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A B S T R A C T

New polymers were prepared by grafting of low density polyethylene films (PE). Firstly, PE was reacted with
acryloyl chloride in the presence of gamma radiation to give the precursor grafted polymers (PE-g-AC). These
polymers were further esterified with a new pyrene derivative having a tetra (ethylene glycol) side chain, [2-(2-
(2-(2-(pyren-1-yloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol] (PyTEG), leading to the obtainment of a series of lu-
minescent polymers bearing pyrene units (PE-g-AC-PyTEG). The influence of the irradiation dose on the
structure and the percentage of grafting of the produced polymers has been studied in detail. These materials
have been characterized by FTIR spectroscopy, and their thermal properties have been determined by TGA and
DSC. The optical properties of the grafted polymers have been studied by UV–vis and fluorescence spectroscopy.

1. Introduction

Polymers and plastic colour filters capable to block light at specific
wavelengths have attracted the attention of the scientific community
due to their wide variety of commercial applications such as hi-tech
light emitting devices for flat displays, sun glasses and special plastic
containers and hold light-sensitive materials, among others (Han et al.,
2009; Intawiwat et al., 2010; Weaver et al., 2004). We can get inter-
esting optical properties either by dispersing a chromophore into the
plastic (Han et al., 2009) or by covalent incorporation of the dye into
the polymer (Weaver et al. 2004; Hilbert et al., 1986). The latter ap-
proach is preferred for applications in optics, since it diminishes the risk
of dye release when the modified plastic is in contact with a solvent.
(Glossmann et al., 1993). In this work we propose a procedure that
requires a minimum amount of chromophore to confer optical activity
to the grafted polymer, thereby reducing cost, avoiding contamination,
and having a control of the thickness of the obtained plastic colour
filter. The purpose of this investigation is to synthesize a series of
grafted polymers with photoluminescent chromophores, employing PE
as matrix, acryloyl chloride as grafting agent and gamma radiation as

promoting source.
Provided that PE is a very useful plastic in packing and commer-

cially available, it can be used as starting material for the development
of optical filters. PE films can be chemically modified to incorporate
reactive functional groups, which can act as linkers for photoactive
moieties. In this manner, we prepared a series of grafted polymers by
irradiating PE films immersed in an acryloyl chloride (AC) solution with
γ-radiation (Gupta et al., 2003; Desai et al., 2004; Chapiro, 1962;
Ivanov, 1992). The resulting precursor polymers (PE-g-AC) can be
further esterified in the presence of the appropriate photoactive chro-
mophore to produce an optically active material.

In a previous work, we reported a series of grafted polymers having
azobenzene moieties useful for the elaboration of sensors (Rivera et al.,
2007; Carreón-Castro et al., 2010). As well, we synthesized other series
of grafted luminescent polymers containing 1-pyrenebutanol (PE-g-AC-
PyBu) and 1-pyrenemethylamine (PE-g-AC-PyN) units, which resulted
to be highly luminescent and totally hydrophobic (Gelover et al., 2012).
Pyrene was selected as chromophore since its self-aggregation gives rise
to the formation of excimers which can be detected by fluorescence,
thereby providing an evidence of the level of clustering of the pyrene
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moieties (Winnik, 1993; Duhamel, 2005; Siu et al., 2008; Duhamel,
2012; Lakowicz, 1983). The obtained polymers were characterized by
FTIR spectroscopy, thermogravimetric analysis, differential scanning
calorimetry, and their optical properties were determined by UV–vis
and fluorescence spectroscopy. Given that pyrene can emit light of
different colours depending on the chromophore concentration, ag-
gregation and the polarity of the environment, we decided to synthesize
a series of grafted polymers having pyrene units and poly(ethylene
glycol) spacers (PE-g-AC-PyTEG). The incorporation of poly(ethylene
glycol) segments in the polymer structure is an important factor to
provide water solubility and flexibility to the polymeric system. Many
examples of polymers presenting this element in their structure have
been reported in the literature with applications in diverse areas such as
optical, photoelectrical and nanomaterials as well as in materials for
drug delivery (Farinha et al., 1994; Lee et al., 1998; Yanagimachi et al.,
1991; Brown et al., 2002; Brown et al., 2004). The use of gamma ra-
diation has been widely study in many other research areas such as the
functionalization of polymers (Martinez-Cocoletzi et al., 2018), re-
ticulation of polymer systems (Sanchez et al., 2017), elaboration of
membranes (Oraby et al., 2017) and smart materials among others
(Pino-Ramos et al., 2017, 2016; Islas et al., 2016). The grafting

technique in all cases is very similar and based on the same principle.

