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Thermochromic Polyethylene Films doped with Perylene
Chromophores: Experimental Evidences and Methods for
Characterization of their Phase Behaviour

Marco Carlotti,” Giuseppa Gullo,” Antonella Battisti,” Francesca Martini, Silvia Borsacchi,®"
Marco Geppi,”®¢ Giacomo Ruggeri,”® Andrea Pucci,”®

We report on a thermochromic system suitable for sensing temperature changes in the 30-70 °C regime based on linear
low density polyethylene (LLDPE) films doped with N,N'-bis-(1'-phenylethyl)-perylene-3,4,9,10-tetracarboxydiimide (PE-
Pery), a fluorescent aggregachromic dye. At low PE-Pery concentration (0.01-0.02 wt.%), the dye monomers were well
dispersed in the polymer matrix showing their maximum fluorescence intensity at 525 nm. As the dye content was
increased, monomers emission quenched whereas dyes aggregates prevailed above 0.05 wt.% as well as their red
fluorescence band at 620-680 nm. Upon heating from 30 to 70 °C, all films displayed a thermochromic response, more
evident for the less concentrated samples (< 0.05 wt.%) in which the emission of the dye as a monomer continuously
increased with increasing temperature. This phenomenon promoted effective color changes from a dull red-violet at 30 °C
to a bright yellow-green at 70 °C. Combined DSC and variable-temperature Solid State NMR (SSNMR) measurements
addressed the thermochromic behavior to the increased amount of available amorphous phase and to the increased
mobility of both the interphase and amorphous components with temperature, which favored PE-Pery dispersion and
diffusion, thus recovering their fluorescence. Overall, the present results support the use of PE-Pery-enriched LLDPE films
as a chromogenic material suitable for the detection of temperature changes close to the physiological regime.

Regarding the possibility to monitor and
mechanical stresses, aggregachromic substances offer an

interesting alternative for the development of fluorescent

temperature

The ability to give a prompt and distinct response is a must-
have property for a functional system, especially if it has to be
employed as a sensing device. In this sense, the use of
in the
properties of the observed system is quite effective. It is

fluorescence emission to monitor the variations

indeed accompanied by a characteristic response of strong
intensity and it can be studied by many different parameters
such as intensity, decay time, quenching efficiency and energy
transfer.!

Fluorescent probes have been successfully applied as
biosensors in the medical field,z'4 in devices for the detection
of gasses (e.g. O,, COZ)S' % and volatile organic compounds
(VOCs)7'9, as pH and ions probes in solution™ and as active
components in mechano-"""® and thermochromic polymeric
materials.'”?°
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probes.21'24 The concept of aggregachromic materials and the
effects that aggregation may produce on the fluorescence
emission have been already introduced;zs’ % Being driven by
weak secondary interactions, the aggregation phenomenon
can be easily perturbed by modifying the environmental
1213 This idea has led to different concepts of

thermochromic polymer blends based on aggregachromic

conditions.

dyes. Their response generally arises from local environmental
changes upon temperature variations, due to phase-
separation processes for kinetically and morphologically
controlled dye aggregation-disaggregation phenomena.”’ 18,21,
24, 27, 28 Polymer blends possessing kinetically controlled
thermochromic properties can be obtained by dissolving a
proper amount of dye in the polymer melt, followed by rapid
cooling to the glassy state.”™! Although a phase separation
would be expected thermodynamically, the dye molecules are
kinetically immobilized in their disaggregated form due to the
high viscosity of the polymer matrix. Heating above the Tg
yields thermodynamically stable micro/nano sized aggregates
whose emission characteristics are different and mainly
determined by the photophysical effects associated with the
stacking interactions among the planar aromatic
backbones of the dyes. On the other hand, morphologically
controlled thermochromic effects from aggregachromic dyes

T—T
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in polymer matrices can be obtained, for example, by
dissolving the dye in a semicrystalline polymer, which
maintains a degree of ordered domains even above the Tg.32 In
this case the chromophores are segregated from the highly
ordered crystalline phase to the amorphous region, thereby
causing dye molecules aggregation due to their high local
concentration. By heating, polymer crystallites start to melt,
thus increasing the solubility of the dye in the medium. As a
consequence, the process is therefore characterized by a
continuous shift of the optical properties toward the
disaggregated monomeric form of the dye. Remarkably, these
systems have shown to be fully reversible as the original state
is recovered on cooling to ambient temperature.32

