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ABSTRACT: Polymer films are widely used in packaging, 2 11x
electronics, and biomedical technologies. Preparing thin polymer & esn:nas':::; :m
films with temperature and humidity sensing capabilities can T
enable the improvement of device performance, durability, and

functionality. In the present work, we report on thin fluorescent

m 1 1.51°C"
polymer films that can detect small temperature changes with

excellent sensitivity over a wide temperature range from 20 to 60 ‘

©

°C. The probe was prepared using poly(phenylene ethylene)
(PPE-CO,-108) in complexation with a polymer mixture of
polyvinylpyrrolidone (PVP) and poly(1-vinylpyrrolidone-co-vinyl
acetate) (PVP-VA). The macromolecule mixture resulted in clear 0 20 4 60
and colorless films. Upon heating, we observed up to an 11-fold Temperature (*C)
increase in the fluorescence intensity, which was recorded using an

unmodified and commercially available camera. The thermal response profile of these films could be tuned by altering the polymer
composition and ratio. The best-performing films had an absolute sensitivity of 1.51 °C™". The enhanced fluorescence signal was
preserved even after several days of heat exposure; however, it would revert to its original intensity when exposed to humidity. As
such, these prepared films can act as an on—off temperature sensor and as an on—off humidity sensor. ATR-FTIR measurements
revealed that the actuating mechanism of the polymer films is through water adsorption—desorption in the polymer film.
Fluorescence confocal imaging of the films before and after heating revealed a significant transformation in their morphology.
Initially uniform, the films became highly porous upon heating, forming a distinct network-like structure. As a proof of concept, we
demonstrated that these thermally sensitive films could serve as a valuable tool for investigating localized heating effects, such as the
hyperthermia induced by magnetic nanoparticles embedded in thin polymer matrices.

Fluorescence Enhancement
o

Humidity

KEYWORDS: poly(phenylene ethylene), poly(1-vinylpyrrolidone-co-vinyl acetate), Humidity sensing, Thermal sensing,
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B INTRODUCTION

The measurement of humidity and temperature is critical in
many fields of biomedicine, food production, energy
conversion, and storage devices to ensure safety/reliability
and maximize efficiency.' Thin polymer films provide a
technological advantage when probing these critical parameters
since they can be printed into labels and optically monitored
from a distance. For instance, heat dissipation plays a critical
role in ensuring the performance and reliability of electronic
devices.”” Overheating in Li-ion cells is recognized to be a
critical technological challenge that limits both performance
and reliability.* When the cell temperature exceeds a certain
threshold, it may enter a thermally unstable state, which may
eventually lead to explosions and/or fire.” In high-performing
aerodynamic machinery such as airplanes, aircraft, and racing
cars, temperature-sensitive polymer films can be instrumental
in monitoring overheating or thermal stress on surfaces
exposed to high aerodynamic friction.”” In addition to the
ease of deployment, real-time data provided by such films may
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enable early detection or prediction of potential failures in
critical components. Hyperthermia is another example in
which heat is generated by magnetic nanoparticles exposed to
an alternating magnetic field.* Gaining a fundamental under-
standing of this phenomenon is crucial for application in fields
such as targeted drug delivery and cancer therapy.” However,
accurately measuring the localized temperature rise remains
challenging, as conventional thermal sensing methods often
fail. For example, the applied alternating magnetic field can
induce heating in the thermal sensors themselves, compromis-
ing measurement accuracy.
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Figure 1. (A) Chemical structures of polyvinylpyrrolidone (PVP), poly(1-vinylpyrrolidone-co-vinyl acetate) (PVP-VA), and poly(phenylene
ethynylene) PPE-CO,-108. (B) Absorption spectra of PPE-CO,-108 (S pg/mL) with PVP-VA (4.75 mg/mL) in deionized water. (C) Emission
spectra of PPE-CO,-108 (S pg/mL) multiplied by 6 to facilitate its comparison to the emission upon the addition of PVP-VA (4.75 mg/mL) in

deionized water.

A printable humidity sensor can provide real-time data about
moisture levels, which can be beneficial for the packaging
industry.'°~"* For instance, food can be kept fresh during
transport, and degradation of humidity-sensitive medicine can
be prevented, ensuring quality and compliance with
regulations.”” Humidity also plays a major role in the
agricultural sector, especially in greenhouse management.'*
Cheap, printable humidity sensors can prove instrumental
when monitoring localized humidity conditions across a large
field.

