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Abstract

Novel grafted azo-polymers were prepared from commercial low density polyethylene plates (PE). First, precursor polymers were synthe-
sized by reacting PE in the presence of acryloyl chloride using gamma radiation. Further esterification of the resulting grafted polymers with
four new amino-nitro substituted azobenzene derivatives bearing oligo(ethylene glycol) segments: N-methyl-N-{4-[(E )-(4-nitrophenyl)-
diazenyl]phenyl}-N-(5-hydroxy-3-oxapentas-1-yl)amine (RED-PEG-2), N-methyl-N-{4-[(E )-(4-nitrophenyl)diazenyl]phenyl}-N-(8-hydroxy-
3,6-dioxaoctas-1-yl)amine (RED-PEG-3), N-methyl-N-{4-[(E)-(4-nitrophenyl)diazenyl]phenyl }-N-(11-hydroxy-3,6,9-trioxaundecas-1-yl)amine
(RED-PEG-4) and N-methyl-N-{4-[(E )-(4-nitrophenyl)diazenyl]phenyl}-N-(17-hydroxy-3,6,9,12,15-pentaoxaheptadecas-1-yl)amine (RED-
PEG-6) led to the formation of branched azo-polymers. These polymers were characterized and their thermal and optical properties were studied.
Besides, the influence of the irradiation dose, irradiation time and the structure of the dyes on the properties of the obtained polymers are

discussed.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Azo-polymers are very versatile materials due to the photo-
induced motions which occur on them when they are irradiated
with laser polarized light [1]. Several reviews covering most of
the implications of azobenzene in polymer structures have been
published [1—4]. In the last years, various azo-polymers bear-
ing amino-nitro substituted azobenzene units (pnMAN series)
have been synthesized and characterized [5]. In general, they
exhibit maximum absorption wavelength close to those ob-
served for similar push—pull azo-compounds [6,7]. In these
materials, both J- and H-type aggregation have been
observed [5].
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In a previous work, we reported the synthesis, characteriza-
tion and optical properties of a series of novel amphiphilic
amino-nitro substituted azo-dyes bearing end-capped poly(eth-
ylene glycol) segments (RED-PEGM) [8—10]. Azobenzene
and poly(ethylene glycol) have been incorporated into sophis-
ticated systems such as copolymers [11,12], nanomaterials
[13,14], cellulose derivatives [15,16] and cyclodextrin poly-
mers [17,18], in some cases forming supramolecular com-
plexes with interesting properties [19]. Poly(ethylene glycol)
moieties provide flexibility and water solubility to the systems
into which they are incorporated.

On the other hand, radiochemistry has shown to be an effi-
cient powerful tool to introduce new functional groups into
polymer matrices [20]. Many commercial polymers, most of
them plastics, have been grafted in the presence of a reactive
monomer using gamma radiation. yy-Rays form radicals in the
polymer chains, which are able to polymerize vinyl monomers
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such as acryloyl and methacryloyl chloride, to give new mate-
rials containing reactive functional groups. Such materials can
be further modified [21—24] in the presence of nucleophilic
reagents. According to the literature acryloyl chloride provides
better results than methacryloyl chloride during the grafting
process [21]. In previous reports, some polymers such as poly-
propylene [22], polydiethyleneglycol-bis-allylcarbonate [23],
polyethylene, poly(ethylene terephtalate) and polycarbonate
[24] have been grafted in the presence of gamma irradiation
under different doses using acryloyl chloride as grafting agent.
The resulting polymers were further esterified in the presence
of alcohols, amines or commercial azo-dyes [24]. Grafting can
also be accomplished by other methods; for instance Nuyken
and colleagues carried out chemical and photochemical mod-
ification of polymers [25,26], in some cases for the preparation
of amphiphilic systems [27].

In this work, we report the synthesis and characterization
of four new dyes: N-methyl-N-{4-[(E )-(4-nitrophenyl)diaze-
nyl]phenyl}-N-(5-hydroxy-3-oxapentas-1-yl)amine (RED-PEG-
2), N-methyl-N-{4-[(E )-(4-nitrophenyl)diazenyl]phenyl }-N-
(8-hydroxy-3,6-dioxaoctas-1-yl)amine (RED-PEG-3), N-meth-
y1I-N-{4-[(E )-(4-nitrophenyl)diazenyl]phenyl }-N-(11-hydroxy-
3,6,9-trioxaundecas-1-yl)amine (RED-PEG-4) and N-methyl-
N-{4-[(E )-(4-nitrophenyl)diazenyl]phenyl }-N-(17-hydroxy-
3,6,9,12,15-pentaoxaheptadecas-1-yl)amine (RED-PEG-6) as
well as their incorporation into a PE matrix using acryloyl
chloride and gamma irradiation. The structures of these dyes
are shown in Fig. 1. The new azo-polymers containing oligo-
(ethylene glycol) segments seem to be very sensitive to mois-
ture, giving rise to solvatochromic effects after exposure to
water.

