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UV Photo-Oxidation of Polybenzimidazole (PBI)
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Abstract: Since polybenzimidazole (PBI) is often used in the aerospace industry, high-temperature
fuel cells, and in redox flow batteries, this research investigated the surface modification of PBI film
with 253.7 and 184.9 nm UV photo-oxidation. As observed by X-ray photoelectron spectroscopy
(XPS), the oxygen concentration on the surface increased up to a saturation level of 20.2 + 0.7 at %.
With increasing treatment time, there were significant decreases in the concentrations of C-C sp?
and C=N groups and increases in the concentrations of C=0, O-C=0, O-(C=0)-0O, C-N, and N-C=0
containing moieties due to 253.7 nm photo-oxidation of the aromatic groups of PBI and reaction
with ozone produced by 184. 9 nm photo-dissociation of oxygen. Because no significant changes in
surface topography were detected by Atomic Force Microscopy (AFM) and SEM measurements, the
observed decrease in the water contact angle down to ca. 44°, i.e., increase in hydrophilic, was due to
the chemical changes on the surface.

Keywords: polybenzimidazole (PBI); UV photo-oxidation; UV-Vis photoabsorption spectrum of PBI;
surface modification

1. Introduction

Poly 2,2’-m-(phenylene)-5,5"-bibenzimidazole, better known as polybenzimidazole (PBI), or meta-PBI,
is a high-performance polymer consisting of benzimidazole units, as shown in the Figure 1. PBI has
high thermal stability, chemical resistivity, and mechanical strength, making it suitable for many
applications [1-4], such as in high-temperature fuel cells [1,2,5,6]; redox flow batteries [7-9]; protective
thermal coatings [3], and aerospace industries, where PBI may be exposed to ozone and UV radiation [4].
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Figure 1. Molecular structure of polybenzimidazole (PBI).

Technologies 2020, 8, 52; doi:10.3390/technologies8040052 www.mdpi.com/journal/technologies


http://www.mdpi.com/journal/technologies
http://www.mdpi.com
http://dx.doi.org/10.3390/technologies8040052
http://www.mdpi.com/journal/technologies
https://www.mdpi.com/2227-7080/8/4/52?type=check_update&version=2

Technologies 2020, 8, 52 20of 11

Interfacial properties are a key aspect for the optimization of fuel cell membrane electrode
assemblies [10] and redox flow batteries [7-9] to increase the conductivity and uptake of the proton
carrier; the concentration of the polar groups on the polymer backbone must be maximized [11].
Therefore, to increase the hydrophilicity of the PBI surface, this research investigated the UV
photo-oxidation of PBI with low-pressure Hg lamps which emit both 253.7 and 184.9 nm photons.
The 184.9 nm radiation is absorbed by oxygen and breaks the molecular bond to form ground state O
(®P) atoms [12] at a threshold wavelength of 242.4 nm [13]. Using atmospheric pressure of O,, ozone
is produced by reaction (1) involving a stabilizing molecule (M), which is the oxygen molecule in
this study.

OCP)+0, +M - O3 +M 1)

Because oxygen molecules do not absorb 253.7 nm radiation [12], the 253.7 nm photons are
transmitted through the oxygen to activate the PBI film.

The resulting surface modification was monitored using X-ray photoelectron spectroscopy (XPS),
water contact angle (CA), and atomic force microscopy (AFM) and scanning electron microscopy (SEM)
measurements to determine changes in chemistry, hydrophilicity, and surface topography, respectively.

2. Materials and Methods

2.1. Materials

Commercially available 55 pm thick PBI film (Celazole®) was purchased from PBI Performance
Products, Inc. (Charlotte, NC, USA) and cleaned with isopropyl alcohol (Avantor Performance
Materials, LLC, Center Valley, PA, USA) in an ultrasonic bath for 20 min and stored in a desiccator,
which contained calcium sulfate, for at least 24 h. The cleaned PBI film was then treated at a variety of
treatment times.

2.2. UV-Visible Spectrophotometers

Two Shimadzu (Columbia, MD, USA) UV-Vis Spectrophotometers (2600 and 2401PC) were used
to obtain the photoabsorption spectrum for PBI from 700 to 220 nm. The instruments were calibrated
with barium sulfate and both gave similar results.

