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ARTICLE INFO ABSTRACT

Keywords: Electronic devices based on organic materials readily degrade owing to moisture or oxygen. Encapsulation
Organic electronic device materials and films made of inorganic and organic materials have been studied to arrest degradation, and
Flexibility polymeric materials have become more desirable owing to their flexibility, transparency, and processability. In
Encapsulation

this study, polymeric composite films that are fabricated under atmospheric conditions are studied. The com-
posite encapsulation films consist of a combination of bisphenol A phenoxy resin and epoxy resin (POL) and
synthesized benzoxazine monomer (eugenol-based Eu-Bzo (EZ), bisphenol-S based BPS-SA-Bzo (PZ), and bi-
sphenol-AF based BPAF-SA-Bzo (FZ)). The composite with benzoxazine exhibits superior barrier characteristics
with a highly hydrophobic nature compared to POL. The composite film with 3% Eu-Bzo exhibits lower moisture
permeation rate of 2.02gm™~2d~' with 90% transparency in comparison to POL (3.65gm~2d™') and PET
(4.25gm~2d™1). The novel composition of epoxy and phenoxy resins along with benzoxazine is a potential

Barrier film
Benzoxazine
Epoxy

candidate for fabricating barrier materials for flexible printed organic electronics.

1. Introduction

Technological advances have spurred the development of various
types of remarkable organic electronic devices, such as solar cells, or-
ganic light-emitting diodes (OLEDs) lightings, displays, and sensors
[1-4]. In everyday life, people are increasingly relying on such types of
organic devices. The poor stability of these devices is the main draw-
back for self-delamination and degradation due to environmental fac-
tors such as moisture and oxygen. The degradation generally starts with
the electrochemical reduction of water molecules at the organic/
cathode interface [5,6]. Therefore, an encapsulation film is an essential
component for safeguarding organic devices. Further, the barrier range
usually depends on the application area. For example, the required
water vapor transmission rate for an OLED is less than 10 ®gm~2d !
whereas that for an organic thin film transistor (TFT) is between
0.1gm~2d"! and 0.0001 gm~2d"! [7].

Generally, various fabrication techniques are used to obtain well-
formed barrier layers. An alternating organic-inorganic multi-layer is
the currently preferred approach [8-11]. Inorganic materials usually
provide better barrier function than organic materials [12,13], but have
issues regarding flexibility, transparency, and processing approach
[14-17]. Further, an inorganic layer embedded in an organic layer or
substrate is difficult to maintain. As a consequence, the surface of the
substrate needs to be modified [18,19]. This is why high-barrier organic
films are needed for flexibility and ease of processing. In general,
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organic-based polymers are of two types, namely, thermosetting and
thermoplastic polymers. Processing of thermoplastic polymers requires
higher temperatures and complex processes, such as extrusion and
blowing [20,21], whereas thermosetting polymers crosslink with each
other with the aid of curing agents, and their melting cannot be re-
versed. Epoxy resin is an example of a thermosetting polymer that can
vary with molecular weight for different epoxy equivalent weights; it
can also achieve flexibility by incorporating various groups within the
structure [22]. However, phenoxy resin is a very different type of
polymer that has the combined properties of both thermoplastic and
thermosetting polymers. Each molecular chain of the phenoxy resin
contains a functional group that allows crosslinking. Phenoxy resin has
excellent thermal and chemical resistances, low water percolation, and
high adhesiveness. In addition to these excellent features, phenoxy resin
has a small coefficient of linear thermal expansion; it has excellent
transparency and can be used to fabricate flexible films [23]. Another
example of a thermosetting polymer is polybenzoxazine, which is easily
synthesized without the use of catalysts. Typically, thermosetting
polymers undergo volumetric shrinkage after curing, whereas benzox-
azine (Bzo) maintains geometrical stability. Benzoxazine does not re-
lease any toxic byproducts during curing and retains its property of low
water absorption [24-27].