While there are widespread applications of thermochromic
polymers, there are scarce examples on plastic materials
sensitive to physiological-range temperature changes.33‘ 3 This
feature would be very helpful in supporting the realization of
plastic devices with a wider range of application possibilities.
Herein, we report on the thermochromic properties of
polymer films based on an aggregachromic perylene diimide
dye dispersed in linear low density polyethylene (LLDPE). The
N,N'-bis-(1'-phenylethyl)-perylene-3,4,9,10-
tetracarboxydiimide (PE-Pery) was selected due to its well-
known aggregachromism in solution and in polyethylene,32
whereas the semi-crystalline LLDPE was chosen taking into
account its broad melting endotherm, which might allow dye
disaggregation also at temperature higher than 30 °C. PE-
Pery/LLDPE films were investigated in terms of their optical
response towards thermal solicitations in the range of
temperatures between 30 and 70 °C. The phenomenon was
examined in detail by means of a combined approach based on
microscopic and calorimetric techniques as well as Solid State
NMR (SSNMR). More specifically, SSNMR is one of the most
powerful techniques in the study of solid materials, allowing
the investigation of the structural and dynamic properties of
both amorphous and crystalline systems, in wide spatial (0.1-
100 nm) and motional (Hz to GHz) ranges, respectively.35' 36

Experimental
2.1 Materials

Imidazole and linear low density polyethylene (LLDPE, Aldrich,
melt flow index 190°C/2.16 kg 1.0 g/10 min, d = 0.918 g/cmg)
were supplied by Aldrich and used without further purification.
Perylene-3,4,9,10-tetracarboxy-dianhydride  (PTCDA, 97%,
Aldrich) was purified as follows: 1.73 g of PTCDA (4.3 mmol)
were slowly added to 1.6 L of a hot (70 °C) aqueous solution of
NaOH 0.3 M in a 2 L Erlenmeyer flask. The solid rapidly
dissolved to give a solution which was red in transmitted light,
green in reflected light and emitted green fluorescence
emission under 366 nm illumination. The solution was left
under vigorous stirring for 4 h, then was filtered on a Buckner
filter. The filtrate was acidified with 6 M HCI until stable acid
pH was reached. Precipitation of a bright red powdery solid
was obtained while the solution became colorless and not
fluorescent. The system was left overnight under vigorous
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stirring. The red solid was then filtered on a Bucker filter,
washed with water until neutrality and then with acetone. The
solid was then dried at 120 °C for 5 h and for 2 h at 200 °C
under vacuum (0.1 mmHg). 1.59 g of red solid were recovered
(yield of 92 %).

1-phenylethylamine (Aldrich) was distilled before use as
follows: in a 50 mL Claisen apparatus with a 5 cm Vigreux
column, 10 mL of 1-phenylethanamine (6 = 0.94 g/mL, 77.6
mmol) were added under inert atmosphere and distilled at 20
mmHg pressure at 230 °C. The fraction distilled at 77-79 °C (7
mL) was recovered as pure product and kept in the dark under
N, atmosphere.

2.2 Synthesis of N,N'-bis-(1'-phenylethyl)-perylene-3,4,9,10-
tetracarboxidiimide (PE-Pery)

In a 250 mL flask equipped with a condenser, 1.448 g of PTCDA
(3.6 mmol), 1.16 mL of freshly distilled 1-phenylethylamine (&
=0.94 g/mL, 9.6 mmol) and 30 g of imidazole were introduced
under inert (N,) atmosphere and the system was warmed up
to 180 °C and stirred for 4 h. The crude product was then
transferred in a 500 mL Erlenmeyer flask with the help of 130
mL of boiling water. After cooling, 240 mL of HClI 2 M were
added and the system left overnight under vigorous stirring.
The resulting dark-red solid was filtered off, washed
thoroughly with distilled water until the pH of washings turned
to be neutral and dried at 200 °C under vacuum (0.1 mmHg)
for 5 h.

The crude product was purified by chromatography on silica
gel using chloroform/ethyl acetate 20:1 by vol as eluent; 0.99 g
of red needle crystals were recovered (yield: 57.0 %, Figure
S1).

'H NMR (CDCls, 25 °C): & = 8.3 (d, J(H,H) = 7.9 Hz 4H; CH,); 8.0
(d, J(H,H) = 8.1 Hz 4H; CH,); 7.3 (m, 5H; CH,); 6.5 (q, J(H,H) =
6.9 Hz 2H; CH), 2.0 (d, J(H,H) = 7.1 Hz 6H; CH3) ppm;

3¢ NMR (CDCl5, 25 °C): & = 163.0 (CO), 140.0 (2C; benzene),
134.4 (4C; perylene), 130.9 (4C; perylene), 128.5 (4C; benzene
+ 8C; perylene), 126.7 (2C; perylene + 6C; benzene), 123.5 (2C;
perylene), 51.2 (CH aliph), 17.7 (CH3) ppm;

FTIR (KBr): v = 3093 (UCH arom.), 2964, 2938, (UCH aliph),
1697, 1657, 1593, 1577 (uCO imide), 1503, 1438, 1395, 1340
(uCCring) em™;

