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ABSTRACT: An alternative, rapid stabilization route for polyacrylonitrile (PAN) precursors is reported based on UV-induced crosslink-
ing and cyclization reactions. Two mechanisms of photoinitiation were investigated: homolytic cleavage and hydrogen abstraction.
Solution-cast PAN copolymer samples were irradiated for different durations (100, 300, and 600 s) and temperatures (~65 and
100°C, below and above glass transition temperature respectively). FTIR spectra show the formation of carbon—oxygen, carbon—nitro-
gen, and carbon—carbon double bonds (1450-1700 cm™' region) attributed to the development of cyclized structure. Conversion
indices estimated from the FTIR spectra indicate samples containing hydrogen abstraction photoinitiator show higher extents of cycli-
zation among the three main set of samples. This observation was also confirmed by higher gel percentages measured on the same set
of samples. FTIR conversion indices of samples UV-treated above glass transition temperature were higher compared with that for
the same specimens UV-treated below glass transition temperature. DSC results show that samples containing hydrogen abstraction
photoinitiator enable a higher extent of post-UV thermal cyclization. FTIR spectra of the UV treated samples were compared with
conventional thermal stabilized specimens. This comparison confirms that the addition of 1 wt % photoinitiator to PAN followed by
5 min of UV treatment increases the rate of the cyclization reaction and reduces the thermal oxidation time by over an hour, which
could significantly reduce the conventional stabilization time by half. These results indicate the potential for an energy-efficient, cost-
effective route for producing carbon fibers. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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The thermo-oxidative reactions in PAN are highly exothermic."”
Further, thermal conductivity of PAN precursor (like other
polymers) is relatively small (~0.26 W m~" K™').° Thus, the
rate of heat dissipation during the stabilization is a rate-limiting
step. If the heat of reaction is not adequately removed in a real
process, the core of the fibers can degrade and result in poor
final mechanical properties of the carbon fibers.'®™'?

INTRODUCTION

Polyacrylonitrile (PAN)-based carbon fibers possess outstanding
mechanical strength, and have found numerous applications in
ultrahigh performance applications." These fibers have a low
density of about 1.8 g cm™> and can provide energy efficiency
in the civilian aeronautical, energy generation, and sports
applications, if their cost can be reduced.” A rate-limiting step

in the conversion of PAN-based precursors into carbon fibers is
the stabilization step. Thermo-oxidative stabilization typically
involves the heating of the polymer precursor fibers in the range
between 200 and 300°C in air or in another oxidizing
atmosphere.” This heat treatment involves the conversion of
the PAN polymer chains into a condensed ring structure with a
carbon—nitrogen double bond often know as a “ladder”
structure.® This is considered the most critical step during the
production of carbon fibers because it determines the final
structure and mechanical properties of the resulting carbon
fibers.”®

© 2012 Wiley Periodicals, Inc.
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Reducing the rate of reaction and the temperature of initiation
of the exothermic reactions can be used to control the heat flux
of the fiber during the thermal oxidation step. This is one of
the reasons for the use of copolymers of PAN with a low per-
centage of comonomer such as methyl acrylate (MA), acrylic
acid (AA), or itaconic acid (IA). These comonomers disrupt the
order in PAN leading to a reduction of the temperature of ini-
tiation of the cyclization reactions producing carbon fibers with
higher mechanical properties than carbon fibers produced from
PAN homopolymer.'? Literature studies have discussed interest-
ing piezo-optic response in photopolymers.'* The acoustic—
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optic interaction may provide yet another mechanism for
manipulating chemical changes and rates within photopolymers.

PAN-based terpolymer containing a photo sensitive comono-
mer, such as acryloyl benzophenone, have been investigated and
successfully converted into carbon fibers in previous studies."
In addition, polymerization and stabilization reactions are
known to proceed at lower temperatures when initiated by UV
radiation."®"” Reduced cyclization temperature can also help to
maintain molecular orientation during thermal oxidation, which
in turn is important to impart superior modulus and strength
properties to the resulting carbon fibers.*'*° Alternatively, the
incorporation of this UV-based preoxidation step may lead to a
reduction of the time required for thermal stabilization process
while maintaining the properties of resulting fibers.