In this study, we synthesized a blend of two different types of resins:
high-molecular-weight phenoxy resin (YP 50) and silane-modified
epoxy resin (KSR 177). In addition, three different benzoxazine
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Scheme 1. Synthesis of Bzo monomers (a) Eu-Bzo (EZ), (b) BPS-SA-Bzo (PZ), and (c) BPAF-SA-Bzo (FZ).

monomers have been synthesized: eugenol-based eugenol benzoxazine
(Eu-Bzo) (EZ), bisphenol-S-based bisphenol S stearyl amine benzox-
azine (BPS-SA-Bzo) (PZ), and bisphenol-AF-based bisphenol AF stearyl
amine benzoxazine (BPAF-SA-Bzo) (FZ) monomers (Scheme 1). These
three monomers were blended with epoxy/phenoxy compositions se-
parately to obtain composite polymer solutions. Films were then fab-
ricated from these solutions under atmospheric conditions using an
applicator with a bar coater.

2. Experimental
2.1. Materials

Epoxy resin (KSR 177) and phenoxy resin (YP 50) were purchased
from Kukdo Chemical Co. Ltd. Imidazole, eugenol, ethylenediamine, p-
formaldehyde, and dimethyl sulfoxide were purchased from Sigma-
Aldrich. Stearyl amine and 4,4’-sulfonyldiphenol were purchased from
Acros Organics. Methyl ethyl ketone (MEK) was obtained from Daesung
Chemical Co. Ltd.

2.2. Synthesis of Bzo monomers

In a glass round-bottom flask equipped with a condenser, p-for-
maldehyde and DMSO (20 ml) were added and stirred continuously at
50 °C. Amine (ethylene diamine for Eu-Bzo and stearyl amine for BPS-
SA-Bzo and BPAF-SA-Bzo) was added gradually to this solution.
Meanwhile, phenolic derivatives (eugenol for Eu-Bzo, bisphenol S for
BPS-SA-Bzo, and bisphenol AF for BPAF-SA-Bzo) with dimethyl sulf-
oxide (10 ml) solution were prepared separately. After fully adding the
amine, the phenolic derivative solution was added to the mixture
dropwise. The reaction temperature was maintained at 120 °C and the
mixture was continuously stirred for 3h, after which a pale yellow
transparent solution was obtained. The solution was cooled to room
temperature and precipitated in 1M NaOH solution. The obtained
precipitate was filtered and washed with distilled water many times,
and the precipitate was subsequently dried at 50 °C for 12h [28,29].
The weights of the materials are as follows: Eu-Bzo - eugenol: 3.28 g,
ethylenediamine: 1.34 g, p-formaldehyde: 1.8 g; BPS-SA-Bzo - bisphenol
S: 2.5g, stearyl amine: 5.39 g, p-formaldehyde, 1.8 g; BPAF-SA-Bzo -
bisphenol AF: 3.36g, stearyl amine: 5.39g, p-formaldehyde: 1.8 g

(Scheme 1); stoichiometric expression.

2.3. Processing of polymer solution (POL)

The reactor was set up in a fume hood. A four-necked lid was tightly
clamped with a jacketed vessel, which was connected to an overhead
digital high-speed stirrer, a circulator of hot water (temperature con-
trolled), a water-cooled condenser, and nitrogen gas. The solution of
epoxy (KSR 177) and MEK were prepared in a beaker at 50 °C. At 60 °C,
MEK and phenoxy (YP 50) were stirred into the reactor until the mix-
ture melted. Then, epoxy was added to the reactor and stirred con-
tinuously under a nitrogen environment. Finally, imidazole as a curing
agent was added to the solution and stirred for an hour. The material
ratio is as follows: KSR 177: 31.9%, YP 50: 21.6%, MEK: 46%, and
Imidazole: 0.4%.

