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ABSTRACT: Polyacrylonitrile (PAN) is a key industrial polymer
for the production of carbon fiber for high-strength, lightweight
composite material applications, with an estimated 90% of the
carbon fiber market relying on PAN-based polymers. Traditionally,
PAN synthesis is achieved by conventional radical polymerization,
resulting in broad molecular weight distributions and the use of
toxic organic solvents or surfactants during the synthesis.
Additionally, attempts to improve polymer and processing
properties by controlled radical polymerization methods suffer
from low monomer conversions and struggle to achieve molecular
weights suitable for producing high-performance carbon fiber. In
this study, we present an aqueous photoiniferter (aqPI) polymer-
ization of acrylonitrile, achieving high monomer conversion and high PAN molecular weights with significantly faster kinetics and
dispersity control when compared to traditional methods. This approach allows for the unprecedented control of polymer properties
that are integral for downstream processing for enhanced carbon fiber production.

Carbon fiber is undoubtedly the structural material of the 21st
century, with its high strength-to-weight ratio making it
imperative for the future of weight-sensitive industries
including aerospace, automotive, energy, and construction.1

Carbon-fiber-reinforced polymers represent the highest per-
formance polymer matrix composites due to the high strength,
high modulus, and low density of carbon fibers. Additionally,
these composite materials retain high tensile moduli and high
strengths at elevated temperatures and extreme environments,
offer excellent electrical and thermal conductivity, and display a
relatively low coefficient of thermal expansion.2 With these
benefits, it is anticipated that the global demand for carbon
fiber composites will double over the next ten years.3

Achieving optimal carbon fiber performance, however, hinges
on designing precursor polymers and polymer structures
effectively.4

Carbon fiber produced from polyacrylonitrile (PAN)
dominates the industry, accounting for more than 90% of
carbon fiber production.1,5 PAN is well suited to forming high-
performance carbon fiber due to its ability to form well-defined
graphitic structures through a stepwise carbonization process.
It is generally accepted that high molecular weights (>150,000
g/mol) of PAN precursor result in enhanced carbon fiber
mechanical properties, while narrow polymer dispersity (Đ <
1.1) can facilitate improved solution viscosity and processing
windows for fiber production.6,7 To address this, recent studies
have investigated controlled radical polymerization techniques,
such as atom transfer radical polymerization (ATRP)8 and
reversible addition−fragmentation chain transfer (RAFT)

polymerization,6,7,9−13 for the synthesis of more ideal PAN-
based precursor polymers for carbon fiber production. These
studies, however, have required long reaction times, involved
toxic solvents, and achieved relatively low conversions, yielding
poor atom efficiencies. Moreover, acrylonitrile (AN) polymer-
izations generally struggle to maintain control even at
moderate molecular weights, resulting in only a handful of
studies achieving relatively low dispersity PAN-based polymers
with Mn > 150 000 g/mol ideal for fiber spinning.

6,7,9,11,14

An additional challenge for the industrial synthesis of PAN is
that PAN is not soluble in its own monomer, rendering bulk
polymerizations of AN unfeasible; hence, conventional radical
polymerization in solution, suspension, or emulsion is usually
employed.12 PAN is soluble in polar organic solvents such as
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
and ethylene carbonate (EC), all of which are currently used
for PAN synthesis.15 However, these solvents are toxic,
expensive, and exhibit high boiling points, making polymer
purification at industrial scales difficult.16,17 Alternatively,
concentrated aqueous solutions of particular inorganic salts,
such as sodium thiocyanate (NaSCN, 50 wt %) or zinc
chloride (ZnCl2, 60 wt %), have been used in carbon fiber
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processing to dissolve high molecular weight PAN for fiber
spinning.18−20 The Matyjaszewski laboratory utilized these
highly salted aqueous solutions for conventional thermal-
initiated RAFT polymerization of AN,12 but the results were
limited to modest molecular weights (∼60,000 g/mol) that
were less than ideal for high-performance carbon fiber
production.
Recent work from the Sumerlin laboratory21 has demon-

strated that aqueous photoiniferter (aqPI) polymerization can
generate polymers with ultrahigh molecular weight (UHMW,
Mn greater than 1 × 106 g/mol) and narrow dispersities.22−26