Optical-based sensors have been reported for the detection
of temperature and humidity. For instance, Mach—Zehnder
interferometers modified with graphene oxide or poly(vinyl
alcohol) coating have reported sensitivities around 128 pm/%
relative humidity (%RH)."> Fiber Bragg grating systems with
polymer films demonstrate sensitivities of 94—231%RH.'
Luminescent temperature sensors using glutamine B or
ruthenium complexes show intensity changes of 1.4 to 2.3%
per °C."7 Current systems often require complex optical setups
and show moderate sensitivities, highlighting the need for
simpler, more sensitive sensors.

We have worked extensively on developing thermal sensors
based on conjugated polyelectrolytes (CPEs). *~* Specifically,
we have developed one of the few reported examples of a thin-
polymer film thermal sensor in our previous work.”" Short
poly(phenylene ethylene) (PPE-CO,-7), of an average of 7
monomers and Rhodamine were complexed with either
poly(vinylpyrrolidone)-co-vinyl acetate (PVP-VA) or polyvi-
nylpyrrolidone polystyrene (PVP—PS). The CPE-based film
sensor showed a 3-fold increase in the fluorescence intensity
when the temperature was raised to 50 °C. Since the
publication of that work, we have learned how to tweak the
PPE-CO, conjugated polymer environment to improve its
response and tune its reversibility; specifically by using longer
conjugated polyelectrolytes (PPE-CO,-108) and higher PVP

molecular weights. These new sensors, given their inherited
steric hindrance, do not revert back to their original aggregated
and less emissive state when heated. This has resulted in the
development of thermal sensors with temperature memory,
allowing the detection of the highest temperature that the
sample was exposed to, even after cooling. More importantly,
we have also learned the effect of the substrate on the
photochemistry of the conjugated polymers. The previous
sensor, prepared on a glass coverslip, could be used in diverse
microscopic applications, but had somewhat limited thermal
response. In the present study, we opted to use a more flexible
substrate and one that would not affect the CPE thermal
response dramatically.

In this work, we combine the thermal sensitivity of the PPE-
CO,-108, which can be turned into thermal memory probes,
together with the moisture-responsive actuation of poly-
vinylpyrrolidone (PVP) polymers, and the excellent thin-film
forming properties and broad surface-binding affinity of PVP-
VA ( Figure 1.A).”>*® This synergy between the properties of
the macromolecules yields a dual response polymer sensor; an
off-on response when the films are exposed to an increase in
temperature and an on—off response when the films are
exposed to an increase in humidity. Depending on the
intended application, the films, under a controlled environ-
ment, can be reactivated by exposing them to high temperature
and then humidity. Unlike our previous work, the reported
polymer film sensors exhibit temperature memory properties
with a tunable thermal response, higher sensitivity, and an
improved dynamic range. Building on these enhanced
properties, we demonstrated that the temperature rise induced
by magnetic nanoparticles embedded within the thermal film
when subjected to an alternating magnetic field can be
accurately measured post-heating.
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Figure 2. Schematic representation of the sample preparation and imaging setup used to assess the thermal response of the dried PVP-VA/PPE-
C0O,-108 polymer dots prepared on black duct tape. A UV lamp is used to excite the films, which are heated using a temperature control stage. The
change in the emission intensity of the films with temperature increments of 5 °C is measured with a commercially available DSLR camera
positioned above the films. Each horizontal series of samples represents different experimental conditions. Average thermal response extracted from
the green channel (Igreen) of the polymer films prepared (B) from 20, 30, and 40 mg of PVP-VA when mixed with PPE-CO,-108 and (C) from 20
mg PVP-VA and 20 mg of different PVP molecular weights (8, S5, and 360 K) when mixed with PPE-CO,-108. The fluorescence intensity of the
films was measured under UV between 20.0 and 60.0 °C; with a § °C increment.

B RESULTS AND DISCUSSION

This study is divided into four sections: we first optimized the
off-on thermal response and the temperature memory
properties of PVP-VA/PPE-CO,-108. We then assessed the
effect of humidity on the fluorescence signal. We also carried
out ATR-FTIR and fluorescent microscopy imaging analysis of
these films to understand the actuating mechanism. Lastly, we
demonstrated the ability of the thermal films to post-measure
temperatures induced by hyperthermia.