2.3 Preparation of PE-Pery/LLDPE films

0.80 g of LLDPE were dissolved in 65 mL of toluene at 100 °C
for about 4 h. Then, the proper amount of dye was added from
a 0.5 mg/mL chloroform solution. The solvent was then
removed under reduced pressure (20 mmHg) and the obtained
blend dried under heating (100 °C) at 0.1 mmHg for 5 h. 0.5 g
of the dry blend was then cut into small pieces and melt-
pressed between two Teflon foils in a Carver 3851-0 press at
4.5 ton at 160 °C for 3 min. Various cutting-pressing cycles
were performed in order to obtain homogeneous films of
about 100 pm of thickness. Annealing experiments were
performed by placing the films on a temperature controlled
hot stage in the range of temperature 30-50 °C.

This journal is © The Royal Society of Chemistry 20xx
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2.4 Characterization

NMR measurements in solution were performed on a
spectrometer operating at 600 and 150 MHz for 'H and 13C,
respectively, and the temperature was controlled to +0.1 °C.
All 'H and C NMR chemical shifts are referenced to
tetramethylsilane as external standard using CDCl; as solvent.

Infrared spectra were recorded by a Fourier transform infrared
spectrometer (Spectrum One, PerkinElmer) on KBr windows.

UV-Vis spectra of THF solutions were recorded at room

temperature in isotropic conditions with a Perkin Elmer

Lambda 650.
Fluorescence spectra were recorded at room temperature
with the help of a Horiba Jobin-Yvon FIuoroIog®-3

spectrofluorometer equipped with F-3000 Fiber Optic Mount
plus fiber-optic bundles.

Microscopy images and lifetime measurements were collected
by using a Leica TCS SP5 SMD inverted confocal microscope
(Leica Microsystems AG, Wetzlar, Germany) equipped with an
external pulsed diode laser (PicoQuant GmbH, Berlin,
Germany) for excitation at 405 nm. The laser repetition rate
was set to be 40 MHz. Each of the image sizes were 512x512
pixels and acquired with a scan speed of 400 Hz (lines per
second). The pinhole aperture was set at 1.00 Airy. PE-
Pery/LLDPE films fixed on microscope glass slides were viewed
with a 100 x 1.3 NA oil immersion objective (Leica
Microsystems). The images were collected using low excitation
power at the sample (10-20 uW). Emissions were monitored in
the 430-490 nm range by acousto-optical tuneable beam
splitter (AOBS) based built in detectors. Acquisition lasted until
about 100-200 photons per pixel were collected, at photon
counting rates of 100-500 kHz. Emission lifetime images (FLIM)
of the PE-Pery/LLDPE films were elaborated using Picoquant
Symphotime software for FLIM analysis.

The thermal behavior was evaluated by differential scanning
calorimetry (DSC) under nitrogen atmosphere by using a
Mettler Toledo StarE System, equipped with a DSC822c
module. Films were heated from 25 to 150 °C at 10 °C/min (1st
heating), cooled to 25 °C at the same scan rate (1st cooling),
then heated again to 150 °C at 10 °C/min (2nd heating).
Melting enthalpies were evaluated from the integrated areas
of melting peaks by using indium for calibration. PE crystalline
content (x) was evaluated from the measured melting
enthalpy (AH,,) taking into account the melting enthalpy of the
perfect PE crystal (AH®,,, 277.1 J/g), using equation 1:

m (eq 1)

3¢ Cross Polarization SSNMR spectra were recorded on a dual-
channel Varian InfinityPlus 400 spectrometer, equipped with a
3.2 mm Cross Polarization/Magic Angle Spinning (CP/MAS)
probehead, working at 400.03 MHz for proton and at 100.61
MHz for carbon-13, with *H and B¢ pulse durations of 3 us. All
the spectra were acquired using a recycle delay of 5 s, a
contact time of 5 ms, and a MAS frequency of 8 kHz. Spectra
were recorded varying the temperature from 20 to 90 °C and

This journal is © The Royal Society of Chemistry 20xx

letting the temperature to equilibrate for 10 minutes before
performing the experiment.

A 2D Wideline Separation Experiment (WISE) was carried out
using a MAS frequency of 3.5 kHz, a contact time of 0.1 ms and
arecycle delay of 5s.

TMS was used as a primary chemical shift reference for all
nuclei, while hexamethylbenzene was the secondary reference
for *C.

On-resonance ‘H Free Induction Decays (FIDs) were recorded
on a spectrometer made of a Stelar PC-NMR system and a
permanent magnet, providing a magnetic field corresponding
to a Larmor frequency of 20 MHz, using a 'H pulse duration of
4 ps. A solid-echo pulse sequence with an echo delay of 12 ps
was used, accumulating 200 transients, with a recycle delay of
3 s. 'H FIDs were recorded by progressively increasing the
temperature from 25 to 100 °C, and letting the temperature to
equilibrate for 10 minutes before the experiment. All the
variable temperature measurements were carried out using air
as heating gas.