The kinetic conditions necessary to achieve UHMW polymers

include a high rate of propagation and a low rate of irreversible
termination. It has been well-documented that an aqueous
reaction medium can support high rates of propagation.27−29

Similarly, the photoiniferter approach limits background
initiation of low molecular weight chains that lead to
irreversible and premature chain termination throughout the
polymerization and which are generated continuously during
traditional, exogenously initiated RAFT polymerizations.22 A
recent study by Li et al. explored photoiniferter of AN in EC,
achieving high molecular weights, but only at low conversions,
again resulting in poor atom economy.13 We believe aqPI is an
ideal method to achieve rapid, controlled polymerization of

Figure 1. a) Schematic representation of the photoiniferter polymerization process. b) Example reaction conditions explored in this study.

Figure 2. a) AN monomer conversion kinetics with constant illumination of UV light at 27 °C in 60 wt % ZnCl2 (blue circles), 50 wt % NaSCN
(red squares), EC (black diamonds), and DMSO (green triangles). Data displayed as mean ± standard deviation, n = 3 per time point. b)
Monomer conversion kinetics with interrupted illumination at 27 °C and 60 wt % ZnCl2(aq) as solvent. c) Theoretical (black) and experimental
(red triangles) molecular weights and dispersities (blue squares) of the reaction kinetics as a function of monomer conversion. Mn,th = [M]0/
[CCPA]0 × MWM × p + MWCCPA, where [M]0, [CCPA]0, MWM, p, and MWCCPA represent initial monomer concentration, initial CCPA
concentration, molar mass of the monomer, conversion, and molar mass of CCPA. d) Representative GPC profiles of the purified polymer at
several reaction times following polymerization at 27 °C with 60 wt % ZnCl2(aq) as solvent.
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high molecular weight PAN at high conversions ideally suited
for translation to an industrial setting. In this study, we assess
the potential of highly salted aqueous solutions as the
polymerization media for aqPI polymerization of AN, for its
utility in the development of precursor polymer synthesis for
carbon fiber production (Figure 1).
For the aqPI polymerization of AN, 4-((((2-carboxyethyl)-
thio)carbonothioyl)thio)-4-cyanopentanoic acid (CCPA) was
selected as the photoiniferter due to enhanced solubility in the
aqueous reaction media resulting from the hydrophilic carboxyl
groups (Figure 1b). The nitrile units of the R group were
chosen to enhance the rate of initiation/initialization,
generating radicals stable enough to favorably cleave upon
irradiation or chain transfer while still active enough to initiate
polymerization. To assess the utility of aqPI for PAN we

initially targeted an AN/CCPA ratio of 500:1 and assessed
polymerization kinetics in an aqueous solution of ZnCl2 (60 wt
%). The reaction yields 90% conversion of AN following 8 h of
illumination, as determined from 1H NMR spectroscopy (see
Supporting Information Figure S1), and follows pseudo-first-
order kinetics, with an apparent propagation rate constant of
0.38 h−1 (Figure 2a). Additionally, we confirmed 50 wt %
aqueous NaSCN was also a suitable polymerization media for
AN, with a similar kinetic profile to the ZnCl2 yielding an
apparent rate constant of 0.37 h−1 (Figure 2a). For
comparison, the photoiniferter polymerization of AN in EC
or DMSO, both common solvents traditionally used for PAN
synthesis,7,9,13,14,30 resulted in significantly slower apparent
rates of propagation of approximately 0.13 and 0.12 h−1,
respectively (Figure 2a). This enhanced rate of propagation is

Table 1. Results of the aqPI Polymerization of AN Conducted in This Study at Ambient Temperaturesa

Entry [AN]0:[CCPA]0 Solvent
[AN]0
(mol/L)

Time
(h)

Conv.b
(%)

Mn,th
c

(g/mol)
Mn,NMR

d

(g/mol)
Mn,GPC

e

(g/mol)
Mw/Mn
(Đ)