Initially, we aimed to confirm the interaction between the
long PPE-CO,-108 and the PVP-VA macromolecules. The
absorption of pristine PPE-CO,-108 shows a maximum peak
centered at 427 nm. Upon the addition of PVP-VA (4.75 mg/
mL), we observed a 16 nm red shift, coupled with an increase
in the relative intensity ( Figure 1.B). This shift and increase in

intensity are indicative of strong interchain interactions, the
extension in the average conjugation length, and the
planarization of the poly(phenylene ethynylene) backbone.”***
A similar change in the absorption was observed previously
when PPE-based conjugated polyelectrolytes were studied with
different side groups, coupled to other macromolecules, or
prepared in different solvents.”>™*’

Conjugated polyelectrolyte emission is highly dependent on
its conformation and solvation state.”® Specifically, when
dissolved in water, the stiff hydrophobic backbone of PPE-CO,
tends to aggregate and emit from low-energy excimer-like
species at around 520 nm.”” When well dissolved, the emission
peak shifts to higher energies and emits at around 450 nm.
This change in fluorescence emission allows us to engineer a
sensing scheme that reports on external stimuli. When PPE-
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CO,-108 and PVP-VA were mixed in aqueous solution, the
measured changes in the fluorescence signal revealed strong
interactions between the two polymers ( Figure 1.C); we
observed a 6 fold enhancement in the signal at 450 nm,
suggesting efficient disaggregation of the PPE-CO,-108
polymer in the presence of PVP-VA. In addition, the broad
structureless peak that was initially observed at 520 nm in the
CPE solution disappeared completely. This shift in fluo-
rescence intensity was observed when PPE-CO, was mixed, for
instance, with different types of lipid membranes.*® Especially,
when mixed with positively charged lipids, the fluorescence
intensity shifted to 450 nm, and the structureless broad peak of
the aggregated CPEs disappeared. The reverse trends were
observed when well-dissolved PPE-CO, chains in methanol
were aggregated in the presence of Ca".”" The addition of the
divalent cation to the CPE chains led to a red shift in the
fluorescence signal away from 450 nm, accompanied by a
broadening in the peak, and a dramatic decrease in the overall
intensity. As such, the obtained spectroscopic data confirmed a
strong interaction between the two macromolecules in
solution, leading to the molecular-level disaggregation of
small conjugated polyelectrolytes chain aggregates. We expect
that these interactions will translate well into the polymer films.

Thermal Response of PVP-VA/PPE-CO,-108 Films.
Before assessing the thermal response of the PVP-VA/PPE-
CO,-108, we looked for a substrate that is flexible, has no
fluorescence background under UV light, and does not
interfere with the fluorescence signal of our conjugated
polymers. We tested many options (different regular papers,
scotch tape, etc., Figure S.1), but we settled on using black
duct tape. These tapes fulfilled all the aforementioned criteria
and resulted in an excellent thermal response window.

Next, our objective was to establish the optimal ratio
between PPE-CO,-108 and PVP-VA as thin polymer films to
get the highest fluorescence enhancement with the increase in
temperature. As such, we were guided by two criteria:

We wanted to ensure that the tested PPE-CO,-108:PVP-
VA ratio would yield an initial fluorescence signal that is
at least 10 standard deviations above the average
background, thus providing a reliably detectable signal
from the conjugated polyelectrolyte at room temper-
ature (Figure S.2). It was found that reducing the ratio
enhances the overall calculated fluorescence signal
enhancement due to the low initial baseline value;
however, this increased the risk of confusing the
background signal from the true CPE signal. As such,
the lowest PVP-VA mass to be used was determined to
be at 20 mg.

We wanted to identify the optimal RGB color
channel(s). To this end, the thin polymer films were
analyzed using Image]J to extract the intensities from the
RGB channels. The green channel was identified as the
best one to monitor, given its signal-to-background ratio
and high responsiveness to changes in fluorescence
intensity with temperature variations (Figure S.2).