Results and discussion,

3.1 Effect of PE-Pery concentration on the optical properties of
LLDPE films

Linear low-density polyethylene (LLDPE) films containing
different concentrations of PE-Pery (0.01-0.5 wt.%) were
prepared by compression molding of the respective dye/LLDPE
mixtures. Various cutting-pressing cycles were performed in
order to obtain homogeneous films of about 100 pum of
thickness. It has been reported that perylene chromophores
dispersed in PE start to aggregate above a certain
concentration into supramolecular assemblies, which usually
have optical properties different from the isolated monomer.”’
Aggregachromic dyes incorporated into polymers as
thermodynamically stable micro-/nano-sized aggregates of a
few molecules show optical properties, which derive mainly
from the absorption or the fluorescence emission of
chromophores interacting through n—n stacking forces among
their planar aromatic backbones. Dye aggregates exhibit
distinct changes in the absorption band as compared to the
monomeric species; the bathochromically shifted J-bands and
hypsochromically shifted H-bands of the aggregates (in a
ladder-, staircase- or brickwork-arrangement) have been
explained in terms of molecular exciton coupling theory, i.e.,
coupling of transition moments of the constituent dye
molecules.’” Accordingly, aggregation of PE-Pery dyes in LLDPE
films showed to affect their absorption properties. Besides the
typical 0-0 and 0-1 w—=* transitions of the isolated non-
interacting chromophores at 524 and 490 nm, an unstructured
band centered at 570 nm emerged upon increasing PE-Pery
concentration, possibly attributed to the formation of J
aggregates (Figure 1a). LLDPE films containing lower
concentrations of PE-Pery (0.01-0.02 wt.%) displayed the
typical emission features of the 0—0 and 0—1 emission bands at
about. Analogously to UV-vis experiments, the increase of dye

concentration (0.05-0.5 wt.%) promotes the electronic

J. Name., 2013, 00, 1-3 | 3
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coupling between perylene chromophores, which induced
emission quenching of the isolated dyes and the progressive
evolution of the aggregate band from 600 to 650 nm (Figure
1b). Notably, the existence of a well-defined isosbestic point
centered at 590 nm clearly indicated the presence of two
states assigned to the aggregated and the monomeric forms of
PE-Pery.

129 001w%

— 0.02wt.% 524 nm

107 0.05Wt.% 490 nm

0.8

0.6

0.4+

Absorbance

0.24

0.0

350 400 450 500 550 600 650 700
wavelength (nm)

14010’
120
100
80
60 (b)
40

Emission (a.u.)

20

0L SNt
500 550

—— —
600 650
wavelength (nm)

700

™
750

Figure 1. Absorption (a) and fluorescence (b) spectra (Aexc. = 450 nm) of PE-
Pery/LLDPE films at different PE-Pery concentration.

Emission imaging studies were carried out investigating the
morphology of PE-Pery/LLDPE films as a function of dye
concentration. In more detail, the aggregation pattern of PE-
Pery in the LLDPE films was analyzed by means of a confocal
scanning microscope (CSLM). The
fluorescence of PE-Pery in the films was excited by a laser

laser fluorescence
source at 458 nm. High-resolution fluorescence images of the
same film area were concomitantly taken in two wavelength
intervals: 500-570 nm (Figure 2, column 1, fluorescence in
green), where PE-Pery monomer has prevalent emission, and
620-680 nm (Figure 2, column 2, fluorescence in red), where
aggregated PE-Pery has prevalent emission (note that images
are in pseudocolors). At low PE-Pery concentration (0.01 wt.%,
Figure 2a), the monomeric dye emission is clearly visible in the
500-570 nm channel, whereas the aggregation pattern of PE-
Pery is completely absent in the 620-680 nm channel.
Conversely, the complex texture of PE-Pery assembly appears
visible at higher concentration (0.2 wt.%, Figure 2b): upon self-
assembly, the dye vyields phase-separated microcrystal
structures with dimensions in the range of a few micrometers
that are randomly dispersed in the film matrix. Interestingly,

4| J. Name., 2012, 00, 1-3

the background matrix contains a very small amount of PE-
Pery in the monomeric form, as clearly displayed by the poor
fluorescence in the 500-570 nm channel.