2. Experimental part

All the reagents used in the synthesis were purchased from
Aldrich and used as received. N-Methyl-N-{4-[(E )-(4-nitro-
phenyl)diazenyl]phenyl }-N-(5-hydroxy-3-oxapentas-1-yl)amine
(RED-PEG-2), N-methyl-N-{4-[(E )-(4-nitrophenyl)diazenyl]-
phenyl}-N-(8-hydroxy-3,6-dioxaoctas-1-yl)amine (RED-PEG-
3), N-methyl-N-{4-[(E )-(4-nitrophenyl)diazenyl]phenyl}-N-
(11-hydroxy-3,6,9-trioxaundecas- 1-yl)amine (RED-PEG-4) and
N-methyl-N-{4-[(E )-(4-nitrophenyl)diazenyl]phenyl }-N-(17-
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Fig. 1. Structure of the RED-PEG dyes.
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Fig. 2. Synthesis of the RED-PEG dyes.

hydroxy-3,6,9,12,15-pentaoxaheptadecas-1-yl)amine  (RED-
PEG-6) have been synthesized according to the method previ-
ously reported by us for the synthesis of the RED-PEGM
series [8]. The synthetic sequence is shown in Fig. 2 (vide
infra) and the spectroscopical characterization for each
compound is given in this section.

2.1. RED-PEG-2

IR (KBr): 3459 (s, OH), 2923 (b, CH, and CH3), 1602 (N—
CHj3), 1513 (s, NO,), 1465 (s, C=C aromatic), 1430 (s,
N=N), 1338 (s, C=C aromatic) 1100 (s, OCH,), 958, 822
(=C—H aromatic out of plane)cm™'. 'H NMR (CDCls,
400 MHz) (see Scheme 1): 6=8.31 (d, J=8.97 Hz, 2H,
HY: 7.91 (d, J=8.79 Hz, 2H, H>); 7.89 (d, 2H, J = 8.25 Hz,
H): 6.78 (d, 2H, J=9.22 Hz, H'); 3.72, 3.65 (m, 6H, all
the OCH,); 3.59 (s, 2H, NCH,); 3.15 (s, 3H, CH;—N), 2.3
(1H, OH) ppm. '*C NMR (CDCl;, 100 MHz) (see Scheme
1): 6=156.77 (1C, C°%), 152.55 (1C, C%), 147.41 (1C, CM,
143.85 (1C, C%), 126.10 (2C, C°), 124.94 (2c, C®), 122.63
(2C, CY, 111.54 (2C, CP), 72.50, 68.66 (2C, all OCH,),
61.85 (1C, CH,OH), 52.22 (1C, N—CH,), 39.34 (1C, CH;—
N) ppm. Elemental analysis: caled for C;;H,004N4: C,
60.71%; H, 3.59%:; N, 16.66%. Found: C, 60.69%; H,
3.60%; N, 16.62%.

HsCaN Ok

Hi 2 __H,
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2.2. RED-PEG-3

"H NMR (CDCls, 400 MHz) (see Scheme 1): 6 = 8.33 (d,
J=9.07 Hz, 2H, H*); 7.94 (d, J = 6.52 Hz, 2H, H>); 7.91 (d,
2H, J=6.63 Hz, H); 6.81 (d, 2H, J=9.28 Hz, H'); 3.72
(m, 10H, all the OCH,); 3.59 (s, 2H, NCH,); 3.16 (s, 3H,
CH;—N), 2.3 (1H, OH) ppm. *C NMR (CDCl;, 100 MHz)
(see Scheme 1): 6=156.79 (1C, C%), 152.55 (I1C, C%),
147.38 (1C, C"), 143.80 (1C, C%), 126.11 (2C, C°), 124.68
(2C, C®), 122.92 (2C, CH, 111.52 (2C, CP), 72.46, 70.87,
70.46, 68.66 (4C, all OCH,), 61.77 (1C, CH,OH), 52.20
(1C, N—CH,), 39.42 (1C, CH3—N) ppm. Elemental analysis:
caled for CioH,40sNy: C, 58.75%; H, 6.22%; N, 14.42%.
Found: C, 58.72%:; H, 6.18%; N, 14.38%.