Next, we tested the thermal response of films prepared using
different initial amounts of PVP-VA upon exposure to
temperature changes between 20.0 and 60.0 °C. Visually, a
clear enhancement in the fluorescence signal was observed
with the increase in temperature, going from an almost
completely dark state to a bright blue color (Figure 2A). The
fluorescence intensity increased initially, at the edges, and then

expanded to the entire dot with the increase in temperature.
With the increase in the PVP-VA concentration, we observed
an increase in the maximum fluorescence enhancement at 60
°C from 6.48 + 0.72 at 20 mg/mL to 10.56 + 0.33 at 40 mg/
mL (Figure 2B). In addition, we observed two distinct patterns
influenced by changes in the polymer ratios. At the highest
concentration of PVP-VA, the sensor film demonstrated
greater responsiveness at lower temperatures, with an
expanded dynamic range. Specifically, a fluorescence intensity
increase was first detected at 30 °C, whereas no changes were
observed before 35 °C at the lower PVP-VA concentration (20
mg/mL). Moreover, a wider dynamic range, extending up to
60 °C was observed at 40 mg/mL PVP-VA. We then calculated
the absolute thermal sensitivity by calculating the slope of the
best-fit curves. The three tested films exhibited good sensitivity
with the 30 and 40 mg, showing a steady decrease with the
increase in temperature (Figure S3A). However, with the 20
mg PVP-VA films, the highest thermal sensitivity was observed
only within a narrow temperature range before rapidly
decreasing and plateauing at around 35 °C.

These findings suggest that adjusting the concentration of
PVP-VA allows for tuning of both the thermal response profile
and sensitivity. We speculated that the observed effect is driven
by a shift in the hydration state of those films.”* The relative
humidity was shown to affect the glass-transition temperature
of PVP-VA.>* These structural changes can, in turn, have an
effect on the photophysics of the trapped conjugated
polyelectrolytes.

Thermal Response of PVP/PVP-VA/PPE-CO,-108.
Based on the previous results, we aimed to enhance the
overall thermal response of the polymer films by introducing
PVP of different molecular weights (8K, SSK, and 360 K). PVP
is a hydrophilic polymer known for its exceptional water-
adsorption capacity due to its polar amide groups, which
readily form hydrogen bonds with water molecules. We argued
that a higher PVP content may influence the thermal sensitivity
of the film by modulating its hydration. We chose to mix PVP
with 20 mg PVP-VA, given its higher initial thermal sensitivity
with the aim to extend these values to higher temperatures. We
observed that as the PVP molecular weight increased, the
maximum fluorescence intensity increased (Figure 2C).
Simultaneously, the temperature at which the fluorescence
intensity began to rise shifted to lower values. For instance,
when heated to 60 °C, the signal displayed a significant
increase in intensity with the highest PVP molecular weight
(MW = 360 K g/mol) reaching a total fluorescence
enhancement of 10.77 + 1.1S. The dynamic window also
increased, and the thermal response started from 27.5 °C. The
addition of PVP also improved the absolute thermal sensitivity.
In the absence of PVP, it dipped below 0.3 °C'"at 33 °C, but it
was extended to 37.5 °C with the addition of 360 K and 55K
PVP. The maximum relative sensitivity was calculated to be
118%°C'™ and 94%°C'~ at 27 °C for the PVP-VA films
prepared with PVP-360 K and 5SK, respectively, and 70%°C'",
at 30 °C for the PVP-VA films prepared with PVP-8K (Figure
S3 B). Despite maintaining a constant weight concentration,
the dependence of the fluorescence enhancement on the PVP
molecular weight indicates that a higher molecular weight
exhibits a stronger interaction with the conjugated polyelec-
trolytes. Also, this observation is in line with previously
reported findings where we showed that larger PVP molecular
weight is better at stabilizing the disaggregated PPE-CO,-108,
allowing greater solubilization/ stabilization.”* In addition,
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higher molecular weight PVP with its larger hydrodynamic
volume may produce a favorable microenvironment for the
PPE-CO, by providing enhanced solvation/hydration or
favorable microviscosity.”>*® The interaction between PVP
and water molecules was studied using X-ray diffraction, which
revealed that water molecules first occupy the void spaces
created by the PVP molecules before interacting with the
polymer’s backbone.”” The increased void spaces created by
the higher PVP molecular weight may be behind the improved
thermal response. The higher PVP MW was also shown to
result in a membrane with higher porosity and water
retention.””