Therefore, the overall goal of this research was to investigate
UV-assisted stabilization reactions for PAN precursors. The fun-
damental study reported here investigates the crosslinking and
cyclization reactions in solution-cast PAN samples induced by
the addition of photoinitiators that generate free radicals by two
different mechanisms, namely, homolytic cleavage and hydrogen
abstraction.

EXPERIMENTAL

Materials

Poly(acrylonitrile-co-methylacrylate) with a nominal AN/MA
ratio of 94 : 6 and glass transition temperature (T,) of ~ 82.5°C
was used throughout this study. Two different photoinitiators,
1-hydroxycyclohexyl phenyl ketone (denoted as “HPK”) and
4,4’ -bis(diethylamino)benzophenone (denoted as “DBP”), were
used during this study, as shown in Figure 1. HPK generates
free radicals by homolytic cleavage mechanism and has UV
absorbance peak at 244 nm in the UVC region (250-260 nm). In
contrast, DBP does so by hydrogen abstraction and has UV ab-
sorbance peak at 378 nm in the UVA region (320-390 nm).2 %
The solvent used for solution-casting of polymer film samples
was dimethyl sulfoxide (DMSO). All materials were obtained
from Sigma-Aldrich (Aldrich Chemical Company, Milwaukee,
WI) and were used as received.

UV-Treatment of Samples

The PAN-based precursor and photoinitiator were dissolved in
DMSO at 70°C. The amount of solids in solution was kept at
~ 15 wt %. Films were cast from solution and dried at 70°C in
a conventional oven for ~ 24 h in air. The final thickness of the
films was ~ 20 pm. To generate control samples, no photoini-
tiator was added; the remaining procedure was identical to the
one used with the photoinitiator. The films were irradiated with
a Nordson 4.5 kW UV curing lamp (Model: 111465 A) having
a mercury bulb radiation source (bulb model: PM1163). Mer-
cury bulbs are the most widely used UV source, and were used
throughout this study. The intensity of the mercury bulb was
measured using a high energy UV radiometer (Electronic
Instrumentation and Technology). Intensity values of ~ 0.228,
0.196, 0.032, and 0.095 W cm > were measured for the UVA,
UVB, UVC, and UVV ranges, respectively. Films were irradiated
for 100, 300, and 600 s. The distance between the samples and
the UV source was kept constant at ~ 20 cm. A custom-built
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Figure 1. 1-Hydroxycyclohexyl phenyl ketone (denoted as “HPK”) and
4,4'-bis(diethylamino)benzophenone (denoted as “DBP”) photoinitiators
used throughout the study.

air cooling system was placed inside the UV chamber to remove
the excess of heat generated by the source during the UV-treat-
ment. Thus, temperature was controlled during each experiment
to study the reactions in two different regimes, 65 and 100°C,
that are respectively below and above the T, of the precursor.
All UV treated samples were compared against two types of
control films. The first control consisted of pure as-produced
PAN film. The second control consisted of samples that were
covered by a metal sheet (to avoid UV exposure) but ones that
were treated in the same UV chamber to provide similar ther-
mal exposure.

Finally, PAN samples were only thermo-oxidative stabilized (as
in conventional processes) to produce control samples whose
extent of cyclization could be compared with those of the UV-
treated samples. The samples were placed on metal frames and
heated at 2.5°C min~' to 320°C and held there for 30 min.
During this thermal oxidation, samples were removed from the
oven at 150, 175, 200, 212.5, 225, 240, 255, 270, 280, 300, 320,
and 320°C (after 30 min) to analyze and quantify the partial
extent of the cyclization reaction.