2.3. RED-PEG-4

"H NMR (CDCls, 400 MHz) (see Scheme 1): 6 =8.32 (d,
J=18.96 Hz, 2H, H*); 7.92 (d, / =9.28 Hz, 2H, H>); 7.90 (d,
2H, J=9.54 Hz, H?); 6.79 (d, 2H, J=9.22 Hz, H"); 3.71,
3.65 (m, 14H, all the OCH,); 3.61 (s, 2H, NCH,); 3.15 (s,
3H, CH;—N); 231 (1H, OH)ppm. '*C NMR (CDCls,
100 MHz) (see Scheme 1): 6 = 156.81 (1C, C%), 152.58 (1C,
C%, 14738 (1C, C", 143.78 (1C, C%), 126.11 (2C, C9),
124.69 (2¢, C®), 122.88 (2C, ChH, 122.61, 111.54 (2C, CP),
72.42, 70.76, 70.62, 70.58, 70.26, 68.53 (6C, all OCH,),
61.59 (1C, CH,OH), 52.16 (1C, N—CH,), 39.34 (1C, CH3—
N) ppm. Elemental analysis: calcd for C, HpgOgNy: C,
58.32%; H, 6.52%; N, 12.95%. Found: C, 58.24%; H,
6.49%; N, 12.89%.

2.4. RED-PEG-6

"H NMR (CDCls, 400 MHz) (see Scheme 1): 6 = 8.31 (d,
J=9.06 Hz, 2H, H%; 7.96 (d, J=8.81 Hz, 4H, H>—H>);
6.82 (d, 2H, J=9.06Hz, H"), 3.71 (t, J, =197 Hz,
J,=187Hz, 2H, CH,OH); 3.65—3.18 (m, 6H, all the
OCHy,); 3.18 (s, 3H, CH3;—N); 2.3 (1H, OH) ppm. '*C NMR
(CDCl5, 100 MHz) (see Scheme 1): 6 =156.80 (1C, C°%),
15270 (1C, C%), 147.34 (1C, C"), 143.73 (1C, CY), 126.22
(2C, C°), 124.70 (2c, C¥), 122.62 (2C, C"), 111.59 (2C, C°),
72.67, 71.39, 70.83, 70.68, 70.64, 70.58, 70.55, 70.31, 68.58
(10C, all OCH,), 61.71 (1C, CH,OH), 52.24 (1C, N—CH,),
39.41 (1C, CH3;—N)ppm. Elemental analysis: calcd for
C,5H3608Ny: C, 57.67%; H, 6.97%; N, 10.76%. Found: C,
57.63%; H, 6.92%; N, 10.73%.

FTIR spectra were recorded on a Nicolet FTIR 5 DXB
spectrometer using KBr pellets of the dyes and polymer sam-
ples. "H NMR spectra of the dyes in solution were recorded at
room temperature on a Bruker Avance 400 MHz spectrometer.
As well, '>C CPMAS NMR spectra (100 MHz) of the grafted
polymers were recorded in the same instrument at room
temperature.

Plates of PE (PEMEX, Mexico) (density of 0.926 gmlfl,
crystallinity 62%, thickness 0.07 mm and size of 1 X 5cm)
were washed with methanol and further dried under vacuum
until getting constant weight. Acryloyl chloride (AC), toluene,

dichloroethane and methanol used in the preparation of grafted
polymers were purchased from Aldrich Chemical Co. AC
was purified by distillation at reduced pressure (180 mmHg,
35 °C). Toluene, dichloroethane and methanol were distillated
at atmospheric pressure after drying with CaCl,. After purifi-
cation, PE plates, AC and solvents were stored in a desiccator
over CaCl, in order to avoid any contact with atmospheric
moisture.

In order to estimate the swelling percentage, PE plates were
immersed in a solution containing 50% of AC in toluene at
room temperature until maximum swelling was reached. Af-
terwards, samples were taken out from this solution, and the
excess solution deposited on the film surface was removed
quickly with blotting paper, then the samples were weighed.
The swelling degree was calculated by the following equation:

swelling (%) = (W — W,)100/W,

where W and W, are the weights of swollen and dry samples,
respectively.