2.4. Polymer and Bzo composite solution processing

First, the POLs are filled in different vials. EZ, PZ, and FZ are se-
parately filled in vials as well. Each of the monomers was previously
dissolved in 1 g MEK solution separately to prepare the EZ, PZ, and FZ
solutions. Then, these solutions are added individually to the prepared
POL solutions separately. Finally, all the solutions are stirred at 50 °C
till clear solutions are obtained. The solutions are now coded as POL,
EZX, PZX, FZX, where X is the ratio of the Bzo monomer to POL, e.g.,
1 wt% EZ to POL, 1 wt% PZ to POL, and 1 wt% FZ to POL are coded as
EZ1, PZ1, and FZ1, respectively.

2.5. Film preparations

For the film fabrication, a 0.5-mm applicator gap was maintained to
coat the polyethylene terephthalate (PET) substrate (rinsed with iso-
propyl alcohol and dried) with a bar coater using an applicator. Fig. 1
represents a schematic of the coating of the film. The coated films were
dried at 50 °C for 12 h and heated at 120 °C for 1 h for further analysis
(Scheme 2) [30,31]. The films were coded as a POL, EZX, PZX, and FZX
in the same manner as before, where X is the ratio of the Bzo monomer
to POL. Further, POL, EZX, PZX, and FZX without imidazole were coded
as POL-IMIO, EZX-IMIO, PZX-IMIO, and FZX-IMIO, respectively.
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Fig. 1. Schematic of coating of barrier film on substrate using applicator.

2.6. Characterizations

The Fourier transform infrared (FTIR) spectra were obtained using
the Nicolet 6700 spectrometer to confirm the structure of the benzox-
azine. An FT-NMR VNS600 instrument was used to obtain the nuclear
magnetic resonance (NMR) spectra for H NMR and *C NMR. DMSO-d,
was used as the solvent to dissolve the monomer. To confirm or study
the completion of curing for films, a TA Instruments Q200 differential
scanning calorimeter (DSC) was used (heating rate: 10 °C/min, N, flow
rate: 50 ml/min). The transmittances of the films were obtained with

European Polymer Journal 116 (2019) 453-462

Transmittance (a.u.)

|
291(13
3000

3500

1 " 1 n 1 n

2500 2000 1500

4000 1000 500

Wavenumber (cm™)
Fig. 2. FTIR spectra of (a) EZ, (b) PZ, and (c) FZ.

the GENESYS™ 10S UV-Vis spectrophotometer. For the swelling mea-
surements, the coated films were peeled from the PET substrate, cut
into 20 mm X 20 mm sections, and placed in an oven for complete
drying for 24 h at 50 °C. After cooling to the ambient temperature, the
initial weights of the films were recorded. The films were then
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Scheme 2. Reaction mechanism of formation of (a) POL, and (b) POL-poly Bzo composite.
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submerged in de-ionized water for 24h. Subsequently, the surface
water on the films was removed carefully using a wiper. The final
weights of the wet films were then measured, and the difference be-
tween the initial and final weight was calculated [32]. The contact
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Fig. 4. '3C NMR spectra of (a) EZ, (b) PZ, and (c) FZ.

angles of the films were measured using an OCA 20 data physics Ger-
many CA analyzer by placing a water drop of 10 ul on the surface of
each film using a micro syringe. An Instron 3345 model instrument was
used to measure the mechanical properties of the films. The films were
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Fig. 5. FTIR spectra of monomer before/after cure at 120 °C for an hour with
imidazole (a) Eu-Bzo (EZ), (b) BPS-SA-Bzo (PZ), and (c¢) BPAF-SA-Bzo (FZ).

cut into 100 mm X 30 mm sections. For the chemical resistance test, the
films were peeled from the substrate and completely immersed in 1M
HCI solution and 1M NaOH for 30 min. Then, the films were dried at
100 °C for 15 min. The weight differences before and after immersions
were calculated [33]. For the measurement of the barrier abilities of the
films, a lab-designed moisture permeation rate (MPR) measurement
technique was used. The details of this measurement technique have
been noted in a previous work [34].