The thermal sensitivity (absolute = 1.51 °C'~ and maximum
relative sensitivity = 118% °C'”) of the best performing PVP-
360 K/PVP-VA/PPE-CO,-108 film is much better than our
previously reported thin film thermal sensor (PVP-VA/PPE-
CO,-7/Rhodamine with absolute sensitivity of 0.01 °C'~)*'
and its relative sensitivity is better than previously reported
thin film thermal sensors. For instance, using a digital camera,
similar to our reported detection scheme, N,N-bis(2,5-
ditertbutylphenyl)-3,4,9,10-perylenedi carboximide-doped pol-
ystyrene films were reported with an absolute sensitivity of
0.0013 °C'".*” Electrospun carbon nanofibers showed a
relative sensitivity of 1.52% °C'~ between 30 and 55 °C.*
Dysprosium-doped Gadolinium—Vanadate thin films were
prepared with a reported absolute sensitivity of 4 X 10~ and
a relative sensitivity of 2% C~.*" A single monoclinic phase of
Mn*-doped Sr,InTaO,4 phosphors was reported with a
maximum relative sensitivity value of 3.27% C~' at 373 K.**
Using lanthanide-based thermal sensitive thin films, a euro-
pium complex had a reported maximum relative sensitivity of
4% C' at 290 K.** A thin film gold thermistor showed an
absolute thermal sensitivity of 3.03 X 107> °C'~ between 20—
100 °C.**

Assessing the Thermal Memory Properties of PVP-
360 K/PVP-VA/PPE-CO,-108. Next, we studied the temper-
ature memory properties of the PVP-360 K/PVP-VA/PPE-
CO,-108. Long-term measurements and retention of the heat-
induced enhanced fluorescence signal are important for a
variety of applications, such as micro/nanoelectronic devices,
where mapping the heat dissipation may help optimize device
performance. Heat dissipation plays a major role in electronic
device performance.” It can affect the electrical conductivity
and other key parameters, which can induce signal distortion.
A nonuniform heat dissipation can also increase the thermal
stress on the device, resulting in reduced lifespan and
reliability. Another timely example, especially with the rapid
adoption of electric cars, is the monitoring and understanding
of thermal runaway in lithium-ion cells and battery packs.
Excessive temperature rise in Li-ion cells reduces performance
and also imposes a severe risk of uncontrolled thermal
runaway, leading to fire.*’

In order to understand and assess its thermal retention,
PVP-360 K/PVP-VA/PPE-CO,-108 polymer films were
heated to 60.0 °C for 3 min, cooled down to 20 °C, and
then the signal was recorded at different time intervals (1 h, 2
h,3h,4h,Sh, 6h 24 and 48 h) (Figure 3) under controlled
environment. The reported intensity was normalized to the
intensity recorded at 60 °C. The fluorescence intensity
remained relatively constant over 48 h. As such, this approach
allows temperature variation to be determined retrospectively
when real-time/in situ measurements are unfeasible.

120
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Relative Fluorescence Int.
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Figure 3. Relative intensity of the PVP-360 K/PVP-VA/PPE-CO,-
108 polymer films once heated to 60 °C and then cooled down to 20
°C. The films were imaged under UV light, and the intensity from the
green channel was monitored for 48 h at different time intervals to
assess thermal memory. All relative intensities are normalized to the
one measured at 60 °C.

Response to Changes in Humidity in the Activated
PVP-360 K/PVP-VA/PPE-CO,-108 Films. A well-monitored
humidity environment is also important for many applica-
tions.”’ ™ The design of the reported films, integrating a
hydrophilic polymer, enabled the synergistic sensing properties
in our films. In addition to sensing changes in the temperature,
the absorption of water when exposed to a high-humidity
environment is expected to affect the PPE-CO, photo-
chemistry. PVP is frequently used for the preparation of a
humidity sensor.’® Its polar group exhibits hydrophilic
properties, which make it excellent for sensing humidity.”'
Once activated, upon exposure to 60 °C for a few minutes, the
thin film probe became an on—off humidity sensor, which
reverted back to its initial state when in a saturated humidity
chamber. For instance, when the films were exposed to a 97%
humidity environment for 20 min, the green intensity would
reverse back (Figure 4.A). The intensity decreased to 5.89% =+
1.68% from its high of 100%. The samples were cycled again
and reheated to 60 °C. Consequently, the intensity increased
back again to 124.39% + 5.54%. When the PVP/PVP-VA/
PPE-CO;-108 films are exposed to humidity, water molecules
rehydrate those films, leading to a reversal in the fluorescence
enhancement. The response of the activated films was
evaluated under different relative humidity environments
obtained by preparing different saturated salt solutions (Figure
4.B). The detection of humidity through the change in optical
properties of these films opens avenues for applications in
moisture detection in various fields, including food safety and
environmental monitoring.