2. Experimental section

2.1. Materials

Low density PE films (1 cm×5 cm×0.07mm), with a density of
0.92 g/cm3, and crystallinity of 50% were purchased from Goodfellow,
England. Acryloyl chloride (AC), toluene, CH2Cl2 and methanol em-
ployed in the synthesis of the grafted polymers were acquired from
Aldrich. Purification of AC was carried out by simple distillation at
reduced pressure, whereas the other solvents were purified by dis-
tillation at atmospheric pressure after having been dried with CaCl2.
After purification, PE films, reagents, and solvents were stored in a
desiccator over CaCl2 to prevent any contact with moisture.

The reagents involved in the synthesis were purchased from Aldrich,
and used as received. PyTEG was obtained via a Williamson reaction
between 1-pyrenol and the appropriate alkyl iodide according to the
method previously reported by us (Rodríguez-Alba et al., 2015). The
synthetic sequence is illustrated in Fig. 1, and the spectroscopic data for
each compound is described in this section.

Fig. 1. Synthesis of the PyTEG compound.
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2.1.1. (2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)ethanol) (2)
This intermediate was prepared according to the procedure pre-

viously reported in the literature (Rivera et al., 2007), and was directly
used in the next step because of its instability.

2.1.2. [2-(2-(2-(2-(pyren-1-yloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol]
PyTEG

1H NMR (300MHz, CDCl3) (See Fig. 2) δ=8.48 (d, J = 9.2Hz, 1H,
H9), 8.13 – 7.87 (m, 7H, H2–8), 7.48 (d, J= 8.4 Hz, 1H, H1), 4.42 (t, 2H,
OH), 4.01 (t, 2H, CH2O), 3.81 (t, 2H, OCH2), 3.68 (m, 8H, OCH2), 3.61
(t, 2H, OCH2).

13C NMR (75MHz, CDCl3) δ=152.9, 131.7, 127.3, 126.4, 126.2,
125.5, 125.2, 124.4, 124.3, 121.4, 109.6 (sp2 carbons), 72, 70.7, 70 (all
OCH2), 68.7 (CH2OH).

1H NMR spectra of the pyrene derivatives were recorded in solution
at room temperature on a Bruker Avance 400MHz spectrometer. 13C-
CPMAS NMR spectra (100MHz) of the obtained polymers bearing
pyrene units were carried out in solid state.

Firstly the PE films were washed with methanol and dried under
vacuum until reaching constant weight, then were put in glass am-
poules having an AC solution in toluene. The ampoules were purged
under vacuum by repeated freezing and thawing cycles. Afterwards,
they were sealed and irradiated by means of a 60Co γ-source (Gamma
beam 651 PT, Nordion International Inc.), using dose rate of
6.103 kGy/h and doses of 2, 4, 6, and 8 kGy. After the irradiation
process, the resulting grafted samples were washed with CH2Cl2 for
24 h in order to remove residual AC and the formed poly(acryloyl
chloride) obtained as by-product. Then, PE films grafted with acryloyl
chloride (PE-g-AC) were reacted in CH2Cl2 solutions of the prepared
pyrene derivative, via an esterification reaction, using trimethylamine
as base, and the mixtures were stirred vigorously for 24 h. Afterwards,
the samples were washed with methanol in the presence of triethyla-
mine to get rid the unreacted pyrene derivative and to convert the re-
maining acid chloride groups into methyl esters. The samples were
dried under vacuum until a constant weight was reached. Films ester-
ified with methanol have been used as reference to calculate the per-
centage of grafted AC. The amount of grafted AC was calculated from
the weight increase of the esterified films compared to non-grafted PE
films, used as starting material. The percentage of grafting (Grafting %)
was determined with Eq. (1):

= ×
−Grafting W W
W

% 100 o

o (1)

where W is the weight of the grafted polymer esterified with methanol
and Wo is the weight of the non-grafted PE film. The amount of in-
corporated pyrene onto the polymer Py-Grafting% was also calculated
by weight difference by means of Eq. (2):

− = ×

−

Py Grafting
W W

W
% 100 p

(2)

where Wp is the weight of the grafted polymer esterified with the
pyrene derivative and W is the weight of the grafted polymer fully es-
terified with methanol, which was used as reference to calculate the
percentage of grafting in Eq. (1).