Fluo 500-570 nm Fluo 620-680 nm

20.ym

20 ym

Figure 2. Confocal microscope images of PE-Pery/LLDPE films. First column:
fluorescence images collected in the 500-570 nm range for films containing
(a) 0.01 wt.% and (b) 0.2 wt.% of PE-Pery, respectively; second column:
fluorescence images collected in the 620-680 nm range for films containing
the (a) 0.01 wt.% and (b) 0.2 wt.% of PE-Pery, respectively. Note that images
are in pseudocolors

The quenching of fluorescence as a consequence of dye
concentration is well documented both for solutions and solid

38-40 . . .
The formation of quenching centres can arise

matrices.
from diffusion of the excited fluorophores within their lifetime
or by means of energy transfer between closely spaced pairs.
The former better describes the solution state where high
diffusion coefficients exist, whereas the latter is more suited
for rigid matrices.*® The experimental findings here reported
support the existence of the following mechanism: at low PE-
Pery concentration, the dye monomers are well dispersed in
the polymer showing their maximum
fluorescence intensity; next, as the dye content is increased

matrix therefore

fluorescence starts to decrease being higher the probability to
find quenching centres (in our case, for PE-Pery concentration
comprised in the range 0.01-0.05 wt.%); finally, above a
concentration threshold (i.e., 0.05 wt.%), aggregates of dye
begin to form in large amount and the red fluorescence band
starts to be predominant.

3.2 Effect of temperature on the optical properties of PE-
Pery/LLDPE films

PE-Pery/LLDPE films which showed a noticeable fluorescence
with increasing dye content (i.e., PE-Pery
concentration 2 0.02 wt.%), were thermally stressed at
temperatures ranging from about 30 °C to 70 °C, by placing
them in contact with a thermostatically controlled (0.1 °C)
metal surface. The effect provided by temperature changes

decrease

This journal is © The Royal Society of Chemistry 20xx
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was evaluated by means of fluorescence spectroscopy by
collecting emission spectra about 15 s after the temperature
increase to ensure film relaxation to a new thermal
equilibrium. The thermochromic behaviour was also evaluated
in terms of fluorescence intensity variation of the monomer
emission band at 525 nm with temperature. Upon heating
from 30 to 70 °C, all PE-Pery/LLDPE films resulted affected by
temperature changes. Notably, the 0—0 and 0-1 transitions at
about 525 and 565 nm start to significantly increase already at
annealing temperatures as high as 35 °C, together with the
progressive recovery of the overall fluorescence intensity

(Figure 3).
0.02 wt.% &

0.05 wt.%

0.2wt.%

Figure 3. Fluorescence spectra (Aec. =450 nm) of PE-Pery/LLDPE films as a
function of the annealing temperature. PE-Pery concentration: up left, 0.02
wt.%; up right, 0.05 wt.%; down left, 0.1 wt.%; down right, 0.2 wt.%. For the
film containing the 0.05 wt.% of PE-Pery pictures taken under illumination at

366 nm at 30 °C (black box) and 70 °C (purple box) are reported as insets

The most evident thermochromic response was found for the
0.05 wt.% PE-Pery/LLDPE film, where the largest variation of
the fluorescence intensity gives rise to effective colour
changes from red-violet at 30 °C to yellow-green at 70 °C
(Figure 3, insets). Moreover, once the heating was removed
the film restored rapidly the original optical properties
previously at 30 °C, suggesting a
reversibility of the phenomenon (Figure S2). It is worth to
notice that the relative variation of the fluorescence intensity
at 525 nm (i.e., (I - lp)/lo, where |, is the emission of the film at
30 °C) becomes progressively less pronounced as the content
of the dye increases, and its maximum shifts to lower
temperature, i.e. from about 70 °C for the 0.02 wt.% to 50 °C
for the 0.2 wt.% (Figure 4).

recorded complete

3.07 - 0.02wt.%
-3 0.05wt.%

251 - 0.1wt%

E B 02wt%
2.0

To)

I

0 154

—

®

= 1.0

=

< 0.5

0.0

30 35 40 45 50 55 60 65 70
temperature
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Figure 4. Plot of the (I-lp)/lo ratio calculated for the peak at 525 nm as a
function of temperature for different PE-Pery/LLDPE films

Notably, the temperature increase does not cause significant
red-shifted
aggregate band. In stark contrast, the fluorescence intensity at

variations of the emission intensity of the
525 nm is strongly impacted upon temperature changes. These
findings support the hypothesis that during heating, the
different solubility of PE-Pery in the polymer and the increased
mobility of the macromolecules of LLDPE in the amorphous
phase help in keeping dye monomers at a distance at which
they do not interact with each other. It is possible that the
thermochromic behavior could be mostly ascribed to the
ability of the monomers to diffuse within the polymer bulk at
higher temperature,
efficiency and limiting the formation of quenching centers.

therefore increasing their quantum
Conversely, the PE-Pery aggregates, that are still present even
at low concentrations of dye in the polymer and which
originate the red-shifted aggregate band, seem mostly
unaffected by temperature changes.