ATR-FTIR Analysis of Structural Changes Induced by
Heat and Humidity. To gain an insight into the changes at
the molecular level in the PVP-360 K/PVP-VA/PPE-CO,-108
film, we acquired ATR-FTIR spectra when films were heated
and then exposed to humidity ( Figure S). The key observation
in these measurements was a shift in the wavenumber for the
functional groups that are usually involved in hydrogen
bonding. For instance, the broad O—H stretching band shifts
from 3431 to 3368 cm™' upon exposure to humidity, and its
intensity increases dramatically (Figure S 4A and B). These
observations are the result of the hydrogen bonding of the
absorbed water molecules and the polymer lactam groups. In
addition, the amide C = O stretch of the PVP lactam and the
acetylene C = O also decrease from 1653 to 1639 cm™ and
from 1731 to 1715 cm™ (Figure S 4C) as a result of the
hydrogen bonding>” In addition, the water uptake is confirmed
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Figure 4. (A) Thermal response of the PVP-360 K/PVP-VA/PPE-
CO,-108 polymer films once heated to 60 °C, cooled down to 20 °C,
and then exposed to humidity at different time intervals. The films are
then cycled back again by heating them again to 60 °C and then
cooling them back to room temperature. (B) Fluorescence changes
upon exposure to different relative humidity.
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Figure 5. ATR-FTIR spectra of PVP-360 K/PVP-VA/PPE-CO2—-108
after heating and exposure to humidity.

through a marked increase in the O—H stretching band around
3300 cm™'. Under humidity, the transmittance at this band
decreased to 69%, compared to 97% when heated. When
normalized against the C—H stretching band at 2900 cm™), the
O—H to C—H ratio increased from 1.00 (heated) to 1.71
(humidity).

Confocal Fluorescence Microscopy of Polymer Films
Before and After Heating. Confocal fluorescence imaging
microscopy was performed on the prepared films before and
after heating. Initially, the polymer film exhibited a
homogeneous structure with a monolithic appearance (Figure
6A). The surface morphology displayed circular depressions,
resembling craters. These features are likely attributed to
solvent evaporation-induced dewetting during film formation.
3D fluorescence images confirmed that these depressions are

superficial and do not extend to the underlying glass substrate
(SI Movie I). Upon heating, the film surface became markedly
more irregular. Exhibiting increased texture, granular rough-
ness, and patterns indicative of heat-induced molecular
rearrangement (Figure 6B). The 3D fluorescence images
showed that the previously uniform structure had transformed
into a porous, network-like morphology (SI Movie II).
Fluorescence lifetime mapping revealed a shift toward longer
lifetimes with the increase in temperature (Figure 6C and D),
indicating a suppression in the nonradiative pathways. Ordered
domains reduce structural disorder, such as torsional, resulting
in reduced nonradiative pathways. Silva et al. have reported an
enhancement in the fluorescent signal and suppression in the
nonradiative decay when conjugated polymer chains with
where aligned in a J-type coupling.” Similar behavior was
observed under solvation annealing conditions.”* More
specifically, Swager et al. reported that upon alignment of
PPE chains in liquid crystals, an increase in photoluminescence
and a reduction in nonradiative decay pathways were
observed.*>*¢

Fluorescence Emission Analysis of Polymer Films
before and after Heating. Emission spectra from the
prepared films were measured (Figure 6E). The freshly
prepared films exhibited a maximum emission at 450 nm,
which is indicative of the emission of disaggregated single PPE-
CO, chains. In striking contrast, the emission of the heated
films showed two distinct peaks. The first peak, centered at 460
nm, corresponds to the 0—0 transition, while the second, more
intense peak at around 486 nm is attributed to the 0—1
vibronic transition. The quenching of the 0—0 band in the
emission could be the result of major conformation changes in
the conjugated polyelectrolyte chains from their solution form.
The 486 nm peak is observed in solution when the PPE-CO,-7
polymer is slightly disaggregated in a mixture of polar and
nonpolar solvents, and when an amphiphilic polymer is added,
which helps destabilize the highly aggregated chains in
water.””*® A similar observation was reported in thin films
when poly(phenylene ethynylenes) was spun cast into thin
films. A quenching in the 0—0 transition was attributed to the
efficient interaction between the polymer backbones due to the
high degree of alignment and increased planarization and
strong 7—7 interchain interaction in a three-dimensional
topology, increasing the efficiency of energy transfer to low-
energy traps.””*" These results complement the microscope
images shown in Figures 6A-6D, which revealed a clear
restructuring of the films and evidence for film drying and
forming a network-like structure, which would induce the
structural changes responsible for the observed spectroscopic
changes.