Characterization

Fourier transform infrared spectroscopy (Nexus 870 FT-IR ESP,
Nicolet) was used to determine the chemical changes induced
during the UV treatment and estimate the extent of the cycliza-
tion reaction. Peaks located in the double bond region between
1450 and 1700 wavenumbers (cm™') are associated with the
ladder structure.”***® The scans were conducted from 400 to
4000 cm™ "' and the transmittance intensities were normalized
against the intensity of the 2940 cm™' peak (CH, asymmetric
stretching) for comparison. The extent of the cyclization reac-

tion was estimated from the following conversion index'®*"*:

Lis00

Conversion index (%) = x 100%

Doao + Tisoo

where I109 is the measured intensity of the peak located at
~ 1600 cm™', which corresponds to carbon-nitrogen double
bonds associated with the heterocyclic ring structure or ladder
structure developed during the thermal oxidation of the PAN-
based precursors. Ly corresponds to the measured peak
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Figure 2. FTIR spectra of as-produced PAN and two non-UV exposed but thermally treated control samples at 100°C for 300 and 600 s: (a) over

extended wavenumbers, and (b) zoomed-in spectra over the double bond region.

! associated to the

intensity of the peak located at ~ 2240 cm™
carbon—nitrogen triple bond present in the original polyacrylo-
nitrile structure. The peak intensities values used to calculate
these conversion indexes were raw intensity values given by the

FTIR spectrometer without any normalization.

The gel content (insoluble material) is proportional to the
extent of cyclization and crosslinking reactions undergone by
the samples during the UV treatment. Approximately 100 mg of
treated sample was immersed in about 10 mL DMSO and
allowed to dissolve at 70°C for over 48 h under constant agita-
tion. The gel was then separated from the solution using a pre-
weighed filter paper, dried in a vacuum oven at 70°C, and the
remaining gel mass was measured using a microbalance. The gel
fraction of each sample was calculated as the ratio of the
remaining insoluble mass and the initial mass of film used in
the analysis.'®*’

Differential scanning calorimetry (Pyris 1 DSC, Perkin Elmer
Instruments) was conducted to observe the thermal behavior of
the samples after being UV-treated and to quantify the residual
heat that a UV-treated sample would liberate upon further con-
ventional thermal oxidation. Approximately 4 mg of film sam-
ple was heated up to 350°C at a rate of 5°C min™ ' in air envi-
ronment. For each of the characterization techniques used
during this study, at least three different measurements were
conducted on the different samples.

RESULTS AND DISCUSSION

Influence of Photoinitiator

Figure 2(a) displays the FTIR spectra of three control speci-
mens: as-produced PAN and two non irradiated but thermally
treated samples at 100°C for 300 and 600 s. These correspond
to the longest treatment times for each set of samples discussed
in the following sections. In Figure 2(b), the section between ~
1450 and ~ 1700 cm™ " displays the double bond region associ-
ated with the carbon—oxygen, carbon—nitrogen, and carbon—car-
bon double bonds present in the ladder structure. This region
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includes the most significant differences among all the FTIR
spectra. The peaks located at 2940, 2865, 2242, 1730, 1454, and
1055 cm ™' have been assigned to CH, asymmetric stretching,
CH, symmetric stretching, C=N stretching, C=0O stretching
(due to the presence of methyl acrylate), CH, scissor vibration,
and —C—C—C— backbone bending, respectively.”'®**>>2
These results confirm that simply raising the temperature in the
UV-chamber has no discernible effect on the chemical modifica-
tion of the nonirradiated samples.

Figure 3 displays FTIR spectra obtained from samples UV
treated at 100°C for 300 s, with and without photoinitiators. It
is evident that the intensities of this double bond region were
higher for UV-treated samples containing 1 wt % DBP (hydro-
gen abstraction photoinitiator) as compared with samples con-
taining 1 wt % HPK (homolytic cleavage) or the controls (pure,
UV treated). The conversion index was calculated for each set
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Figure 3. FTIR results of PAN-based copolymer containing 1 wt % DBP,
1 wt % HPK and without photoinitiator; UV treated at 100°C for 300 s;
compared against as-produced and thermally treated control samples.
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Figure 4. DSC scans of PAN copolymer with and without photoinitiator
UV-treated at 100°C for 300 s. AH represents the residual heat of
cyclization.

of samples at 9.0% = 1.5%, 4.6% = 1.5%, 2.2% = 1.1%, 0.1%
* 0.2%, and 0% * 0.2% for samples containing 1 wt % DBP,
1 wt % HPK, UV-treated pure, and the two control samples,
respectively. At 95% confidence, the conversion index was
higher for UV treated samples containing 1 wt % DBP (hydro-
gen abstraction) compared with other samples containing 1 wt
% HPK (homolytic cleavage PI) and UV-treated pure samples.
Thermally treated samples without UV exposure show no ladder
formation. Hence, the presence and type of photoinitiator influ-
ences the extent of cyclization of the samples.