3. Results and discussions

Fig. 2 shows the FTIR spectra of the Bzo monomers of EZ, PZ, and
FZ. Typical Bzo ring vibrations were observed at 951 cm ™, 921 cm ™7,
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and 927 cm ™!, and the symmetric stretching vibrations of C—O—C were
seen at 1028cm ™!, 1017 cm ™%, and 1018 cm ™! for EZ, PZ, and FZ,
respectively [35-37]. The bands of the EZ monomer moved to a higher
wavenumber compared to those of the PZ and FZ monomers. The
electron-donating group of the EZ monomer increased the energy of the
bending vibrations of the Bzo ring [38]. The strong vibration peaks at
2910 cm ™! and 2850 cm ™ * for the PZ and FZ correspond to the stearyl
amine —CH, stretching peak [39]. Fig. 3 shows the 'H NMR spectra of
the EZ, PZ, and FZ monomers. The characteristic two-protons of Ar-
CH,-N and O-CH,-N (oxazine ring) are confirmed as singlets at 3.89 and
4.78 ppm for EZ, 3.98 and 4.89 ppm for PZ, and 4.58 and 5.75 ppm for
FZ, respectively [35,37]. Fig. 4 depicts the '3C NMR spectra for the
three monomers. The oxazine ring characteristic resonance spectra
appear at 82.5 and 49.7 ppm for EZ, 82.3 and 49.8 ppm for PZ, and 82.5
and 50.9 ppm for FZ, respectively, for the O-CH,-N and Ar-CH,-N [37].
In the case of PZ and FZ, there are some impurity peaks in the spectra.
At the time of the synthesis of the monomers, the 1 M concentration of
NaOH was retained. It is probable that some unreacted part of each
monomer did not dissolve with this concentration and remained as is.
Fig. 5 compares the FTIR spectra of the monomers with imidazole after
heating at 120°C for 1h. The typical peaks of the Bzo ring and
stretching vibrations of the C—O—C have disappeared, which indicate
the opening of the oxazine ring and polymerization of the Bzo mono-
mers. Fig. 6 compares the FTIR spectra of POL, EZ5, PZ5, and FZ5 after
curing. The epoxy peaks of YP 50 and KSR 177 in the vicinity of
958 cm ™! have disappeared in the case of POL, EZ5, PZ5, and FZ5
(Fig. 6b). The epoxy group ring opening thus provides the OH group;
thus, in the vicinity of 3500cm™?, the OH broadening is observed
(Fig. 6a). This proves the epoxy group ring opening and polymeriza-
tions of POL, EZ5, PZ5, and FZ5.

To analyze the curing mechanism of polymers with respect to
temperature, we performed the differential scanning calorimetry (DSC)
of polymers and monomers under different conditions. DSC provides
information on the transition of materials with heat flows [40]. Fig. 7
shows the DSC thermograph of polymers. Films without the imidazole,
both non-heated and heated, do not exhibit an exothermic peak (Fig. 7a
& b). It is proven that there is no transition of materials or crosslinking
among polymers without imidazole. The addition of imidazole to the
mixture results in exothermic peaks in the range of 147-151°C
(Fig. 7c). From this result, we can say that imidazole initiates cross-
linking among epoxy and Bzo groups. Further, copolymerization be-
tween the poly Bzo phenolic group and the epoxy occurs after the
formation of the poly Bzo [41,42]. Heated polymers with imidazole do
not show an exothermic peak (Fig. 7d), which proves the completion of
the polymerization. To further analyze Bzo-monomer polymerization
behavior, we performed the DSC of the Bzo monomer without imida-
zole (Fig. 8a) and with imidazole (Fig. 8b). The onset transition tem-
perature of the EZ, PZ, and FZ monomer were 204, 142, and 130 °C,
respectively. The maximum temperature peaks of EZ, PZ, and FZ were
236, 173, and 154 °C, respectively. The highest rate of transition occurs
for each monomer at this temperature [43]. Three different types of Bzo
monomers have shown different transition temperatures. The methoxy
group (OCHj3) of a phenolic derivative is an electron-donating group,
and it is more favorable for the synthesis of the EZ monomer. Moreover,
this electron-donating group increases the electron density at the ox-
azine ring; as a consequence, the monomer becomes relatively stable.
Therefore, the EZ monomer requires a higher polymerization tem-
perature (236 °C). On the contrary, the electron-withdrawing groups of
PZ (0=S=0) and FZ (CFs) decrease the charge density from the bi-
sphenol. The charge density in O on the oxazine ring is also low, and it
is easier to cleave to the initiating polymerization at a lower tempera-
ture [38]. When the imidazole is added to Bzo monomer, the onset of
the exotherm reduces to 121, 121, and 105 °C for EZ, PZ, and FZ, re-
spectively. The highest peaks of the exotherm are also reduced to 145,
155, and 150 °C for EZ, PZ, and FZ (Fig. 8b). It appears that imidazole
acts as a catalyst or cross linker to reduce the polymerization
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Fig. 7. DSC analysis of films (a) non-heated without imidazole, (b) heated without imidazole, (c) non-heated with imidazole, and (d) heated with imidazole.