PE plates were placed in glass ampoules containing a solu-
tion of AC 50% in toluene. The ampoules were purged under
vacuum by repeated freezing and thawing method, then they
were sealed and irradiated with a ®°Co y-source (Gammabeam
651 PT, Nordion International Inc.) at dose rates of 2 or 4 kGy/
h. In order to extract the residual monomer and poly(acryloyl
chloride) by-product formed and occluded in the films during
irradiation; the grafted samples were washed with dichloroeth-
ane for 12 h in a closed flask. Furthermore, they were dried un-
der vacuum until getting constant weight. Grafting yields were
determined from weight increase in the modified PE samples
compared to the starting non-grafted PE.

Samples with different content of grafted AC were placed
immediately in dichloroethane solutions of the new azo-
compounds (RED-PEG dyes) with concentrations varying from
0.001 to 0.003 M. Triethylamine was added and the esterifica-
tion of the RED-PEG dyes with the precursor polymers was
carried out in a closed flask by stirring all the reagents for
24 h. Afterwards, the samples were washed with methanol (in
the presence of triethylamine) to remove the unreacted RED-
PEG dyes and for conversion of the remaining acid chlorides
into the methyl esters. Substitution of CI atoms by OCHj pre-
vents the hydrolysis of the remaining acid chlorides to give
carboxylic acids during the storage. After treatment with
methanol, the samples were dried under vacuum until constant
weight. Yields of the immobilized RED-PEG dyes were deter-
mined from weight increase by comparing the final grafted
azo-polymer weight with that of the precursor polymer (PE
grafted with AC).

FTIR-ATR spectra of the starting and modified PE surfaces
were obtained with a Perkin—Elmer (model Paragon 500)
spectrometer. ZnSe glass was used for contact with the sample
surfaces, and the IR radiation penetrated into samples to depth
of 5—6 pum.

Examination of the starting and the modified PE surfaces
was carried out by atomic force microscopy (AFM) with a
NanoScope Illa of Digital Instruments Inc., and images were



E. Rivera et al. | Polymer 48 (2007) 3420—3428 3423

recorded with contact mode at room temperature. The scan
speed was 1.5 Hz, and low scanning forces (0.3 N/m) were
used in order to avoid any surface damage.

Thermal properties of the RED-PEG dyes and grafted azo-
polymers were studied by determining 779 (10% weight loss
temperature), T, (glass transition temperature), and T, (melt-
ing point). Thermogravimetric analysis (TGA) was conducted
on a Hi-Res TGA 2950 Instrument (from 20 to 550 °C) and
differential scanning calorimetry (DSC) was carried out in
a DSC 2910 instrument (from 20 to 200 °C), in both cases
with a heating rate of 20 °C/min.

All azo-dyes were dissolved in spectral quality solvents
purchased from Aldrich. Absorption spectra were recorded
on a Varian Cary 1 Bio UV—vis (model 8452A) spectropho-
tometer at room temperature using 1 cm quartz cells. For the
grafted polymers, absorption spectra were recorded in film
using the same instrument.

3. Results and discussion
3.1. Synthesis and characterization of the azo-dyes

RED-PEG dyes have been synthesized from N-methyl
aniline, using the same method employed for the synthesis of
RED-PEGMS-8 [8], but in this case non-end-capped oligo(eth-
ylene glycol)s have been used as starting materials. The syn-
thesis of these compounds is illustrated in Fig. 2.

In general, oligo(ethylene glycol) with the required length
(n value) was reacted in the presence of tosyl chloride and pyr-
idine as solvent to give the corresponding tosylate 1. This
compound was treated with Nal in acetone to lead to the alkyl
iodide 2. Furthermore, N-methyl aniline was alkylated in the
presence of 2 using K,COj; as base and DMF as solvent to
give the corresponding aminoalcohol 3. Finally, this com-
pound was coupled in the presence of 4-nitrobenzene diazo-
nium tetrafluoroborate to give the desired azo-dye 4.

The obtained dyes bearing different n values, RED-PEG-2
(n=2), RED-PEG-3 (n = 3), RED-PEG-4 (n = 4), RED-PEG-
6 (n=6), were characterized by FTIR, '"H and '>C NMR
spectroscopies. In general, FTIR spectra of the dyes were very
similar and exhibited different bands at 3459 (OH), 2923
(CH, and CHj groups), 1602 (N—CHj), 1513 cm™' (NO,).
In addition, five bands at 1465 (C=C aromatic) 1430 (N=N),
1100 (OCH,), and 958, 822 cm ! (=C—H aromatic, out of
plane) were observed.

The 'H NMR spectra of the RED-PEG dyes (not shown)
were very similar, for example RED-PEG-3 (see Scheme 1)
exhibited four doublets in the aromatic region at 8.33, 7.94,
7.91 and 6.81 ppm corresponding to protons H*, H®, H? and
H', respectively. In addition, a multiplet was observed at
3.72 due to all the OCH, groups present in the molecule, as
well as two singlets at 3.59 and 3.16 ppm corresponding to
the NCH, and CH3;—N groups. Plus, a broad signal at
2.3 ppm due to the OH group was also observed.