3.3 Investigation of the phase properties of PE-Pery/LLDPE films
by DSC and SSNMR

To validate our hypothesis, we probed the thermal properties
of PE-Pery/LLDPE films containing different amounts of dye.
The crystallinity of three LLDPE samples with O (neat polymer),
0.05 and 0.5 wt.% of PE-Pery was investigated by comparing
their DSC thermograms (see for example in Figure S3 the DSC
traces of the 0.05 wt.% PE-Pery/LLDPE film). The crystalline
fraction was estimated as the ratio between the experimental
enthalpy of melting and the theoretical value calculated for
100% crystalline PE (AHy = 277.1 J/g).41 The obtained results
are reported in Figure 5.

407 - O neat LLDPE
O 0.05wt%
35 O & 0.5 wt%
©" 8
~ 30 B S
< &
= 254 @
20
@)
1%+ 1"

temperature (°C)

Figure 5. Crystallinity of neat LLDPE and PE-Pery/LLDPE films as calculated by
DSC

No apparent modification of the crystalline contents were
found in all LLDPE films upon the addition of PE-Pery. Notably,
upon heating above 30-40 °C the crystalline fraction of LLDPE
decreased progressively with a sharp decline just after 60—
70 °C. This phenomenon matches well with the rise in
fluorescence of the PE-Pery/LLDPE films, which steepened
their emission recovery above 40 °C. These results support the
idea that the larger is the fraction of available amorphous
phase, the higher is the diffusion rate of PE-Pery within the

J. Name., 2013, 00, 1-3 | §
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LLDPE matrix, thus preventing the formation of closely spaced
quenching centers that lessen the overall fluorescence
intensity. Moreover, a larger fraction of amorphous phase
means also a larger volume available for dye dispersion in a
molecularly dissolved fashion. On the other hand, the decrease
of crystallinity with increasing temperature seems to be
substantially the same for all samples, while the fluorescence
emission properties at variable temperature appeared clearly
dependent on the dye concentration.

With the aim of going more in depth into the investigation of
the variation with temperature of the phase properties of
these samples, we applied several Solid State NMR techniques,
which are very powerful in clarifying these aspects.

In Figure 6 the 3¢ cP-MAS spectra of LLDPE containing 0.5
wt.% of PE-Pery recorded in the temperature range 30-80 °C
are reported. It is immediately evident that LLDPE gives rise to
a structured signal which, as proved by the spectral fitting
reported in Figure 7, is constituted by three peaks, centred at
about 31, 32 and 33 ppm, ascribable to LLDPE amorphous,
interphase and crystalline domains, respectively (signals of PE-
Pery could not be observed due to its very low concentration).
With the term interphase we here refer to that intermediate
phase, whose existence has been stated since long time,42
between crystalline domains, where polymer chains are very
much ordered and experience very scarce mobility and
amorphous regions characterized by complete disorder and
large chain mobility. Polymer chains in the interphase
experience a restricted mobility and a quite disordered
arrangement. Bc cp-MAS spectra are intrinsically not
quantitative so information on the absolute amounts of the
different phases cannot be straightforwardly extracted.
However it is evident that, as expected, with increasing
temperature the intensity of the peak of the amorphous phase
increases and its linewidth decreases, which is due to a
progressive amorphization of the polymer and an increasing
mobility of its chains.

90 °C
e N

80 °C A~

70 °C AL

we S
40 °C

30°C

20 °C

44 42 40 38 36 34 32 30 28 26 24 22 20
ppm

Figure 6. >C CP-MAS spectra of LLDPE containing 0.5 wt.% of PE-Pery
registered in the temperature range 20-90 °C
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T T T T T T T T T T T 1
2 40 38 36 34 32 30 28 26 24 22 20
ppm

T
44 4

Figure 7. Spectral fitting of the Bc cP-MAS spectrum of LLDPE containing 0.5
wt.% of PE-Pery registered at 70 °C. The three peaks, from lower to higher
chemical shift, are those of the amorphous, interphase and crystalline
domains

More detailed as well as quantitative information on the phase
properties of LLDPE in the different samples could be obtained
from the analysis of the 'H Free Induction Decays (FIDs),
recorded in the temperature range 20—-100 °C. In the presence
of a low external magnetic field, "4 FIDs of solid samples can
be recorded under on-resonance conditions and reproduced,
by a fitting procedure, with a linear combination of analytical
functions (f;), each characterized by a spin-spin relaxation time
T,; and a weight percentage, w;. T,;, out of the so called rigid
lattice regime, monotonically with increasing
molecular mobility, while w; approximately corresponds to the
percentage of 'H nuclei of the sample whose signal is
represented by the i-th function.”** The linear combination of
functions best reproducing the experimental FID is chosen on
the basis of the Occam’s Razor principle and of the
minimization of the x2 of the fitting, while T,; and w; are
obtained as fitting parameters.