1 500:1 60 wt % ZnCl2 6.25 8 89 24,300 23,900 29,700 1.02
2 500:1 50 wt % NaSCN 6.25 8 99 25,600 30,000 15,300 1.04
3 500:1 EC 6.25 8 66 17,800 17,000 12,500 1.05
4 500:1 DMSO 6.25 8 60 16,200 18,100 15,100 1.07
5 4,000:1 60 wt % ZnCl2 2.00 18 89 189,900 149,400 146,300 1.02
6 9,500:1 60 wt % ZnCl2 2.00 18 86 433,400 258,100 1.05
7 20,000:1 60 wt % ZnCl2 2.00 18 77 812,200 492,800 1.07
8 25,000:1 60 wt % ZnCl2 1.50 24 81 1,072,000 473,500 1.16
9 30,000:1 DMSO 1.25 48 27 434,600 125,300 1.30
10 PAN-b-PAN 8,000:1 60 wt % ZnCl2 2.00 24 82 287,200 238,500 1.13

aAbbreviations: acrylonitrile (AN), 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-cyanopentanoic acid (CCPA), ethylene carbonate (EC),
dimethyl sulfoxide (DMSO). bMonomer conversion was quantified through 1H NMR. cCalculated according to Mn,th = ([AN]0 × conversion ×
MWAN)/[CCPA]0 + MWCCPA.

dMn,NMR calculated by 1H NMR on purified polymer comparing proton signals of CCPA end group relative to the
proton adjacent to the nitrile in the polymer backbone. eMolecular weight measured by Gel Permeation Chromatography Multi-Angle Light
Scattering (GPC-MALS) using DMAc with 0.5 M LiCl as eluent.

Figure 3. a) GPC traces of high molecular weight PAN prepared by aqPI polymerization with constant illumination of UV light for 24 h, at 27 °C
in 60 wt % ZnCl2 or DMSO as solvent with target degree of polymerization (DP) provided. b) Representative image of PAN DP 9.5k after 12 h of
polymerization, demonstrating the high viscosity achieved during polymerization. c) Polymerization kinetics of AN at 27 °C in 60 wt % ZnCl2 using
PAN DP 4,000 as a macroCTA. d) PAN DP 1,000 macroCTA and chain extended poly(AN-b-AN) DP 5,000 GPC traces.
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consistent with previous work that has also observed that
aqueous reaction media can support high propagation rates
(kp).

27−29,31 As expected, under identical aqueous conditions
but without the addition of a CTA, uncontrolled polymer-
ization of AN was observed, resulting in what appeared to be a
highly branched and cross-linked PAN hydrogel (Figure S2).
This UV self-initiation in an aqueous system leading to
branching and radical cross-linking is consistent with previous
reports,32−34 further demonstrating the benefits achieved
through appropriate CTA selection to control the photo-
initiation, degenerative chain transfer, and reversible termi-
nation required for successful photoiniferter polymerization
(Figure 1a).
The near-linear pseudo-first-order kinetic plots indicate a

relatively constant radical concentration is achieved during the
photoiniferter process up to high conversions of monomer,
suggesting chain-end fidelity is maintained throughout the
polymerization. Irreversible decomposition of the thiocarbo-
nylthio end group would decrease radical concentration,
reducing the rate of polymerization and producing a negative
deviation in the pseudo-first-order kinetic plot.22 To further
support this point, we investigated the characteristic absorption
of CCPA at 310 nm using UV−vis spectroscopy. We observed
only a minimal decrease in absorption at 310 nm after 24 h of
irradiation at 365 nm, indicating that CCPA resists degradation
under the conditions used to perform PAN aqPI polymer-
ization (Figure S3). Photoinitiation allows for temporal control
of the polymerization where switching the light source OFF or
ON resulted in reversible deactivation or reactivation of the
polymerization. Negligible monomer conversion during the
period of no irradiation (i.e., light source “OFF”) demonstrates
the fast deactivation of the polymerization, in agreement with
other photoinitiated polymerization processes.35 Finally, we
observed strong agreement between theoretical molecular
weights (Mn,th) and those observed experimentally by both gel
permeation chromatography (GPC, Mn,GPC) and NMR
(Mn,NMR) spectroscopy, respectively (Figure 2c and Table
S1). The linear increase in Mn with monomer conversion,
coupled with narrow molecular weight distributions (i.e., low
Mw/Mn) of the resulting polymer and the symmetrical GPC
traces (Figure 2d), indicates control of the polymerization
process.
We next investigated the capacity of aqPI to create a high