13C NMR spectra of the azo-dyes (not shown) were very
similar with slight differences in the aliphatic region. For ex-
ample the '>C NMR spectrum of RED-PEG-3 (see Scheme 1)

exhibited eight signals between 156.77 and 111.51 ppm due
to the eight types of aromatic carbons present in the molecule,
followed by four signals at 72.46, 70.87, 70.46, and 68.66 ppm
all due to OCH, present in the oligo(ethylene glycol) segment.
Besides, three more signals at 61.77, 52.20 and 39.42 ppm due
to CH,OH, N—CH, and CH3—N, respectively, were also
observed.

3.2. Thermal and optical properties of the
RED-PEG dyes

Thermal properties of the RED-PEGM dyes were studied by
thermogravimetric analysis (TGA) from 20 to 550 °C (Fig. 3)
and differential scanning calorimetry (DSC) (not shown), and
the results are summarized in Table 1. RED-PEG-2, RED-
PEG-3, RED-PEG-4 and RED-PEG-6 exhibited Ts at 230,
296, 181.9 and 225.2 °C, respectively. All these dyes showed
fast degradation between 300 and 350 °C leaving about 30%
of remains at 550 °C. As we can see, increasing the oligo(eth-
ylene glycol) segment length in the dye contributes to the
decrease in thermal stability. Surprisingly, RED-PEG-3 ex-
hibited higher thermal stability than RED-PEG-2. Melting
points of the dyes were measured by DSC: RED-PEG-2
(T, =112.8 °C), RED-PEG-3 (T, =103.7 °C), RED-PEG-4
(Tn=73.3°C), and RED-PEG-6 (T}, =50.9 °C). It is worth
to point out that the longer the oligo(ethylene glycol) segment,
the lower the melting point. It is very well known that poly-
(ethylene glycol) has low T, and Ty, values because of its
extreme flexibility [28].

Optical properties of the RED-PEG dyes were studied in
solution by absorption spectroscopy in the UV—vis region
and the results are included in Table 1. Since all RED-PEG
dyes belong to the ‘““pseudostilbenes” category [6], in these
dyes the m—m* and n—m* are completely superimposed.
The absorption spectra of the dyes in CHCI; solution showed
different maximum absorption wavelengths: RED-PEG-2
(Amax = 466 nm), RED-PEG-3 (A,,x =476 nm), RED-PEG-4
and RED-PEG-6 (A,.x =479 nm). From these results, we

RED-PEG-2
- --- RED-PEG-3
-~ RED-PEG-4

70
. --—--- RED-PEG-6

% Weight
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50
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20 T T T T T T T T T T
100 200 300 400 500
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Fig. 3. TGA of the RED-PEG dyes.
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Table 1
Thermal and optical properties of the synthesized RED-PEG dyes

Azo-dye RED-PEG-2 RED-PEG-3 RED-PEG-4 RED-PEG-6

Ts5 (°C) 2304 251.8 181.9 2252

T (°C) 282.6 296.0 258.2 274.7

Tm (°C) 112.8 103.7 73.3 50.9

Amax (nm) 466 476 479 479
(CHCl3)

Amax (nm) 471 479 480 480
(THF)

Amax (nm) 476 480 481 481
(CH;0H)

Dipole moment 9.157 9.654 8.597 9.381
AMI, u (D)

Dipole moment  7.309 8.194 7.415 7.491
PM3, u (D)

can observe that increasing the oligo(ethylene glycol) length
in the dye increases the dipole moment and the CT character,
thereby red-shifting the absorption band. On the other hand, if
we compare the maximum absorption wavelength of the dyes
in different solvents (see Table 1), we can observe that the
more polar the solvent, the more red-shifted the absorption
band. For example RED-PEG-2 exhibited A,,x =466 nm in
CHCl3, Apax =471 nm in THF, and A,,,, = 476 nm in metha-
nol. However, in dyes having longer oligo(ethylene glycol)
segments such as RED-PEG-6, the red-shift because of the in-
crease in the polarity of the solvent is not so remarkable (for
instance in RED-PEG-6, A,., =479 nm in CHCl;, A,.=
480 nm in THF, and A, =481 nm in methanol).