'H FIDs were recorded and analyzed for pure LLDPE and for
LLDPE containing 0.02, 0.05 and 0.5 wt.% of PE-Pery. In all
cases the best fitting linear combination of functions (chosen
among Pake, Abragamian, Gaussian, Weibullian, and
exponential) for reproducing the experimental FIDs included a
Pake, a Gaussian and an exponential, which, on the basis of
their nature, T, values and literature results*’ can be ascribed
to crystalline, interphase and amorphous LLDPE domains,
respectively. In Figure 8 the fitting of the FID of the sample
containing 0.02 wt.% of PE-Pery at 50 °C is reported as an

example.
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Figure 8. 'H FID analysis of the LLDPE sample containing 0.02 wt.% of PE-
Pery at 50 °C. The fitting function is plotted in red, while in blue, green and
magenta its Pake, Gaussian and exponential components are shown,

respectively.

60 20 -20 -60
kHz
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Figure 9. (a) 2D "H-"C WISE map of LLDPE; (b) 'H pattern corresponding to
the *C peak at 31 ppm; (c) H experimental pattern corresponding to the Bc
peak at 33 ppm (black) and simulated pattern corresponding to the Fourier
Transformation of a combination of the Gaussian and Pake functions used in

the "H FID analysis

This assignment could also be confirmed by 2D 'H-13C wisE
experiment, that provides a 2D spectrum in which e isotropic
peaks are correlated with the quasi-static signal of the coupled
'H nuclei.®® In Figure 9 the 2D WISE map and the 'H signals
corresponding to the B¢ peaks at 31 and 33 ppm are shown. It
is possible to observe that the B¢ peak of amorphous LLDPE is
correlated with a signal constituted by a narrow central peak
and several spinning sidebands, which corresponds to the
exponential function of the 'H FID. On the other hand, the B¢
peak of the crystalline phase at 33 ppm is correlated with a
broad signal that can be well reproduced with a combination
of a Pake and a Gaussian lineshape, characterized by the same
parameters found from FID analysis. The presence of the
Gaussian component is probably due to the fact that the
interphase gives rise to a weak and broad e signal strongly
overlapped with those of the crystalline phase. Moreover it
can be observed that the 'H signal mainly attributed to the

This journal is © The Royal Society of Chemistry 20xx
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crystalline/interphase domains contains a small contribution
from the 'H signal of the amorphous phase, and viceversa,
which is due to the strong overlap between the B¢ signals.
Useful information can be obtained by looking at the trends
with temperature of T, and w of the three functions obtained
from the analysis of the FIDs of the four different samples
considered.

Figure 10a shows the trend of the weight percentage of the
Pake function with temperature, which somehow corresponds
to LLDPE crystallinity, together with crystallinity data obtained
by DSC. First, it can be noticed that the crystallinity as
determined by DSC is systematically higher than the
percentage of the Pake function. This is probably due to a
contribution to the melting enthalpy from the quite rigid
interphase, which is separately considered in the NMR analysis
(i.e. described by the Gaussian function). On the other hand it
is interesting to observe that, even if the weight of the Pake
function for all samples decreases with increasing
temperature, as expected due a progressive approach to the
melting, the values found for pure LLDPE are systematically,
even if slightly, lower than those of the samples containing PE-
Pery, among which no significant differences can be observed.
This result suggests that PE-Pery could act as nucleant, so
favoring the formation of LLDPE crystalline domains during the
cooling from the melt. This difference between LLDPE and the
dyed samples, not detected by DSC, could be highlighted by
SSNMR analysis probably because of its ability to reveal very
small, i.e. nanometric sized, crystalline domains, not
detectable by DSC.

It is generally accepted that in semicrystalline polymers the
organic dye is excluded from the crystalline regions, while it
can be found at the interface between amorphous and
crystalline phases and in the amorphous phase.u' B n
agreement with this, the B parameter of the Pake function,
which is related to the inverse of its T,, shows a slightly
decreasing trend with increasing temperature (figure not
shown), due to a slow progressive increase of mobility of
LLDPE chains in the crystalline domains, which is independent
of the dye concentration.