Gel contents of these samples were measured at 59% = 10%,
42% = 10%, and 25% * 10% for specimens containing 1 wt %
DBP, 1 wt % HPK, and pure UV-treated films at 100°C for 300
s, respectively. As expected, the control samples did not produce
any gel. These gel fraction measurements are in good agreement
with the behavior described by the FTIR results in that samples
containing 1 wt % DBP (hydrogen abstraction photoinitiator)
are more reacted as compared with the one containing 1 wt %
HPK (homolytic cleavage photoinitiator) and pure UV-treated
sample. These results also confirm that UV-sensitive compo-
nents can be physically added into the precursor, and not have
to be present in the polymer backbone.

The greater double bond formation during UV treatment
afforded by the hydrogen abstraction mechanism (over that by
homolytic cleavage) can be attributed to the competition
between the PAN-based precursor and the photoinitiator. It is
known that mercury lamps provide a broad-band output distri-
bution in the UVA, UVB, UVC, and UVV regions.30 PAN has
an UV absorption peak in the UVC region (~ 274 nm), which
falls in the same UV absorption region as do most of photoini-
tiators dissociating by homolytic cleavage.”"** Specifically, HPK
has a UV absorption peak at ~ 244 nm. Thus, the PAN-based
precursor and photoinitiator compete for the same region of
the UV spectrum, and energy absorption is inefficient. On the
other hand, hydrogen abstraction-type photoinitiators have UV
absorption bands at higher wavelengths in the UVA region, spe-
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cifically ~ 378 nm for DBP*' This reduces the competition
between the PAN-based precursor and photoinitiator for the
same region of the UV spectrum. This establishes that hydrogen
abstraction photoinitiators offer a more efficient mechanism, as
compared to homolytic cleavage type for UV-induced reactions
in PAN-based precursors.

Figure 4 displays the DSC results of the residual heat of reaction
for PAN-based precursor, with and without photoinitiator, UV-
treated at 100°C for 300 s. The exothermic heat of reaction
observed is a measure of further thermal oxidation that the
sample can undergo. It is evident from the results that UV-
treated samples display a reduction in the residual heat of cycli-
zation, which may possibly be attributed to three phenomena
occurring during the UV-treatment of the precursor: cyclization,
crosslinking, and scission of the polymer chains.'>'®'**!>% This
reduction of the residual heat of reaction of UV treated speci-
mens as compared with samples without UV treatment means
that some reaction has already taken place during UV irradia-
tion, albeit at a lower temperature. Interestingly, specimens con-
taining 1 wt % DBP (hydrogen-abstraction PI) show higher
heat of reaction compared with that displayed by samples con-
taining 1 wt % HPK (homolytic cleavage PI) and pure UV-
treated samples. Thus, samples containing 1 wt % DBP will
undergo additional thermal cyclization during the further ther-
mal oxidation step, which is desired, even though the same
specimens also had displayed higher FTIR double bond conver-
sion percentage and gel content. Thus, DBP is able to absorb
more UV energy delivered by the source to react with the PAN-
based precursor increasing double bond formation. At the same
time, reduction of chain scission and crosslinking, which hinder
ladder formation during the further thermal oxidation step is
observed. By the selection of a suitable photoinitiator, the unde-
sired side reactions (viz. chain scission and crosslinking) can be
reduced to favor ladder formation. Because DBP offered a better
performance, it was further investigated with regards to differ-
ent exposure temperatures and durations.