Taken together, these results provide a robust mechanistic
explanation for the observed increase in the fluorescence
intensity. As the water molecules escape the films, the
restructuring of the conjugated polymers decreases the
nonradiative and increases the fluorescence intensity (Figure
6F).

Monitoring Local Heating of Magnetic Nanoparticles
in Polymer Films. As a proof of concept, we demonstrate that
the temperature memory system can report the maximum
temperature of magnetic nanoparticles (MNPs) when
embedded in polymer films and placed in an alternating
magnetic field (AMF). In a phenomenon referred to as
hyperthermia,61 MNPs generate heat when placed in an AMF,
which has been proven to be effective in inducing local
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Figure 6. Fluorescence confocal microscopy images of PVP-360 K/PPE-CO,/PVP-VA films (A) before and (B) after heating, showing
morphological transformation from a uniform film to a porous, network-like structure upon heating. Fluorescence lifetime microscopy images of the
films (C) before and (D) after heating. (E) Fluorescence emission spectra of the films before and after heating. (F) Schematic illustration of the

proposed mechanisms underlying the fluorescence enhancement.

. . 62 . 63
catalytic reactions”” and as a therapeutic strategy for cancer.

For instance, MNPs embedded in nanofibers of polycapro-
lactone and magnetic nanoparticles hydro§el showed signifi-
cant heating and chemotherapeutic effects.”*

However, unravelling the heating mechanism of hyper-
thermia remains challenging, especially in films where heating
is expected to be different due to the limited Brownian motion.
The most suitable thermal sensing techniques for in situ
measurements for the aforementioned locally generated heat
are fluorescence-based sensors. However, practically speaking,
it is challenging to couple an alternating frequency generator
with a fluorometer or a fluorescent microscope for in situ
monitoring. The alternating magnetic field induces heating in
the optical devices, causing interference if not permanent
damage. In films, thermal measurements become even more
challenging since using thermocouples — the method of choice
for in-solution thermal monitoring — cannot capture the
heterogeneity of films and lacks the required spatial resolution.

PVP-360 K/PVP-VA/PPE-CO,-108 films were prepared
with different amounts of magnetic nanoparticles (0.4, 0.8, and
4.0 pg of Fe;0,) (Figure 7A). The films were dried and then
placed in an alternating magnetic field. After 1 h, the

fluorescence emission of the films was recorded, and the
maximum temperature was calculated using the calibration
curve reported in Figure 2. The films that contained the least
amount of magnetic nanoparticles (0.4 yg) showed the highest
temperature increase (60 °C) (Figure 7B). This could be
explained by the tendency of the magnetic nanoparticles to
aggregate at higher concentrations, which would limit their
hyperthermia efficiency. For instance, Guibert et al. reported a
significant decrease in the specific loss power with the
formation of large and dense aggregates of magnetic nano-
particles.®®

This proof-of-concept is a great example of the experimental
challenges that this temperature memory system can address,
in scenarios where in situ thermal measurements are critical
but practically not possible, especially when coupled with other
techniques.

Bl CONCLUSIONS

In this work, we successfully developed a dual response
fluorescence-based sensor for the detection of temperature and
humidity. The PVP-360 K/PVP-VA/PPE-CO,-108 films
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Figure 7. (A) Schematic of the magnetic nanoparticle hyperthermia
heating measurement setup in PVP-360 K/PVP-VA/PPE-CO,-108
polymer films. (B) Calculated maximum temperature reached by
magnetic nanoparticles after 1 h of being placed in an alternating
magnetic field based on the recorded fluorescence enhancement of
the thermally sensitive films at varying loads of magnetic nano-
particles.

exhibited fluorescence intensity changes measurable using a
standard, unmodified camera. The fluorescence enhancement
was preserved for at least 48 h after the films were heated. The
films also demonstrated clear responsiveness to changes in
humidity. A proof-of-concept experiment highlighted the
sensor’s potential for capturing thermal changes in contexts
where conventional methods are impractical, such as in the
presence of alternating magnetic fields. The reported sensor
may therefore prove instrumental in the detection of thermal
fluctuations in microelectronic devices, for instance, as well as
in monitoring real-time humidity changes.