2.3. UV Photo-Oxidation

The PBI sample was placed in the center of a cylindrical photochemical cell (2.54 cm diameter,
17.8 cm long), constructed of Suprasi1® (Heraeus Quartz America LLC, Buford, GA, USA) quartz
and fitted with a Cajon removable high vacuum stainless steel fitting, and put inside a Rayonet
photochemical chamber (Southern New England Ultraviolet Co., Inc., Branford, CT, USA) having 16
low-pressure Hg lamps which emitted both 184.9 and 253.7 nm photons with around a 1:6 intensity
ratio. High-purity oxygen (99.99%) flowed through the photochemical cell while high-purity nitrogen,
which is transparent to UV radiation, flowed through the chamber for at least 10 min at flow rates of
ca. 43 and 5 x 10% sccm, respectively, in order to displace the air prior to the ignition of the radiation
source. Since ozone is linked to a broad array of health threats [14], the exiting gas was passed through
a solution of saturated KI in order to react with the ozone before emission into the vacuum hood.

2.4. X-ray Photoelectron Spectroscopy (XPS)

The samples were analyzed with a Physical Electronics Versaprobe II 5000 XPS that examined
the top 2-5 nm of a sample’s surface using a take-off angle of 45° between the sample and analyzer.
A rectangular region of around 1400 by 600 um was analyzed. The monochromatic Al Ky (1486 eV)
X-ray beam irradiated the sample and the electron optics of the analyzer was focused to accept only
photoelectrons emitted from the samples. The quantitative analyses are precise to within 5% relative
for major constituents and 10% relative for minor constituents. The samples were charge-neutralized
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with a dual beam charge-neutralization system that utilized both a cold cathode electron flood source
(~1 eV) and a very low-energy ion source (<10 eV).

The high-resolution C 1s and N 1s spectra were normalized to the peak intensities at the main
hydrocarbon and C-N peaks, respectively, and curve fitting was performed by using the C 1s and N 1s
spectra for a cleaned and untreated PBI sample as the initial model. The process subtracted the control
spectrum from that of the treated sample. The remainder spectrum was curve-fitted to determine the
number of peaks, their binding energies, and peak widths resulting from treatment. The peaks from
curve fitting the remainder spectrum were used to curve-fit the total treated spectrum. Any missing
peaks, such as weak energy loss peaks, were then added to the curve fitting of the treated sample to
achieve a good chi square fit. A materials balance was calculated to test if the results of the curve fitting
agreed with the concentrations as determined from the quantitative analyses.

2.5. Contact Angle (CA) Goniometry

Water contact angles on the PBI films were measured using a Ramé-Hart model 250-F1 Standard
Contact Angle Goniometer. The instrument includes a fiber optic illuminator, 3-axis specimen stage
with leveling, U1 Series SuperSpeed digital camera, and DROPimage Advanced software. During
the contact angle measurement, the intensity of the illuminator was set at 70%. The samples were
placed on double-sided tape to keep the surface flat. A micropipette was used to deposit a 10 pL
deionized water droplet on the surface. As soon as the water droplet was placed on the film, a picture
was captured by the U1l Series Camera. The left-side and the right-side contact angles were measured
by the DROPimage contact angle (CA) program. The standard deviation of the measurements was
around +2.5°.

2.6. Surface Topography

Surface topography was determined using Bruker (Camarillo, CA, USA) DI-3000 Atomic Force
Microscopy (AFM), in the tapping mode, and a JEOL JSM-7200FLV FESEM at 5 kV accelerating voltage.
For each specimen, a 15 x 15 um AFM image was obtained with the same Olympus (Camarillo, CA,
USA) OTESPA tip, while for SEM analysis, an invisible film of platinum was sputter-coated on the
samples to eliminate electrostatic charging.

3. Results

3.1. Quantitative XPS and Water Contact Angle

The elemental composition for the cleaned PBI film consisted of C, N, and O atoms. Although O
is not in the PBI structure, the untreated samples contained 9.3 + 1.3 atomic % (at %) O. For six sets
of samples treated with UV photo-oxidation (Figure 2), the oxygen concentration increased up to a
saturation level of 20.2 + 0.7 at %, the carbon concentration decreased by around the same amount,
and there were no significant changes in the nitrogen concentration. Figure 2 also shows that the
increase in O atoms on the surface resulted in a decrease in the water contact angle down to ca. 44°,
making the surface more hydrophilic with treatment. Washing the treated samples with distilled water
decreased the saturation level for oxygen down to 17.7 at %.
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Figure 2. Quantitative XPS (at %) and water contact angle (CA) results for polybenzimidazole (PBI)
(Celazole®) treated with UV photo-oxidation as a function of treatment time.