3.3. Preparation of the grafted azo-polymers

The preparation of grafted azo-polymers is illustrated in
Fig. 4. According to this method [24], PE plates have been

(0] J"""‘(CHZ——CH)FT\]'W
Cl Toluene cH
M\(CHZ--CHZJ);v [ 2
¥ C|—$‘;—CH
O x
Azo-dye Precgrsor polymer
CH,Cl,
M’\’(CHZ--CH)J%W
M
i
HaC %CHZCHzofc—CH
N n [P
O x
Nxy
NO,
6

Fig. 4. Synthesis of the grafted azo-polymers.

reacted in the presence of an acryloyl chloride solution in tol-
uene, in sealed ampoules using gamma radiation as promoting
agent to give the corresponding precursor polymer 5. Different
doses and irradiation times were tried in order to optimize the
process (Table 2). The best results were obtained when doses
of 4kGy were used. Further esterification of the precursor
polymers S in the presence of the selected RED-PEG dyes
led to the formation of the desired azo-polymers. In this way,
eight different polymers were obtained: AC-g-PE—RED-
PEG-2-2 kGy, AC-g-PE—RED-PEG-2-4 kGy, AC-g-PE—
RED-PEG-3-2 kGy, AC-g-PE—RED-PEG-3-4 kGy, AC-g-
PE—RED-PEG-4-2 kGy, AC-g-PE—RED-PEG-4-4 kGy, AC-
g-PE—RED-PEG-6-2 kGy, and AC-g-PE—RED-PEG-6-4 kGy.
Where PE is the polyethylene matrix, AC is acryloyl chloride,
RED-PEG-X indicates the incorporated azo-dye followed by
the employed dose in kGy units.

The advantage of this method is that from a given precursor
polymer, we can obtain a huge variety of azo-polymers via an
esterification reaction in the presence of different azo-dyes
bearing terminal hydroxyl groups.

Preliminary irradiation of the PE plates up to 10 kGy did
not result in any visible changes in their transparency and me-
chanical durability compared to the starting material. Previous
investigations on radiation grafting of AC onto different poly-
mers [21,29,30] showed that diluted monomer concentrations
tend to decrease the undesirable homopolymerization side re-
action during the irradiation process. It is very well known that
a high swelling capacity of polymer in the monomer solution
provides a good distribution of grafted chains along the poly-
mer matrix. Good swelling of PE plates in the AC solution, al-
lows the penetration of AC so that grafted chains are formed
and grew homogeneously not only on the surface but also
inside the polymer matrix. However, if only a superficial graft-
ing is desired, non-swollen or partially swollen polymer—
monomer systems must be used [31].

To find an optimal incorporation of azo-dyes in the PE
grafted with AC, the acylation process has been performed us-
ing solutions with different concentrations of each RED-PEG
dye in dichloroethane. As expected, the azo-dye content in-
creased within the concentration. A concentration of 0.001 M
was used in order to find a correlation between the amount of
incorporated azo-dye and the percentage of AC grafted into
the PE plates (Fig. 5). As we can see, yields of the

Table 2
Influence of the dose over the percentage of grafting
Obtained polymer Dose  Incorporated  Grafted
(kGy) azo-dye polymer + azo-dye
(% weight)

AC-g-PE—RED-PEG-2-2 kGy
AC-g-PE—RED-PEG-2-4 kGy
AC-g-PE—RED-PEG-3-2 kGy
AC-g-PE—RED-PEG-3-4 kGy
AC-g-PE—RED-PEG-4-2 kGy
AC-g-PE—RED-PEG-4-4 kGy
AC-g-PE—RED-PEG-6-2 kGy
AC-g-PE—RED-PEG-6-4 kGy

RED-PEG-2 38
RED-PEG-2 45
RED-PEG-3 30
RED-PEG-3 38
RED-PEG-4 28
RED-PEG-4 35
RED-PEG-6 25
RED-PEG-6 31

LS I SR S S R
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Fig. 5. Content of the immobilized RED-PEG-2 in Ac-g-PE as a function of
the grafted AC.

immobilized azo-dye molecules are relatively low. Calcula-
tions showed that the azo-dye content can reach 50%, but in
our case about 30% has been obtained when a 4 kGy dose was
applied. Apparently, only a half of the acid chlorides present in
the grafted precursor polymer (AC-g-PE) reacted with the
RED-PEG dyes, and the remaining acid chlorides reacted
with methanol in a further reaction during the work-up. Deter-
mination of the RED-PEG dye content has been calculated with
respect to the precursor grafted polymer (AC-g-PE) weight.
Grafting process and subsequent azo-dye incorporation did
not deteriorate the transparency and mechanical properties of
the modified PE plates. After grafting and esterification with
RED-PEG-2, RED-PEG-3 and RED-PEG-4, these plates be-
came dark red and the color intensity increased within the
dye content as expected. Nevertheless, when RED-PEG-6
was used the obtained plates were magenta in spite of the
content of the azo-dye. It seems that this color is due to the
presence of J-aggregates in the polymer film (vide infra).