B MATERIALS AND METHODS

Materials. Microscope cover glasses (22 X 22 mm) were
purchased from OMEGALAB, and the black duct tape from X-
Fasten. We used poly(phenylene ethynylene) carboxylate (PPE-CO,-
108), with an average of 108 monomer repeating units, which was
synthesized as previously described.””%® Polyvinylpyrrolidone (PVP)
with different molecular weights (8K, SSK and 360 K) and N-(2-
Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES) 1 M,
Poly(1-vinylpyrrolidone-co-vinyl acetate) average MW 50 000 (PVP-
VA), Iron(III) chloride hexahydrate (97%), anhydrous iron(II)
chloride (98%), ammonium hydroxide (28—30%) and sodium citrate
dihydrate (>99%)were purchased from Sigma-Aldrich. Deionized
water (18.2 MQ-cm) was used in solution preparation.

Spectroscopic Measurements. The absorption spectra were
measured using a Jasco V-570 UV/vis/NIR Spectrophotometer
(double beam mode), and the steady-state fluorescence spectroscopy
measurements were done using a Horiba Fluorolog-3 fluorometer.

The solutions were excited at 405 nm while collecting the emissions
between 420 and 650 nm at room temperature.

Assessing the Thermal Response of the Polymer Films. The
thermal sensing films were prepared by mixing 0.004 mg PPE-CO,-
108 with 20 mg PVP of different molecular weights (3500, 8K, SSK,
and 360 K), and 20 mg PVP-VA (MW 50k) in a buffer of 10 mM
HEPES and 150 mM NaCl (pH = 7.3). To make the small polymer
dot film, S uL of the solution mixture is pipetted and dropped onto
the black duct tape affixed to a coverslip. The solution was dried for
16 h before imaging. To study their thermal properties, polymer dots
were heated using a temperature-controlled stage (Linkam LTS-120),
and the temperature was increased to 60 °C with 5 °C increments. At
each temperature, the film was imaged under UV light, using a Canon
DSLR 750D Camera. At each increment, the films were kept for 3
min to stabilize their temperature. The intensities of the red, green,
and blue color components were then analyzed using Image]. To
assess the response of the prepared films under different humidity
environments, we prepared saturated solutions of MgCl, 33% RH,
Mg(NO,), 54% RH, NaNO, 65% RH, NaCl 75% RH, and K,SO,
98% RH to establish a specific relative humidity in a sealed container.

Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) Spectroscopy. Fourier-transform Infrared (FTIR)
Attenuated Total Reflectance (ATR) spectroscopy was measured on
a Netzsch (F1 Libra). The FTIR spectra were taken between 4000
and 400 cm™" with a resolution of 1 cm™". The reported spectra are
the results of averaging 64 scans. The dried films were placed in a
saturated humidity chamber for 10 min before subsequently
measuring the spectra again.

Preparation of Citrate-lron Oxide NPs (MNPs). For the
preparation of magnetic nanoparticles (Fe;0,), FeCl;-6H,0 and
anhydrous FeCl, were mixed in deionized water under a nitrogen
atmosphere and mechanical stirring, to achieve respective concen-
trations of 0.15 and 0.075 M.%’ Following this, a 1.6 M solution of
ammonium hydroxide (28—30%) was added dropwise. Before adding
sodium citrate dihydrate (at a final concentration of 0.17 M), the
mixture was stirred for 30 min. To get rid of excess ammonium
hydroxide, this reaction was then exposed to a water bath at a
temperature of 90 °C and left for 45 min. Using a magnetic-assisted
separation method, the nanoparticles were collected from the solution
and purified using ethanol and acetone, followed by overnight drying.
They were dispersed in deionized water. Lastly, to get rid of larger
particles, a centrifugation at 4500 rpm was performed for 30 min.

Heating Using Alternating Magnetic Field (AMF). PVP-360
K/PVP-VA/PPE-CO,-108 films were prepared with different
amounts of magnetic nanoparticles (0.4, 0.8, and 4.0 ug of Fe;0,).
The films were dried and then placed in an alternating magnetic field
(NanoTherics MagneTherm) at a 109.6 kHz frequency. The voltage
was set between 30 and 32 V. After 1 h, the fluorescence intensity of
the films was recorded under UV light using a DSLR camera.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.5c02854.

Additional characterization measurements (PDF)

3D fluorescence images confirming that the depressions
are superficial and do not extend to the underlying glass
substrate (MP4)

3D fluorescence images showing that the previously
uniform structure had transformed into a porous,
network-like morphology (MP4)
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