3.2. XPS Chemical State Analysis

Figures 3 and 4 show the overlapped C 1s and N 1s spectra for the control and treated samples
reported in Figure 2. The O 1s spectra were broad Gaussian peaks which did not provide any additional
information than the C 1s and N 1s spectra.

NomraElized Intersity

294 292 290 288 286 284 282
Binding Energy (V)

Figure 3. Overlapped C 1s spectra for cleaned control and UV photo-oxidized PBI samples. The arrow
indicates increasing treatment time for 0, 20, 40, 60, and 80 min.
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Figure 4. Overlapped N 1s spectra for cleaned control and UV photo-oxidized PBI samples. The arrow

indicates increasing treatment time for 0, 20, 40, 60, and 80 min.

3.3. Formatting of Mathematical Components

Curve fitting of the C 1s and N 1s spectra was accomplished using the binding energies for
the chemical species given in Tables 1 and 2. With increasing treatment time, there were significant
decreases in the concentrations of C-C sp? (Table 1) and C=N groups (Table 2) and increases in the

concentrations of C=0, O-C=0, O-(C=0)-0O, C-N, N-O, and N-C=0 containing moieties.

Table 1. Assignments [15] and % areas for C 1s peaks as determined by curve fitting the spectra for PBI

treated with UV photo-oxidation as a function of treatment time.

Binding Species Treatment Time (min)

Energy
eV) 0 20 40 60 80
284.6 C-C sp? 53.6 48.4 47.5 46.3 41.8
285.1 C-C sp® 16.3 13.3 13.3 13.2 13.7
285.7 C-N= 9.0 6.8 9.4 8.2 8.1

@)
286.0 RN 11.7 11.4 11.2 11.8 114
C-O-C, C — C, phenolic OH

287.0 C=0, aldehyde 4.3 6.8 6.2 6.0 6.0
287.9 N-C=0 1.0 47 3.8 47 6.4
288.6 O-C=0, carboxylic acid 25 5.6 5.9 7.0 9.8
289.8 0=C-O-C=0, O-(C=0)-0 1.3 21 2.1 2.3 3.0
292.0 Energy Loss 0.5 0.9 0.6 0.7 0.8

Table 2. Assignments [15,16] and % areas for N 1s peaks as determined by curve fitting the spectra for

PBI treated with UV photo-oxidation as a function of treatment time.

Binding  Species Treatment Time (min)

Energy
eV) 0 20 40 60 80
398.4 C=N 39.7 32.6 32.3 27.2 23.9
400.2 C-N 53.9 60.0 60.2 65.1 68.4

402.0 N-O 6.4 74 7.4 7.7 7.7
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3.4. Surface Topography for PBI Treated with UV Photo-Oxidation

The AFM (Figure 5) and SEM (Figure 6) results showed no significant changes in surface
topography with UV photo-oxidation treatment time.

(a) 0 min; Rq =226 nm (b) 10 min; Rq =220 nm (c) 30 min; Rq =290 nm

2.5 um

(d) 60 min; Rq=173 nm (e) 90 min; Rq =201 nm

Figure 5. AFM surface topographic images (15 x 15 um) in tapping mode showing the root mean
squared roughness in nm after 0, 10, 30, 60, and 90 min treatment with UV photo-oxidation.
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Figure 6. SEM surface topographic images at 500x and 2000x magnification after 0, 20, 40, 60,
and 80 min treatment with UV photo-oxidation.
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3.5. UV-Visible Photoabsorption Spectrum of PBI

Figure 7 shows the observed UV-visible photoabsorption spectrum for PBI. The 253.7 nm photons,
which are transmitted through the oxygen [12], are absorbed by the PBI film, initiating photo-oxidation.