3.4. Characterization of the grafted azo-polymers

The obtained polymers were characterized by FTIR and
CPMAS '*C NMR spectroscopy. The incorporation of the
dye into the precursor grafted polymer was confirmed by
FTIR spectroscopy in all cases. FTIR spectra of the obtained
azo-polymers are very similar. Fig. 6 shows the FTIR spectra
of PE, RED-PEG-6 and AC-g-PE—RED-PEG-6-4 kGy. As we
can see, the azo-polymer exhibits a band at 2912 cm ™' due to
the CH, groups present in the PE matrix, which is also seen in
the FTIR spectrum of the PE. Also, we can observe a band at
1706 cm ™" due to the C=0 of the acryloyl units grafted to
PE. Besides, there are four bands at 1460, 1330, 1243 and
800 cm ! due to the azo group N=N (stretching), nitro group
NO, (stretching), the C—O bond (stretching) present in the es-
ter groups and the =C—H (out of plane) of the phenyl rings,
respectively. Therefore, the FTIR spectrum of obtained grafted
azo-polymer has most of the bands present in FTIR spectrum

100.0
90
80
70
60
50
40
30
20
10

0.0
O

Q Q
Y O Q O I\
S oS5 S 8 S

%T

o

cm™

Fig. 6. FTIR Spectra of: (a) RED-PEG-2 (blue line), (b) PE—RED-PEG-2-
3 kGy (red line), and (c) PE (magenta line).

of the RED-PEG-6 dye but that at 3418 cm ™' due to the termi-
nal hydroxyl group.

CPMAS '*C NMR spectra of the grafted azo-polymer films
are practically identical. For instance CPMAS '*C NMR spec-
trum of AC-g-PE—RED-PEG-4 (not shown), showed a very
intense broad signal at 33 ppm due to all aliphatic carbons
present in the polymer, and those present in the linking
acryloyl units and the incorporated azo-dye units. Plus, two
more signals were observed at 110 and 185 ppm correspond-
ing to the aromatic carbons of the incorporated azobenzene
units and the C=O0 groups present in the polymer. These sig-
nals were significantly less intense because of the low content
of acryloyl and azobenzene units in the grafted azo-polymer.

3.5. Thermal and optical properties of the obtained
polymers

Thermal properties of the AC-g-PE—RED-PEG polymers
have been determined by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). Fig. 7 shows
TGA and DSC of the polymer AC-g-PE—RED-PEG-6-
4 kGy. Since the AC-g-PE—RED-PEG polymers have a very
low azo-dye content, their thermal properties are very close
to those of PE used as starting material, with slight changes.
AC-g-PE—RED-PEG-6-4 kGy exhibits a good thermal stabil-
ity with a T value of 340 °C (440 °C for non-grafted PE) and
showed fast degradation beyond 450 °C as non-grafted PE.
By contrast, the other polymers behave similarly with slight
changes in T.

On the other hand, DSC of all AC-g-PE—RED-PEG poly-
mers exhibited a melting point at T,, =111 °C as pure PE
followed by an exotherm at 7 =230 °C, which can be due to
cross-linking of the polymers during heating. We believe
that the formation of radicals is possible during the degrada-
tion process because of the presence of traces of oxygen.
This behavior was also observed for PE used as starting mate-
rial. Therefore, we can conclude that the grafting process did
not modify significantly the thermal properties of PE.

Optical properties of the grafted polymers were studied by
absorption spectroscopy. In this case, the structure of the
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Fig. 7. (A) TGA and (B) DSC of PE—AC-RED-PEG-6-4 kGy.

incorporated azo-dye plays an important role, since the length
of the oligo(ethylene glycol) spacer modify remarkably the
absorption spectrum of the polymers. Absorption spectra of the
different AC-g-PE—RED-PEG polymers were recorded in film
and are shown in Fig. 8.