Interesting information can be obtained by looking at w and T,
of the Gaussian function, describing the interphase between
LLDPE crystalline and amorphous domains (Figures 10b and
10c). At temperatures lower than 60 °C the weight of the
Gaussian function is higher in the FIDs of the dyed samples,
with respect to pristine LLDPE, indicating the presence of a
larger amount of interphase, that appears substantially
independent of the dye concentration. It is possible that, on
cooling from the melt, a fraction of dye monomers remains
entrapped in the interphase, somehow favoring the formation
of this rigid and disordered phase. On the other hand, it is
quite unlikely that bulkier dye aggregates could be hosted in
the interphase. In the two less concentrated samples the
amount of interphase slightly decreases with increasing
temperature, with a corresponding increase of the amorphous
phase. For pristine LLDPE the decrease of interphase with
increasing temperature is clearly larger. The behavior of the
sample with 0.5 wt.% of PE-Pery resembles that of the more
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diluted samples below 60 °C, while above this threshold it
becomes similar to that of LLDPE. A possible interpretation is
that in this sample a dye amount larger than that
thermodynamically allowed remains kinetically enclosed in the
interphase: when the temperature is increased above 60 °C
thermodynamics prevails and the amount of interphase
exceeding that of pristine LLDPE is quickly destroyed, thus
releasing the dye in the amorphous phase.

T, of the Gaussian function shows, for all samples, an
increasing trend with increasing temperature, indicating that
the mobility of LLDPE chains in the interphase increases with
increasing temperature. It must be noticed that for all the
dyed samples T, is systematically larger than for pristine
LLDPE, and does not show a significant dependence on PE-Pery
concentration. This can be understood considering that PE-
Pery acts as a “defect” in the interphase, which disturbs the
usual enthalpically favored interactions among polymer chains,
that are moved apart in order to minimize the interactions
with the defect. Therefore a free volume forms around the
defect, in which the polymer chains mobility is favored.®
Figure 10d shows the behavior of T, of the exponential
function, representing LLDPE amorphous phase, with
increasing temperature. It can be observed that T7,, and
therefore the mobility of LLDPE chains in the amorphous
regions, increases with increasing temperature, and it is larger
for higher PE-Pery concentration. This can be explained again
considering that the dye is responsible for the creation of free
volume in which the polymer mobility is favored.

If now we consider again the fluorescence emission properties
at variable temperature, the phase properties just highlighted
by SSNMR provide some possible explanations of the
differences among samples with different dye concentration. It
was observed that for the less concentrated samples (0.02 and
0.05 wt.%) the emission of the dye as a monomer continuously
increased with increasing temperature, while for the more
concentrated samples (0.1 and 0.2 wt.%) at temperature
higher than 50/60 °C the emission intensity remained
constant. The first case can be explained with a positive effect
of the increased amount of amorphous phase and of the
increased mobility of both the interphase and amorphous
components, which, favoring PE-Pery dispersion and diffusion,
prevent the formation of closely spaced quenching centers. On
the other hand, the phenomenon observed for the more
concentrated samples can be related to the behavior of the
interphase. When, at temperature higher than 60 °C, the
interphase of the more concentrated samples converts to
amorphous phase, PE-Pery monomers previously enclosed in
the interphase move into amorphous regions, so increasing
the dye concentration and the probability of formation of the
quenching centers. If this concentration effect prevails on the
positive effect of the increase of LLDPE mobility, the
fluorescence emission of the monomer can stop increasing.
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Figure 10. Results of the 'HFID analysis carried out on LLDPE and LLDPE
containing different amounts of PE-Pery (expressed in wt.%) at variable
temperature: (a) weight percentage of the Pake function vs. temperature;
crystallinity values (x(%)) determined by DSC are also reported (black
diamonds); (b) weight percentage of the Gaussian function vs. temperature;
(c) T, of the Gaussian function vs. temperature; (d) T, of the exponential
function vs. temperature.

Conclusions

We have demonstrated that a fluorescent dye, namely PE-
Pery, characterized by aggregachromic features, once
embedded into LLDPE, confers thermochromic characteristics
to the resulting films. Fluorescence emission of the monomeric
form of PE-Pery in LLDPE was characterized by two main bands
at 525 and 565 nm, which resulted progressively quenched
with increasing concentration in favor of a broad and
unstructured band at 620-630 nm, attributed to the PE-Pery
aggregates. The fluorescence intensity of films with increasing
temperature from 30 to 70 °C showed a specific trend
concerning the monomer emission at 525 nm with a steeper
variation in going from 40 to 55 °C. Conversely, the intensity of
the red-shifted aggregates band did not change as much as the
monomer intensity, thus suggesting that the thermochromic
behaviour could not be only addressed to PE-Pery
disaggregation. DSC and SSNMR investigations suggested that
the fluorescence intensity recovery of LLDPE films with
temperature might be caused by an increase of the amorphous
content and polymer mobility in the 40-60 °C range. More
specifically, this phenomenon is governed by the monomers of
PE-Pery remained trapped at the interphase during film
formation. Upon increasing temperature, the mobility of both
the interphase and amorphous phase increases, allowing dye
molecules dispersion and diffusion and therefore favouring
their emission.

This journal is © The Royal Society of Chemistry 20xx
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In light of this peculiar response, PE-Pery-enriched LLDPE films
respond to temperature variations close to the physiological
regime, providing reversible color changes from red-violet to
yellow-green.
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