8 2.3 6.9

“Surface fractal dimensions of primary aggregates from power-law
region L. bRadius of gyration of primary aggregates from the Guinier
region II. “Radius of gyration of secondary aggregates from the
Guinier region IV. “Refer to Figure S13 for graphical data.

the second, lower-Q power-law region, corresponding to region
III, were lower than —4, indicating that the primary aggregates
assemble into the secondary aggregates nonfractally. The radii
of gyration of the secondary particles R, (2) were calculated
from the second low-Q curvature of the scattering profile
(region IV) and ranged from 6.6 to 7.2 nm, indicating a
noticeable effect of the crosslinker. The length scale of the
secondary aggregates also corresponds to the SEM observa-
tions. Furthermore, combining SAXS and SEM results suggest
that the lower values of surface characteristics obtained from
BET for aerogel P2C2F are caused by structural effects at the
macroporous level, as the SAXS results on the nanoscale level
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Figure 7. Emission (solid) and excitation (dotted) spectra (A) and natural log of fluorescence decays (B) of NI and aerogels; A, = 370 nm, the
excitation diode in fluorescence decays was held at 372 nm, and the emission wavelength was 450 nm.

provide values similar to those of the other aerogels. This
indicates that while nanoscale structures are consistent across
different aerogels, macroporous structural differences signifi-
cantly impact the BET surface area measurements.

In summary, while all samples share some common
structural features, distinct differences in their surface rough-
ness and aggregate sizes highlight their unique characteristics.
The sizes of the primary aggregates are fairly consistent across
all samples, indicating uniformity in their fundamental building
blocks. However, the secondary aggregates show more
variation, potentially affecting the bulk properties of the
aerogels such as their porosity.

The thermal stability of the aerogels was studied by TGA,
and the TGA curves are illustrated in Figure S14. The aerogels
decompose at 450—460 °C at a sharp rate. The study proved
that all of the samples decompose at approximately the same
temperature, independent of the parent polymer or crosslinker.

In the emission and excitation spectra presented in Figure
7A, notable differences are observed between the free dye (NI)
and the dye bound to the polymer. These differences, seen in
both emission and excitation spectra, reflect the significant
influence of the polymer matrix on the behavior of the dye.
The excitation spectrum of free NI shows a sharp absorption
band around 400 nm. The spectrum is relatively well-defined,
with minimal influence from its environment, as expected in a
free dye sample. Additionally, the spectrum shows a broad
shoulder around 275 nm. This shoulder suggests the presence
of higher-energy electronic states that contribute to the
absorption behavior of the free dye. The appearance of the
broad shoulder seen in the excitation spectrum of the free dye
is diminished or truncated in the dye bound to the polymer
network, suggesting that the polymer environment restricts
access to certain higher-energy states. Shifts in the excitation
maxima suggest that the polymer slightly alters the electronic
structure of the dye. These shifts indicate that the energy
required for excitation is modified, likely due to interactions
between the dye and the polymer, such as changes in polarity
or specific dye—polymer interactions that stabilize or
destabilize certain electronic transitions.

Regarding the emission spectra, the free dye exhibits a sharp
and intense emission peak around 460 nm. The emission
maxima of the aerogels are significantly blue-shifted compared
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to the free NI unit. This optical response may be attributed to
the reduced aggregation and intermolecular charge transfer of
NI following the incorporation into the polymer network.*’
Importantly, the strong fluorescence of NI is preserved within
the network architecture, even though only a very low amount
of NI is incorporated, as determined by the degree of grafting
on the PP chain. This demonstrates the effectiveness of the
functionalization process in maintaining the optical properties
of the NI units within the aerogel structure. The results are
summarized in Table S1 and are further supported by the
measurement of time-resolved decays.