AC-g-PE—RED-PEG-2 exhibited a maximum absorption
band at A,,,x =516 nm followed by a shoulder at A =539 nm,
which reveals the presence of J-aggregates in this polymer.
Moreover, a long tail in the blue side of the spectrum shows
the presence of H-aggregates in this polymer film. On the
other hand, AC-g-PE—RED-PEG-6 exhibited also a maximum
absorption band at A, =516 nm accompanied by a second
well defined band at A =542 nm, which clearly indicates the
presence of J-aggregates. By contrast, polymers AC-g-PE—
RED-PEG-3 and AC-g-PE—RED-PEG-4 showed only a
band at A,,x =490 nm, very well blue-shifted with respect to
their homologues AC-g-PE—RED-PEG-2 and AC-g-PE—
RED-PEG-6. Apparently, in AC-g-PE—RED-PEG-3 and AC-
g-PE—RED-PEG-4 the azobenzene chromophores are not
associated in pairs. According to the literature, azo-polymers
bearing amino-nitro substituted azobenzene units tend to form

PE-AC-RED-PEG-2-4kGy
- - - - PE-AC-RED-PEG-3-4kGy

2,5
---- PE-AC-RED-PEG-4-4kGy
--—-—-- PE-AC-RED-PEG-6-4kGy
207 L7 RS J-aggregates
;7 J-aggregates
/
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traces of /

1 H-aggregates Traces of

J-aggregates
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0,0 T T LN
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Fig. 8. Absorption spectra of PE—AC-RED-PEG polymers.

anti-parallel H-aggregates to reach the neutrality of the system
[32]. In previous work Natansohn and co-workers reported the
formation of H-aggregates in polymer films of the pnMAN se-
ries, which can be observed by absorption spectroscopy and
dissociate when they are irradiated with linear polarized light
giving rise to photochromic changes [32]. In H-aggregates
chromophores are associated in a face-to-face way, whereas in
J-aggregates chromophores interact in a head-to-tail or head-
to-head way [33].

Our AC-g-PE—RED-PEG polymers are also photochromic
when they are irradiated with light as other azo-polymers do.
Nevertheless, which is important for us is that the presence of
an oligo(ethylene glycol) spacer in the polymers allows the
absorption and penetration of water into the polymer matrix,
causing a dissociation of the azobenzene aggregates. Fig. 9
showed the absorption spectra of AC-g-PE—RED-PEG-6
exposed to steam at different times.

When an AC-g-PE—RED-PEG-2 (dark red) or AC-g-PE—
RED-PEG-6 (magenta) polymer film is exposed to steam, it
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Fig. 9. Absorption spectra of PE—AC-RED-PEG-6 after exposure to water.
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1

Fig. 10. AFM pictures of (A) the starting PE and the modified compositions
with different RED-PEG-2 content: (B) 20% and (C) 40%.

changes its color from intense red (magenta) to orange. This
photochromic phenomenon is reversible and can be monitored
by absorption spectroscopy (Fig. 9). At the beginning absorp-
tion spectrum of AC-g-PE—RED-PEG-6 shows two bands
(Amax = 516 nm and A5, = 542 nm). During exposure to steam
the band at A =542 nm decreases in intensity and after 10 min
disappears completely because of the dissociation of the J-ag-
gregates present in the film. After drying the sample recovers
its original color and its absorption spectrum is identical to
the initial one, so that hysteresis was observed. We believe that
such materials could be used as prospects for the future
elaboration of chromic humidity sensors.

3.6. Morphology of the polymers

AFM revealed essential difference in topographies between
the starting PE plates and the obtained azo-polymers, for
instance AC-g-PE—RED-PEG-2 (Fig. 10). The PE surface
(Fig. 10A) is relatively smooth with average roughness of
100 nm. An irregular covering of the polymer surface is ob-
served at 20% of azo-dye incorporation (Fig. 10B), and the
roughness increased significantly. Nevertheless, further in-
crease in the azo-dye content (40%) resulted in a more uniform
distribution of the dye on the polymer surface (Fig. 10C) with
a significant change in the roughness. Therefore, higher dye
contents are required to get more uniform and smooth surfaces.

4. Conclusion

New azo-dyes containing oligo(ethylene glycol) segments
(RED-PEG) were successfully incorporated into PE films by
grafting, using gamma radiation and acryloyl chloride as link-
ing agent. The obtained grafted azo-polymer films were fully
characterized. AFM experiments showed that film surface is
homogeneously covered with the azo-dye molecules. This
method is very useful to obtain precursor polymers with func-
tional groups, which can be esterified in the presence of a huge
variety of azo-dyes. The percentage of grafting can be regu-
lated by controlling the irradiation dose and the content of
linking agent and dye. The obtained azo-polymers (AC-g-
PE—RED-PEG) seem to be promising prospects for the future
development of humidity sensors.
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