temperature of the Bzo [44]. In general, imidazole is amphoteric, acting
as both an acid and a base. Lewis acid is used as a catalyst for the curing
of the Bzo group, which initiates the polymerization of the Bzo group
[45]. As a consequence, for all Bzo groups, the polymerization tem-
perature decreases with the addition of imidazole [46]. Fig. 9a re-
presents the transparency of films, which is a very important factor for
an organic electronic device, such as displays and solar cells [1,47].
POL/PET, EZ1/PET, EZ3/PET, EZ5/PET, and EZ7/PET films demon-
strate excellent transparency (> 88% at 550 nm). The good distribution
of the EZX to POL results in higher transparency for the EZX/PET films,
which is shown in the optical microscopic image of Fig. 9d. In general,
the higher degree of phase dispersions among polymers can yield good
transparent materials [48,49]. For the EZ polymer, good dispersions on
the polymer and a shorter length of ethylene amine with the crosslinked
nitrogen atom resulted in high clarity of the EZ and epoxy composition

film. On the contrary, the PZX/PET and FZX/PET films do not provide
sufficient transparency (Fig. 9b & c). The agglomerate entanglement of
the long chain of a stearyl group of PZ and FZ probably causes the low
transparency. Fig. 9e show the thickness of the films. The thickness of
the films changes with the ratio of the Bzo. The thickness of the POL is
0.148 mm. In every case, with the addition of Bzo, the thickness of the
films reduced. The thickness of EZ3 was 0.128 mm and the PET sub-
strate was 0.080 mm.

Fig. 10a shows the average contact angle of the films. The average
contact angle for the POL film is 86.5°. The EZ3 film shows the lowest
contact angle of 70.1°, and the FZ10 film exhibits the highest contact
angle of 101.2° among the films. Fig. 10b shows the stress—strain out-
come of the films. The POL film showed the 70.3 MPa tensile strengths.
In every case, tensile strength increased by the addition of Bzo to POL.
The tensile strength of EZ5, PZ5, and FZ5 were 89.4, 75.4, and
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72.1 MPa, respectively. The electrical behavior of the films has mea-
sured by the four-probe method. All the films exhibited nonconductive
properties, which are an advantageous for barrier films.

The chemical resistance was measured to characterize the stability
in corrosive environments. Films are susceptible to degradation by the
effect of chemicals. The chemical resistance of films is shown in Fig. 11.

The reduction in film weights are shown for 1 M HCl acid solutions and
1M NaOH basic solutions. The addition of EZ to POL increases the
stability of the films in acid and basic solutions. In an acidic medium,
the films of PZ to POL up to 5% and the films of FZ to POL up to 3% are
more stable than the POL film. In a basic medium, both PZ and FZ to
POL up to 7% composite show more stability than the POL film. Among
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the Bzo groups, composite films with EZ show better stability than the
POL film in both media for all ratios.