The decay profiles for all samples in Figure 7B demonstrate
both fast and slow components, indicative of multiexponential
decay dynamics. The free NI luminophore shows a relatively
simple monoexponential decay, with a lifetime of approx-
imately 19.6 ns, suggesting a single dominant emissive state,
likely free from significant quenching effects or nonradiative
decay mechanisms, although at higher wavenumbers, possible
formations of the excimers could be observed, indicated by the
negative pre-exponential factors in the mathematic fits.
However, for the bound luminophore, the polymer network
introduces additional pathways for decay, reflected by the
appearance of the shorter decay components. Table 3 presents

Table 3. Fluorescence Decay Time Constants 7, and 7, (in
Nanoseconds) of NI and Aerogels

sample 7, [ns] 7, [ns]
NI 19.6

PICIF 10.0 (60%) 1.8 (40%)
P1C2F 8.9 (74%) 1.5 (26%)
PIC3F 9.0 (64%) 1.4 (36%)
P2C2F 12.7 (56%) 1.1 (44%)

the fitted fluorescence decay time constants, with the relative
contributions of individual component to the overall decay.
Aerogel P2C2F, for instance, exhibits both a fast decay
component at around 1.1 ns (44%) and a slower component at
12.7 ns (56%), indicating significant nonradiative deactivation.
This could result from energy transfer processes or quenching
within the polymer matrix. The polymer environment likely
facilitates these interactions, causing a faster decay of excited
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Figure 8. Emission spectra of aerogel P1IC1F (A) and P2C2F (B) before and after the addition of toluene.

states. P1C1F shows a biexponential decay (10.0 and 1.8 ns
components), further suggesting the involvement of the
polymer matrix in mediating the excited-state dynamics.
Similarly, PIC3F demonstrates a primary decay at 9.00 ns
(64%) and a faster component at 1.4 ns (36%), again
highlighting the role of the polymer matrix in accelerating
nonradiative processes.

The evaluation of the TRES (Figures S15 and S16) did not
yield any unexpected results, although the analysis encountered
certain challenges due to the solid state, as the granular nature
of the polymer made it difficult to ensure uniform positioning
of the sample. To account for this, control measurements were
repeated with the sample placed in different positions,
confirming the consistency of the data despite the variability
in the sample distribution. The evaluated curves were
mathematically fitted using a Python 3.7 script with a log-
normal function. For the pure NI dye, the shifts in the
emission maxima were marginal as time progressed and did not
cause significant broadening or narrowing of the emission
peak. The changes in full width at half- maximum (fwhm) were
within the detection limits of the method used, indicating
minimal structural or environmental perturbations affecting the
dye in its free state. Upon binding the NI to the polymer
matrix, the observed blue shift became less pronounced
(Figure S15), and there was a minor but detectable narrowing
of the fwhm (Figure S16), particularly for sample P1C3F,
where this narrowing was most evident. This again
demonstrates sensitivity to the polymer matrix, affecting
molecular freedom and interactions with the chromophore.
In summary, the TRES and decay profiles demonstrate that the
polymer matrix has a significant impact on the photophysical
behavior of the bound luminophore. The free NI dye exhibits
relatively simple monoexponential decay and stable emission
maxima, while the polymer-bound samples show more
complex decay dynamics, including fast and slow decay
components, along with broader, blue-shifted emission spectra.
These findings highlight the importance of the polymer
environment in modulating the excited-state properties of
luminophores with potential implications for applications in
fluorescence sensing, optoelectronic devices, and other areas
where a controlled photophysical behavior is critical.
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To shed light on the possible applications, the interactions
between aerogels and toluene as a common representative of
volatile organic compounds (VOCs) were investigated by
fluorescence spectroscopy (see the Experimental Section).
Significant fluorescence quenching was observed in all cases
within the first 10 min after the addition of toluene. This rapid
decrease suggests 7—7 interactions between the electron-rich
toluene molecules and the electron-deficient NI, likely
involving intermolecular charge transfer suppressing fluores-
cence. For the pristine NI, the relative luminescence intensity
recovered quickly as toluene evaporated (see Figure S17). In
aerogel-containing samples, as shown in Figure 8, the
evaporation of toluene was notably slower. This delayed
evaporation suggests a strong physical interaction, involving
van der Waals forces and hydrophobic interactions,*® between
toluene molecules and the porous aerogel matrix. The
prolonged quenching indicates a deeper penetration of toluene
into the porous structure, leading to extended retention of the
toluene within the nanoporous network with extensive
sorption sites and spaces for toluene entrapment.