2.2. Characterization

FTIR spectra of non-grafted PE used and the grafted polymers es-
terified with the pyrene derivative (PE-g-AC-PyTEG) were recorded on
a Nicolet (model 6700) spectrometer, Based diamond and ATR (model
Smart Orbit). The study of the surface topology of starting PE and the
obtained polymers PE-g-AC-PyTEG was carried out by atomic force
microscopy (AFM) with a JSPM-4210 Scanning Probe Microscope, and
the images have been taken with contact mode at ambient temperature.

Thermal properties of chromophore PyTEG and grafted polymers
esterified with the pyrene derivative PE-g-AC-PyTEG have been studied
by determining T10 (10% weight loss temperature), Tg (glass transition
temperature), and Tm (melting point). Thermogravimetric analysis
(TGA) was conducted on a TGA Q5000 Instrument (from 20 to 700 °C)
and Differential Scanning Calorimetry (DSC) was recorded in a DSC
Q2000 instrument (from 20 to 200 °C), in both cases using a heating
rate of 20 °C/min.

Absorption spectra of the polymers PE-g-AC-PyTEG were recorded
in film on a Varian Cary 1 Bio UV/vis spectrophotometer model 8452A.
Fluorescence spectra of the samples were carried out in film on a
Photon Technology International LS-100 steady-state system with a
pulsed Xenon flash lamp as the light source. The slit widths of the ex-
citation and emission monochromators were set to 1 nm.

Fig. 2. Assignment of the signals for PyTEG: a) 1H NMR and b) 13C NMR, respectively.
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3. Results and discussion

3.1. Synthesis and characterization of the pyrene chromophore PyTEG

PyTEG has been synthesized using 1-pyrenecarboxaldehyde and tetra
(ethylene glycol) as stating materials; the synthesis of this compound is
illustrated in Fig. 3. Firstly, 1-pyrenecarboxaldehyde was oxidized with
m-chloroperbenzoic acid through a Baeyer-Villiger reaction to give 1-

pyrenol 1. On the other hand, tetra(ethylene glycol) was reacted with
iodine, imidazole and Ph3P, in CH2Cl2 as solvent, to yield the corre-
sponding alkyl iodide 2. Finally, 1 and 2 were reacted through a Wil-
liamson reaction, using K2CO3 as base, in acetone to give the desired [2-
(2-(2-(2-(pyren-1-yloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol] (PyTEG).

The 1H NMR spectrum of the PyTEG (Fig. 3) exhibited three signals
in the aromatic region at 8.48 (d, J = 9.2 Hz, 1H, H9), 8.13 – 7.87 (m,
7H, H2–8) and 7.48 (d, J = 8.4 Hz, 1H, H1), due to the sp2 protons

Fig. 3. 1H NMR spectrum of the pyrene derivative PyTEG.

Fig. 4. Synthesis of a) PE-g-AC-PyTEG and b) PE-g-AC-MeO.
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present in the pyrene unit. In addition, we can observe five signals in
the aliphatic region at 4.42 (t, 2H, OH), 4.01 (t, 2H, CH2O), 3.81 (t, 2H,
OCH2), 3.68 (m, 8H, OCH2), 3.61 (t, 2H, OCH2) corresponding to the
methylenes of the oligo (ethylene glycol) segment.

The 13C NMR spectrum of exhibited a series of signals at 152.9,
131.7, 127.3, 126.4, 126.2, 125.5, 125.2, 124.4, 124.3, 121.4, 109.6
due to all sp2 carbons present in the pyrene unit, followed by three
additional signals at 72, 70.7, 70 related to the methylenes OCH2 of the

aliphatic side chain. At last, we can observe a signal at 68.7 due to
methylene CH2OH.