Influence of UV Radiation Time and Temperature (above and
below T)

Figure 5(a, b) displays FTIR spectra of PAN-based copolymer
without any photoinitiator [Figure 5(a)] and with 1 wt % DBP
[Figure 5(b)]. Both set of samples were UV treated at 100°C for
100, 300, and 600 s and are compared with as-produced and
thermally treated control samples. The conversion indexes were
measured to be 6.2% * 1.5%, 9.0% * 1.5%, and 15.2% =
1.5% for samples containing 1 wt % DBP UV treated for 100,
300, and 600 s, respectively. In contrast, the conversion indexes
of pure samples were 0.6% = 1.1%, 2.2% = 1.1%, and 7.3% =
1.5% for the three durations. For both set of samples, increased
UV exposure time led to higher double bond formation and
higher conversion index in the double bond region. These
results are consistent with prior studies that show that PAN pre-
cursors can be cyclized by high-intensity UV radiation.'>'® The
cyclized polymer can subsequently be thermally stabilized for
successful conversion into carbon fibers.'® Although there is
some evidence of cyclization reaction occurring in UV-treated
samples without PI, the double bond region intensity is signifi-
cantly higher for samples containing photoinitiator.
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Figure 5. FTIR analysis of PAN-based copolymer with and without photoinitiator UV treated at 100°C for 0, 100, and 600 s: (a) without photoinitiator,
and (b) with 1 wt % DBP; compared against as-produced and thermally treated control samples.

In addition to the different intensities observed for the different
samples, two other differences were observed. Samples without
PI show three noticeable peaks located at 1680, 1630, and the
clearest at 1520 cm™'. In contrast, samples containing 1 wt %
BDP has an extra peak located at 1600 cm™'. This peak is very
clear for samples containing PI after UV treatment for only 100
s, and it is not significant for samples without PI even after 600
s of UV treatment. It is known that radicals are more likely to
add to unsaturated groups, such as the nitrile group present in
the PAN structure.'®*"?* Thus, it is believed that the generated
photoinitiator radicals react with the carbon-nitrogen triple
bonds to start the radical cyclization reaction. The peak located
at 1600 cm™ ', clearly observed for samples containing PI, has
been assigned to the carbon-nitrogen double bond. The pres-
ence of the 1520, 1600, 1630, and 1680 cm ! peaks is a clear
indicator of the formation of the ladder structure after the UV

In contrast, due to the absence of photoinitiator in pure sam-
ples, dehydrogenation reaction is believed to be the primary
pathway during UV treatment. Hydrogen radicals produced
during the UV-treatment combine to form hydrogen, with car-
bon-carbon double bond formation in the back bone of the
precursor or even crosslinking and scission of the polymer
chains, presumably in the amorphous region.'”*"** Based on
these arguments, the two peaks located at 1630 and 1520 cm™*
(the clearest and most intense for UV-treated samples without
PI) are believed to be associated with the conjugated carbon—
carbon double bond system. The peak located at 1680 cm™" has
been assigned to the carbon-oxygen double bond formation.
Although these are the most noticeable peaks, these overlap
with other weaker peaks associated with the ladder structure.
Conjugated carbon—oxygen and carbon-nitrogen double bonds,
carbon—carbon and carbon—nitrogen single bond stretching, and

treatment.”**~2° NH in-plane bending have been assigned in the region between
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Figure 6. FTIR analysis of PAN-based copolymer UV treated at 65 or 100°C for 600 s: (a) without photoinitiator, and (b) with 1 wt % DBP; compared

against as-produced and thermally treated control samples.
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1500 and 1700 cm ™ '.”** The presence of photoinitiator affects
the extents and how favorable a specific reaction can become
over other parallel reactions taking place during the UV treat-
ment of the PAN-based precursors.