Although the high sorption performance of PP aerogels of
lipophilic organic compounds might be expected, as reviewed
in the Introduction and demonstrated above, the adsorption
from aqueous solutions has not been addressed. This is due to
the low surface energy and high hydrophobicity of PP causing
strongly limited interfacial molecular transport. However, our
preliminary results show a rather surprising efficiency in the
adsorption of toluene from aqueous solution. The results of
toluene adsorption are presented in Figure S18. The toluene
uptakes of aerogels P1C1F, P1C2F, and P1C3F are almost
identical, ranging between 12 and 15 mg/g. The toluene
uptake from the P2C2F aerogel is significantly higher, i.e., 20
mg/g, than that for the aerogels from the P1 polymer. This
indicates the possible surface activation of the P2C2F aerogel
corresponding with the higher density of polar groups on
polymer P2 leading to the more efficient interfacial molecular
transport between the hydrophilic solution and hydrophobic
surface. To support this, the PP coatings obtained by casting
onto glass slides from solution were subjected to the water
contact angle measurements (see the Experimental Section).
The coatings of P1C2F and P2C2F were homogeneous over
the whole area (see Figure S19). On the other hand, the
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coatings of P1C1F and P1C3F suffered from inhomogeneity,
and the results from the measurement were omitted due to the
significant variability; there were cracks throughout the whole
coatings. Nevertheless, the comparison between P2C2F
surface with a contact angle of 141° & 5° and P1C2F surface
with a contact angle of 159° + 8° clearly demonstrate the
transition from a hydrophobic to a superhydrophobic surface
and thus a lowering of the surface energy. This is the main
factor affecting interfacial molecular transport, which is more
efficient in our case for P2C2F.

Thorough and complex studies will be separately conducted
to discover the potential in adsorption of VOC pollutants from
aqueous solutions. Finally, we emphasize the importance of
experimental corrections when handling with VOC, because of
rapid evaporation when using common laboratory techniques,
as was observed in our study, possibly causing significant
experimental errors. Hence, it is necessary to include blank
samples in the test runs, as in our study, to account mainly for
the evaporation of toluene during manipulation. Unfortunately,
such a practice is not quite common in the literature.

4. CONCLUSIONS

In summary, a group of highly porous PP-based materials with
fluorescent functionality were prepared by exploiting a facile
synthetic strategy and low-cost precursors. The implementa-
tion of thermoreversible crosslinks offers significant benefits for
further material processing and recycling. Combined BET,
SEM, and SAXS analyses were employed to elucidate the
porous architecture of the aerogels. The aerogels retained the
photoluminescent response of the covalently bound fluores-
cent probe even when incorporated in a low amount. The
importance of the polymer environment in modulating the
excited-state properties of the luminophore was demonstrated,
with potential implications for applications in areas where
controlled photophysical behavior is critical. This advanta-
geous feature replaces the conventional use of heavy-metal-
based quantum dots in aerogels. The steric hindrance of the PP
network restricts the aggregation of fluorophores, leading to
shifted emissive features in the solid states. The study also
highlights the dynamic interaction between toluene and the
neat luminophore and aerogel samples. While fluorescence
quenching and recovery were observed for the luminophore,
the aerogels demonstrated a pronounced ability to retain
toluene, affecting the fluorescence behavior over extended time
scales. The results provide an intriguing direction for future
research focusing on the molecular mechanisms driving the
observed fluorescence with the aim to target the design of
functional hydrophobic materials, which could specifically
facilitate adsorption or sorption of oil molecules. The built
strategy for preparing functional porous PP-based materials is
expected to be taken as a potent platform for further
exploration and the design of high-performance recyclable
materials, particularly for applications such as the sorption or
adsorption of various organic molecules in connection with
sensing.
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