3.2. Preparation of the grafted polymers bearing pyrene units

The preparation of the luminescent polymers bearing pyrene units
and tetra(ethylene glycol) spacers (PE-g-AC-PyTEG) is shown in Fig. 4.
PE films have been reacted with acryloyl chloride dissolved in toluene
(degassed solution), in sealed ampoules, (Intawiwat et al., 2010) which
were further exposed to gamma radiation, to produce the precursor
grafted polymer PE-g-AC. We employed different doses and irradiation
times with the aim to optimize the process (Table 1), however, an ir-
radiation dose of 8 kGy afforded the best results. Finally, PE-g-AC was
further esterified with PyTEG to give the desired polymer having
pyrene units PE-g-AC-PyTEG. To perform the esterification reaction
with PyTEG, we employed a chromophore concentration of 0.003M
(Rivera et al., 2007; Carreón-Castro et al., 2010; Gelover et al., 2012),
using triethylamine 1% in dichloromethane as solvent. Likewise, the
precursor grafted polymer PE-g-AC was esterified with methanol to give
a polymer having methoxy groups PE-g-AC-MeO, which was used as
reference for comparison purposes. To carry out the esterification with

Table 1
Influence of the absorbed dose over the percentage of grafting.

Obtained polymer Dose (kGy) Incorporated group Grafted (% weigth)

PE-g-AC-MeO-2 kGy 2 MeO 17.07
PE-g-AC-PyTEG-2 kGy 2 PyTEG 17.28
PE-g-AC-MeO-4 kGy 4 MeO 41.01
PE-g-AC-PyTEG-4 kGy 4 PyTEG 51.14
PE-g-AC-MeO-6 kGy 6 MeO 65.48
PE-g-AC-PyTEG-6 kGy 6 PyTEG 72.99
PE-g-AC-MeO-8 kGy 8 MeO 105.20
PE-g-AC-PyTEG-8 kGy 8 PyTEG 118.87

Fig. 5. FTIR Spectrum of: a) non-grafted PE, and b) PE-g-AC-PyTEG polymers.
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methanol, we employed anhydrous methanol and triethylamine 1%.
With this procedure 8 different polymers have been obtained: PE-g-AC-

MeO-2 kGy, PE-g-AC-PyTEG-2 kGy, PE-g-AC-MeO-4 kGy, PE-g-AC-PyTEG-
4 kGy, PE-g-AC-MeO-6 kGy, PE-g-AC-PyTEG-6 kGy, PE-g-AC-MeO-8 kGy
and PE-g-AC-PyTEG-8 kGy. Where (PE) refers to the poly(ethylene) ma-
trix, (AC) indicates the presence of acryloyl chloride units, (g) means
grafting, PyTEG and MeO specify the presence of the group incorporated
by esterification (pyrene-tetra(ethylene glycol) or methoxy). We have also
indicated the employed irradiation dose in kGy units.

The main advantage of this procedure is that from a specific pre-
cursor grafted polymer such as PE-g-AC, we can synthesize a wide
variety of modified polymers through an esterification reaction. In this
particular case, we esterified PE-g-AC with PyTEG and methanol.

We used different irradiation doses (kGy) to achieve an optimal AC
grafting to facilitate the further incorporation of methanol and PyTEG
by esterification into the precursor grafted polymer PE-g-AC. As it could
be expected, we observed that the percentage of grafting increases at
the higher doses (Table 1). It is worth to notice that the percentage
grafting and the degree of incorporation of PyTEG units into the PE
matrix depends on the absorbed dose.

It is worth to mention that neither the grafting process nor the
further PyTEG incorporation by esterification changed the transparency
and mechanical properties of the modified PE films. After grafting and
esterification with PyTEG, such films became yellowish and the colour
intensity augment when we use higher irradiation doses.

3.3. Characterization of the grafted polymers having pyrene units

Fig. 5a shows the FTIR spectrum of non grafted PE. There is a series
of bands at 2914, 2844, 1464 and 719 cm−1 due to C-H (stretching),
CH2 (stretching), CH2 (scissoring) and C-H (out of plane) bonds, re-
spectively. The incorporation of methanol and PyTEG into the grafted-
polymer PE-g-AC by esterification can be confirmed by the appearance
of new bands in the FTIR spectra.