molecular weight PAN optimal for carbon fiber production
(Table 1). The accelerated kinetics and absence of exogenous
radical during photoiniferter reactions compared to traditional
RAFT polymerization have demonstrated the capability to

routinely achieve UHMW (Mw > 1 × 106 g/mol)
polymers.22,36−38 As a result, we hypothesized that our aqPI
conditions could also support the synthesis of the controlled
synthesis of high molecular weight polymer suitable for carbon
fiber precursor, a feat absent from the literature to the best of
our knowledge (entries 6 and 7, Table 1 and Figure 3a).
Importantly this is achieved at high monomer conversion and
with strong correlation between theoretical and experimental
molecular weights, suggesting control and high yield of the
polymer product, a challenge observed in previous studies
investigating PAN synthesis by RAFT. The samples reached a
high level of viscosity during the polymerization, again as
evidence of the high molecular weights achieved while
maintaining control of the polymerization (Figure 3b). As a
demonstration of high chain end fidelity, we were able to
synthesize AN diblock copolymers (poly(AN-b-AN)). We
initially investigated the ability to use high molecular weight
PAN of DP 4,000 as a macroCTA by redissolving the purified
polymer in 60 wt % ZnCl2 and adding 4000 equiv. of monomer
to achieve a final DP of approximately 8,000. Interestingly, two
distinct linear regions for the kinetics were observed (Figure
3c), with an initial rapid phase of polymerization (0−200 min)
followed by an apparent reduction in the rate (200−600 min).
We believe this is a result of monomer depletion in the system
with the 200 min point of inflection also corresponding to 85%
monomer conversion as assessed by proton NMR. A uniform
shift in molecular weight was demonstrated by GPC as a
further indication of high chain end fidelity of the polymers
(Figure S4). Despite a shift toward higher molecular weight,
the extent to which these traces overlapped made it difficult to
determine the existence of preterminated chains from the
initial polymerization of PAN DP 4,000. As such, a lower
molecular weight PAN (DP 1,000) sample was also utilized as
a macroCTA to synthesize a block copolymer of final DP
5,000. Once again, a uniform shift in molecular weight was
demonstrated by GPC, with only a small portion of terminated
chains being identified in the lower molecular weight shoulder
of the block copolymer (Figure 3d).
An advantage of photoinitiation is the ability to conduct

polymerizations at subambient temperatures. It is hypothesized
that, for carbon fiber production, the cyclization yield and
formation of “ladder structures” during carbonization of PAN-
based precursor polymers could be improved in highly isotactic
polymers of acrylonitrile.39 Additionally, recent studies have
shown that Lewis acids can enhance isotacticity in radical
polymerizations.40−42 However, achieving high isotacticity in
PAN with solution polymerization methods has had limited

Table 2. Influence of Lewis Acid and Reaction Temperature on PAN Tacticitya

C�N fraction of triads C�H fraction of triads

Entry Solvent Temp. (°C) Sample mm mr rr mm mr rr

1 60 wt % ZnCl2 28 aqPI (Mn = 23,861) 0.33 0.50 0.17 0.29 0.50 0.21
2 60 wt % ZnCl2 8 aqPI (Mn = 18,659) 0.26 0.50 0.24 0.30 0.49 0.21
3 50 wt % NaSCN 28 aqPI (Mn = 30,043) 0.29 0.48 0.23 0.29 0.52 0.19
4 b50 wt % NaSCN 8 aqPI (Mn, N/A)
5 50 wt % Zn(ClO4)2 28 aqPI (Mn = 7,455) 0.33 0.47 0.20 0.29 0.51 0.20
6 50 wt % Zn(ClO4)2 8 aqPI (Mn = 7,422) 0.30 0.51 0.19 0.29 0.50 0.21
7 EC 28 PI (Mn = 17,002) 0.28 0.50 0.22 0.27 0.51 0.22
8 DMSO 28 PI (Mn = 18,067) 0.26 0.49 0.25 0.27 0.51 0.22