The water absorption properties of films are characterized by the
swelling test, as shown in Fig. 12a. In all cases, the swelling decreased
compared with POL when Bzo forms a composite with the POL. For all
the ratios of three different Bzo films, EZ7 (0.94%), PZ7 (0.57%), and
FZ10 (0.37%) show the lowest swelling ratios. Furthermore, among the
three composite films, films with EZ show higher swelling. NH, groups
in the structure of EZ interact with water molecules by hydrogen bonds
and result in the higher swelling [50]. The barrier property of the films
is measured by the MPR process at 40 °C and 85% relative humidity for
24h as shown in Fig. 12b. The PET and POL/PET films had the MPR
values of 4.25gm ™~ %d ! and 3.65gm~2d~! MPR, respectively.

There is a reduction in the permeation of the films with EZ3/PET
(2.02gm~2d™"), PZ3/PET (2.22gm 2d™'), and FZ3/PET
(3.34gm~2d 1), which shows the lowest permeation among the ratios
of each Bzo group. Among the Bzo films, EZ3 shows the lowest per-
meation, which allows 47.5% higher permeation than PET. For EZ7/
PET, PZ7/PET, and FZ10/PET, the values of MPR are 3.85gm~2d ™",
6.48¢gm 2d~ !, and 5.54gm 2d ", respectively, which are greater
than that of the POL/PET film (3.65gm_2d_1), although this ratio
provides the lowest swelling ratio. Here, the addition of Bzo to the POL
improves the hydrophobic property of the composite film. A good
composite can be obtained with the optimized addition ratio of Bzo to
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the POL, resulting in lower permeation. The higher ratio of Bzo to the
POL causes phase separation among the polymers, leading to the higher
permeation rate. Even though, the higher ratio Bzo to the POL leads to
lower swelling.

In most cases, a catalyst is used for the Bzo to reduce the poly-
merization temperature. However, fragile materials are produced with
the use of a catalyst [51]. To overcome this limitation, researchers aim
to synthesize various new materials by grafting the imidazole on the
core structure [44,52]. However, the composite epoxy and Bzo have the
advantage of reducing the polymerization temperature of Bzo by using
imidazole as a catalyst and as a liner for epoxy. Moreover, the present
study has the benefit of a low-temperature fabrication. From different
studies, it can be seen that polymer-based films polyvinyl alcohol allows
the permeation rate of 4.2gm~2d~' [53]. The composite of cyclic
olefin copolymer and ZrsO,4 (OH) 4 (fumarate) ¢ metal-organic frame-
work film allowed 84% higher permeation compared with the PET
[54]. The film of composite poly (styrene-b-2-vinyl pyridine) and MgO
allows 68.8% higher permeation compared with poly (styrene-b-2-vinyl
pyridine) film [55]. In the present study, EZ3/PET allows only 47.5%
higher permeation than the PET, which is a significant improvement for
a barrier film.
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4. Conclusions

In conclusion, we synthesized three different benzoxazine mono-
mers, EZ, PZ, and FZ, and an increased hydrophobic POL- poly Bzo
composite was produced. Imidazole was used as a catalyst to reduce the
polymerization temperatures of benzoxazine. Further, it was used as a
cross-linker for epoxy and phenoxy. Films were fabricated from the
solutions at low temperatures with an applicator. The composite films
EZ1 and EZ3 on PET obtained excellent transmittance (approx. 90%). In
both acidic and basic mediums, the stability of EZ composite films in-
creased. The EZ3/PET film also exhibited the lowest moisture per-
meation rates (2.02gm~>d™!), which only allowed 47.5% higher
permeation than a PET substrate. This new polymer composition of the
barrier film and the facile fabrication process could be a potential
candidate for printed organic electronic devices. In the future, multi-
layer films with polybenzoxazine compositions have been expected to
achieve further reductions in permeation rates.
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