To study the effect of polymer mobility on the photo-induced
cyclization of PAN-based specimens with and without photoini-
tiator, samples were UV treated below and above the T, of the
PAN-based precursor. Figure 6(a, b) summarizes these results.
Figure 6(a) shows PAN-based specimens without photoinitiator
UV-treated at 65 or 100°C for 600 s. These two temperatures
are below and above the glass transition temperature of the
PAN-based copolymer (T, ~ 82.5°C), respectively. Figure 6(b)
displays another set of samples containing 1 wt % DBP UV
treated at the same temperatures of the pure precursor. The
conversion indexes of the samples without photoinitiator UV
treated at 65 and 100°C were 4.7% = 1.5% and 7.3% = 1.5%.
For samples containing 1 wt % DBP the indexes were 6.8% =
1.5% and 15.2% = 1.5%, respectively. In both set of samples,
specimens UV-treated above T, of the precursor show higher
intensities in the double bond region compared with that for
the samples UV-treated below T, The presence of photoinitia-
tor plays a bigger role on the extent of the ladder structure for-
mation on samples UV-treated above T, (7.3% vs. 15.2%) com-
pared with the values obtained for samples UV-treated below
the T, of the precursor (4.7% vs. 6.8%).

These results can be explained by the fact that the mobility of
the polymer chains is limited below the T, of the precursor,
which reduces the reactivity of the precursor. Based on the simi-
larities shown by their respective FTIR spectra, the presence of
photoinitiator has little effect on the type of reactions under-
gone by the samples UV treated at temperatures below the T,
of the precursor. In both set of samples, with and without pho-
toinitiator UV-treated below T, a very prominent peak at 1520
cm ™' mainly associated with carbon—carbon conjugated double
bonds is observed. The only subtle difference observed between
these two spectra is the wider shoulder shown by the sample
containing photoinitiator reaching the 1600 cm™" region, which
is associated with carbon—nitrogen double bond present in the
ladder structure. Although some carbon-nitrogen double bond
formation is observed for samples containing photoinitiator
UV-treated below T, the amount of triple bonds attacked by
the photoinitiator radicals during the UV treatment has been
reduced by the restricted polymer chain mobility. As discussed
earlier, samples containing photoinitiator and UV treated above
T, show higher double bond intensity specially the 1600 cm™'
peak related with carbon-nitrogen double bonds. Pure samples
are more inclined to form carbon-carbon double bonds when
UV-treated irrespective of the temperature. The limited mobility
of the polymer chains below T, limits the effect of photoinitia-
tor. Thus, processing temperature (relative to precursor T,) and
the composition (type of PI) during this photoinduced oxida-
tion process play an important role in achieving the stabiliza-
tion reaction.

Finally, Figure 7 displays the FTIR spectra of pure PAN-based
copolymer at different stages during the traditional thermal
oxidation treatment in air. The overall changes involve the
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Figure 7. FTIR spectra of pure PAN-based copolymer at different stages
during the traditional thermal oxidation treatment in air.

reduction of the C=N stretching peak (2242 cmY), CH,
stretching peak (2937 cm™ ), CH, bending peak (2937 cm Y,
and carbon back bone bending peak (1051 cm ™). On the other
hand, primary amines (3390 and 3356 cm '), carbon—oxygen
double bond (1680 cm™'), carbon—nitrogen double bond (1600
cm™ "), carbon—carbon double bond (1630 cm™'), conjugated
carbon—carbon double bond corresponding to the heterocyclic
ring structure (1520 cm™'), carbon-hydrogen in and out of
plane deformations (1370 and 805 cm ', respectively), and car-
bon-oxygen single bond (1150 cm™") appear. All these peaks are
related to the cyclized structure produced during the thermal
oxidation treatment.”'®**2>%°

Figure 8 shows the section between ~ 1450 and ~ 1700 cm ™'

of the first four FTIR spectra shown in Figure 7 corresponding
to as-produced PAN samples, and those thermally treated up to
150, 175, and 200°C. The four spectra indicate the start of the
standard thermally activated cyclization reaction in an oxidizing
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Figure 8. FTIR spectra of as-produced PAN-based copolymer and the
same sample thermally treated up to 150, 175, and 200°C.