PBI Cleaned
14
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11
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220 320 420 520 620 720
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Figure 7. UV-visible photoabsorption spectrum of polybenzimidazole (PBI) (Celazole®).
4. Discussion

The UV-Vis absorption spectrum of PBI has electronic excitations of the imino (-C=N), amine
(-NH), and aromatic carbon groups. The longest wavelength UV-Vis band is due to absorption by the
imino group, which has weak absorption in the near-UV and violet regions [12], that is consistent
with the solid-state calculations for OH bonded to the phenylene group in PBI (OH-PBI), where the N
2s to N 2p electronic transition occurs at ca. 480 nm for the nitrogen atoms not bonded with the H
atom [17]. Photo-oxidation in this region of the photoabsorption spectrum (> 300nm) for PBI containing
the ethylene group (poly(2,2’-ethylene-5,5’-bibenzimidazole), instead of the phenylene group shown
in the Figure 1, was studied by FTIR analysis and the results were explained using a mechanism
where the benzimidazole unit acts as a photosensitizer in the oxidative degradation to form singlet
molecular oxygen (1O,) responsible for eventually producing carbonyl, aldehyde, and hydroxide
groups [18]. For aliphatic amines, the longest-wavelength absorption lies below 250 nm, with the first
maximum near 220 nm [12], while calculated excitation energies for the N atoms in the NH group
showed no contribution to the UV-Vis absorption spectrum of OH-PBI [17]. Photoabsorption by the
aromatic groups in PBI is expected to have a peak similar to m—7* excitation of polystyrene (PS) and a
number of ring-substituted analogues, such as -NHy, at ca. 270 nm and extending into the vacuum UV
region [19-21].

UV photo-oxidation of PBI with 253.7 and 184.9 nm is due to the reaction of ozone, which is formed
as a result of the photo-dissociation of O, with 184.9 nm radiation (Equation (1)) and the 253.7 nm
photons that are transmitted through the oxygen to initiate photo-oxidation of the PBI surface. Similar
to PS studied with 253.7/184.9 nm photo-oxidation [22], the strong photoabsorption by the aromatic
groups of PBI in the UV region resulted in a decrease in the C-C sp? groups; increase in the O(1s)/C(1s)
ratio to 0.30 + 0.03 (compared to 0.53 for PS); and the formation of C=0 and/or aldehyde, O-C=0O
and/or carboxylic acid, and O=C-O-C=0 and/or O-(C=0)-O moieties with treatment time (Table 1).
As with PS [23], the radiation absorbed by the aromatic groups had a total energy content in excess of
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that required for bond scission producing free radicals on the PBI surface by reaction (2). Reactions
(3-7) illustrate the formation of carbonyl-containing compounds involving the Re free radical [23].

PBI + 253.7 nm — Re + Re 2)
Re + O; —» RO,e 3)
RO,e + PBI — ROOH + PBle (4)
RO,e + Re — 2ROe ®)
ROOH — ROe + OHe (6)
ROe — R”C=0+R"e ?)

The reaction of ozone with PBI was previously studied in the absence of radiation, where the ozone
was made by an electric generator [24]. Decomposition of the primary ozonides formed by the addition
of ozone to the C=C and C=N bonds, and reaction with the amine groups in PBI, decreased the C-C sp?
and C=N functional groups and increased the presence of C-N, N-C=0, and the carbonyl-containing
moieties, as observed in this study (Tables 1 and 2).

Washing the treated PBI surface with distilled water decreased the saturation level for oxygen
from 20.2 + 0.7 at % down to 17.7 at %, indicating the partial formation of a weak boundary layer
due to the breakage of bonds by the UV radiation and decomposition of the primary ozonide. Ozone,
produced by the electric generator, resulted in a greater decrease with washing from 27 + 1 down to 13
at % O and larger concentrations of the anhydride group, O=C-O-C=0, which is the most oxidized
form of carbon that releases CO, [24].

Since the AFM (Figure 5) and SEM (Figure 6) results did not show any significant changes in
surface topography with UV photo-oxidation treatment time, the improvement in hydrophilicity was
primarily due to the oxidation of the surface (Figure 2).

5. Conclusions

The UV-Vis photoabsorption spectrum of PBI showed electronic excitation of the imino (-C=N),
aromatic carbon, and amine (-NH) groups with shorter wavelengths, respectively. UV photo-oxidation
of PBI film with 253.7 and 184.9 nm wavelength photons, in the presence of one atmosphere of
oxygen, increased the oxygen concentration on the surface up to a saturation level of 20.2 + 0.7 at
%. With increasing treatment time, there was a significant decrease in the concentrations of C-C sp?
and C=N groups and increase in the concentrations of C=0, O-C=0, O-(C=0)-O, C-N, and N-C=0
containing moieties due to photo-oxidation of the aromatic group in PBI and reaction with ozone.
The observed decrease in the water contact angle down to ca. 44°, i.e., increase in hydrophilic, was due
to the chemical changes on the surface because no significant changes in surface topography were
detected by AFM and SEM measurements.
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