FTIR spectra of grafted-polymers esterified with methanol PE-g-AC-
MeO (not shown) are very similar to that of non grafted PE. In these
spectra we can observed the above mentioned bands of PE, followed by
two supplementary bands at 1720 and 1249 cm−1, due to the C˭O and
C–O bonds of the ester group. FTIR spectra of the grafted polymers
esterified with the pyrene derivative (PE-g-AC-PyTEG) (Fig. 5b) show
also the characteristic bands of non-grafted PE. Moreover, there is a
series of extra bands at 1716, 1243 and 1151 cm−1 related to the C˭O
and C–O bonds of the ester, as well as a band at 1560 cm−1 due to the
C˭C bonds of pyrene. At last we can observe a supplementary band at
812 cm−1 due to the =C–H bond (bending).

3.4. Thermal properties of the grafted polymers

We studied the thermal properties of the synthesized polymers by
Thermogravimetric analysis (TGA) from 20 to 700 °C and Differential
Scanning Calorimetry (DSC) from 20 to 200 °C, with a heating rate of
10 °C/min under inert atmosphere and the results are shown in Table 2.
We have also included the TGA and DSC of non grafted polyethylene
(not shown) for comparison purposes. TGA of non grafted PE exhibited
a T10 = 427 °C, and a melting point Tm =107 °C, that reveals the ex-
istence of crystalline domains in the polymer.

Nevertheless, grafted polymer films esterified with the pyrene de-
rivative (PE-g-AC-PyTEG) have lower thermal stability than PE, ex-
hibiting T10 values in the range of 281–387 °C. It is noticeable that
higher contents of pyrene chromophore in the grafted polymers tend to
decrease the thermal stability. The incorporation of the pyrene moieties
and the tetra(ethylene glycol) segments make these materials more
susceptible towards degradation and diminish their thermal stability.

DSC curves showed that all obtained polymers exhibit a melting
point at Tm =106 °C, very close to that of non-grafted PE (107 °C).
Therefore, we can assess that the inclusion of PyTEG units did not affect
meaningfully neither the thermal transitions nor the nature of the
crystalline domains of the PE matrix. This feature has been also noticed
in other series of grafted polymers reported by us (Rivera et al., 2007;
Carreón-Castro et al., 2010; Gelover et al., 2012).

3.5. Optical properties of the grafted polymers

We studied the optical properties of the obtained polymers in solid
state by absorption and fluorescence spectroscopy in the UV–vis range.
The absorption spectra of PE-g-AC-OMe-8 kGy and PE-g-AC-PyTEG-
8 kGy are shown in Fig. 6. It is evident that PE-g-AC-TEG-Py8kGy has a
higher absorbance value than PE-g-AC-OMe-8 kGy because of the in-
corporation of PyTEG. This chromophore exhibits three absorption bands
at 336, 273 and 241 nm, due to S0 → S4, S0 → S3 and S0 → S2 transitions,
respectively. The S0 → S1 band, forbidden by symmetry, has a very low
intensity and appears at 370 nm, so that it can be visualized only at
elevated concentration. However, in the absorption spectrum of the
grafted polymers PE-g-AC-PyTEG, we only observe a low intensity band

Table 2
Thermal properties of the obtained grafted polymers.

Polymer T5 (°C) T10 (°C) Tm (°C)

PE 414 427 107
PE-g-AC-PyTEG-2 kGy 316 388 106
PE-g-AC-PyTEG-4 kGy 264 334 106
PE-g-AC-PyTEG-6 kGy 229 313 106
PE-g-AC-PyTEG-8 kGy 177 282 106

Fig. 6. Absorption spectra of the PE-g-AC-OMe-8 kGy and PE-g-AC-PyTEG-
8 kGy polymers.

Fig. 7. Absorption spectra of the PE-g-AC-PyTEG polymers.
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at 279 nm, assigned to the S0 → S3 transition, followed by an absorption
tail covering the region where the other transitions take place.