environment. For the PAN copolymer investigated in this work,
chemical changes in the double bond region associated with the
ladder structure are observed at temperatures between 150 and
175°C. They appear as shoulders of the two strong peaks (1730
cm ™!, methyl acrylate C=0 stretching; and 1454 cm™', CH,
scissor) belonging to the original PAN copolymer structure. The
subtle peaks observed at 175°C belong to the carbon-oxygen
double bond (1680 cm™ ') and carbon—carbon conjugated sys-
tem (1630 and 1520 cm™'). Between 175 and 200°C, the inten-
sity around 1600 cm ' starts to become noticeable indicating
carbon—nitrogen double bond formation associated with cycliza-
tion. These observations indicate that the first reaction to take
place during the thermal oxidation is the dehydrogenation reac-
tion by oxygen attack on the polymer chains. The cyclization
reaction starts immediately after the dehydrogenation reaction
initiates. These observations are consistent with those reported
in the literature.'"*® Notice that the reaction path followed by
the thermally treated samples is similar to the one followed
by the UV treated samples without photoinitiator described at
the beginning of this section.

Based on FTIR spectra displayed in Figure 7, the FTIR conver-
sion indices for pure, non-UV treated, thermally stabilized
samples are presented in Figure 9 as a function of the thermal
stabilization time. Also included is the temperature profile
followed during these thermal stabilization experiments. These
results show that most of the conversion of the precursor occurs
during the second half of the thermal treatment process, specifi-
cally between 200 and 300°C. In addition, the dashed line indi-
cates the conversion index of 9.0% for a sample containing 1 wt
% DBP UV treated at 100°C for 300 s. The results show that
300 s (5 min) of UV treatment of the PAN-copolymer contain-
ing 1 wt % DBP are approximately equivalent to the first 4800 s
(80 min) of the thermal oxidation process, i.e., a reduction of
approximately half of the time. In addition, during the UV
treatment, the sample was kept at 100°C; in contrast, the ther-
mal treated samples have to reach ~ 240°C to achieve the same
conversion index. Thus, the same conversion was achieved in a
shorter period of time at a lower temperature. The conversion
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index for UV-treated samples in the absence of photoinitiator
was ~ 2% and not statistically different from the initial indices
for pure PAN samples thermally stabilized (therefore, not
included in the figure). These kinetic results indicate the poten-
tial for developing a novel and more rapid process for stabiliza-
tion of PAN-based precursors to produce carbon fibers more
efficiently.

CONCLUSIONS

The effect of UV-photoinitiators and UV-radiation on photo-
induced stabilization of polyacrylonitrile was investigated.
Hydrogen-abstraction was found to be a more efficient
mechanism in comparison with homolytic cleavage during the
photo-induced cyclization of PAN precursor polymer. FTIR, gel
percentages, and DSC results confirm that samples containing
4,4’-Bis(diethylamino)benzophenone  (hydrogen
type) achieved higher extents of cyclization than did samples
containing 1-hydroxycyclohexyl phenyl ketone (homolytic cleav-
age type). Also, the presence of 4,4’-bis(diethylamino)benzophe-
none enables higher extents of post-UV thermal cyclization. The
presence of photoinitiator is more effective in promoting car-
bon-nitrogen double bond formation for samples UV-treated
above the T, of the precursor in comparison with UV-treated
samples without photoinitiator and samples UV-treated below
T, where carbon-carbon double bond formation was more
favorable. At temperatures below the T, of the precursor, the
presence of photoinitiator does not play a significant role on
the extent of the cyclization due to the limited mobility of the
polymer chains. Increasing UV exposure time leads to greater
formation and higher FTIR conversion index in the double
bond region. The present results confirm that it is possible to
produce UV-induced cyclization in PAN-based precursors by
the external addition of photoinitiator into the polymer solu-
tion (i.e., without necessarily incorporating photoinitiators into
the polymer chain itself). Thus, the addition of 1 wt % photoi-
nitiator to PAN and UV treatment for only 5 min increases the
rate of the cyclization reaction and reduces the thermal
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Figure 9. Temperature profile and calculated conversion indexes (with
trend line) of PAN-based copolymer during the thermal oxidation step.
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oxidation time by over an hour, which could significantly
reduce the conventional stabilization time by half. These results
indicate the potential for an energy-efficient, cost-effective route
for producing carbon fibers.
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