The absorption spectra of the series of polymers PE-g-AC-PyTEG,
prepared at different irradiation doses are shown in Fig. 7. We can
notice that at higher radiation doses the obtained polymers have higher
percentage of grafting and can incorporate a higher number of pyrene
units, so that they exhibit more intense absorption bands due to the
increased pyrene concentration in the polymer.

The fluorescence spectra of obtained polymers PE-g-AC- PyTEG
were recorded in solid state, exciting at λ=345 nm (Fig. 8). All the
spectra show an emission band at λ=380–400 nm related to pyrene in
the non-associated or “monomer emission”. Moreover, these polymers
exhibit a red-shifted shoulder, due to a weak excimer emission, arising
from pyrene-pyrene intermolecular interactions (Birks, 1970; Winnik,
1985). A pyrene emission in absence of excimers usually has a cut off at
ca. λ=440 nm, conversely in this case we observe emission beyond
this wavelength, which confirm the presence of excimer (Duhamel,
2005; Birks, 1970; Winnik, 1985). According to the literature (Winnik,

Fig. 8. Fluorescence spectra of PE-g-AC- PyTEG polymers.

Fig. 9. AFM pictures of (A) non grafted PE, (B) PE-g-AC-MeO-2 kGy, (C) PE-g-AC-OMe-8 kGy, (D) PE-g-AC-PyTEG-2 kGy, (e) PE-g-AC-PyTEG-8 kGy.
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1993), the required distance between two pyrenes for the formation of a
excimer is about 3.5 Å.

3.6. Morphology of the grafted polymers

The morphology of the obtained polymer films was studied by
atomic force microscopy (AFM). Images of the topography of non-
grafted PE and the obtained polymers PE-g-AC-PyTEG are illustrated in
Fig. 9. As we can see, non grafted PE film displays a very irregular
surface with an average rms roughness of 15.10, whereas grafted
polymer films further esterified with methanol (PE-g-AC-OMe-2 kGy)
and PyTEG (PE-g-AC-PyTEG-2 kGy) exhibit a more homogenous surface
with lower rms values of 13.14 nm and 12.61 nm, respectively. The
roughness is significantly lower in PE-g-AC-PyTEG-2 kGy because the
incorporated chromophore PyTEG is much bulkier than MeO and can
cover efficiently the imperfections (cracks and cavities) of the PE film
surface

PE-g-AC-OMe-8 kGy shows an average rms roughness value of 9 nm,
whereas PE-g-AC-PyTEG-8 kGy exhibits a value of 11.58 nm. Unlike
polymer films obtained with 2 kGy, PE-g-AC-OMe-8 kGy exhibits the
lowest roughness value due to a more homogenous covering of the film
surface, whereas PE-g-AC-PyTEG-8 kGy shows a rougher surface.
According to these results, we can predict that at higher irradiation
doses higher percentage of grafting and more homogenous film surfaces
are obtained. A similar behavior has been observed in other series of
grafted polymers previously reported (Rivera et al., 2007; Carreón-
Castro et al., 2010; Gelover et al., 2012).

4. Conclusions

A novel pyrene chromophore having a tetra(ethylene glycol) side
chain was synthesized, and characterized. This chromophore was fur-
ther incorporated by esterification into PE films grafted with acryloyl
chloride (PE-g-AC), obtained using gamma radiation at different doses.
The photoactive polymer films (PE-g-AC-PyTEG) were fully character-
ized and their thermal properties have been determined by TGA and
DSC. The optical properties of the PE-g-AC-PyTEG polymers were in-
vestigated by absorption and fluorescence spectroscopy. All the ob-
tained polymers bearing pyrene units exhibited mainly “monomer
emission” and a weak excimer emission can be also observed.

This method is very useful to prepare precursor polymers (PE-g-AC)
with reactive functional groups that can be further esterified with a
wide variety of chromophores such as PyTEG. It is possible to regulate
the percentage of grafting by controlling the absorbed irradiation dose,
the concentration of grafting agent and the amount of photoactive
chromophore incorporated by esterification. The obtained luminescent
polymers (PE-g-AC-PyTEG) are promising prospects for the develop-
ment of optoelectronic sensors and photoluminescent materials. AFM
experiments showed that polymer film surface is flatter and more
homogeneous at higher percentages of grafting.
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