aAbbreviations: aqueous (aq), photoiniferter (PI) polymerization, ethylene carbonate (EC), dimethyl sulfoxide (DMSO). bDespite observing
monomer conversion during polymerization by NMR spectroscopy, NaSCN samples polymerized at 8 °C failed to precipitate, and 13C NMR
analysis could not be performed.
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success.43 Okamoto and colleagues demonstrated that temper-
ature significantly influenced tacticity in the radical polymer-
ization of N-isopropylacrylamide, with 80% meso diads
achieved at 60 °C and over 90% at −20 °C.42 Hence we
hypothesized that aqPI performed at subambient temperatures
and in the presence of Lewis acid additives could enhance
tacticity control of PAN.
Initially, we assessed the impact of polymerization kinetics at

8 °C versus 27 °C (i.e., ambient temperatures for the aqPI
polymerization). We observed high conversion of monomer
despite the subambient temperature investigated, achieving
greater than 85% conversion in 8 h of illumination, consistent
with observations at ambient temperatures (Figure S5). We
then assessed the impact on polymer tacticity by 13C NMR
spectroscopy, calculating relative amounts of meso−meso
(mm), meso−racemo (mr), and racemo−racemo (rr) triads as
described previously (Figure S6),12 comparing the influence of
conducting the polymerizations at 8 °C versus 27 °C. We
found that lower temperatures had no significant impact on the
tacticity of PAN produced via aqPI in 60 wt % ZnCl2 or 50 wt
% NaSCN compared to PAN synthesized in traditional organic
solvents (Table 2). Additionally, we evaluated aqPI of AN in
aqueous Zn(ClO4)2 due to its demonstrated ability to maintain
Lewis acid activity in water (entries 5 and 6, Table 2).44

Despite the reduced temperature and presence of these known
Lewis acids, no appreciable difference in tacticity was observed.
It is likely that even lower temperatures or further optimization
of the selected Lewis acid would impart some tacticity control

as evidenced by others in the polymerization of acrylamides,42

which could further enhance PAN structural properties.
Interestingly, the reactions conducted at 8 °C in aqueous

NaSCN never achieved conversions higher than 70% following
8 h of UV-light exposure. These reactions also failed to
produce meaningful quantities of polymer despite significant
vinyl bond conversion, as assessed by NMR spectroscopy. We
noticed that the evolution of broad, polymeric peaks in the
proton NMR spectra did not occur until later time points
despite the consumption of vinyl protons early in the reaction
(Figure S7). As a result, we hypothesized that there must be a
competing reaction occurring between the thiocyanate ions
and the acrylonitrile monomer. UV light has been shown to
trigger homolytic cleavage of thiocyanogen into thiocyanato
radicals that can rapidly react with mono- and disubstituted
alkenes to form α,β-dithiocyanates and allylic isothiocyanates
at high yields.45 Similarly, aqueous solutions of thiocyanate
anions can undergo photolysis to form thiocyanate radical
anions capable of electron transfer rearrangements.46,47

Control experiments conducted in the absence of CTA
revealed that vinyl peak consumption occurred rapidly without
the evolution of characteristic broad polymer backbone proton
signals (Figures S8 and S9). Additionally, the high conversion
and large discrepancy observed between the theoretical (Mn,th)
and measured (Mn,GPC) molecular weights of the polymer
prepared in aqueous NaSCN (Table 1, entry 2) can also be
attributed to contributions from this side reaction. This is
consistent with the findings of Shimosaka et al., who first

Figure 4. XPS spectra of PAN samples following a) direct precipitation and washing with deionized water and b) redissolution in DMSO and
precipitation in deionized water.
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demonstrated the ability of NaSCN to act as initiator and
sensitizer during AN photopolymerization without any external
source of initiating species.48 As such, the formation of a weak
charge-transfer complex between AN and the thiocyanate
anion provides adequate conditions within our system to
generate radicals on monomers through electron-transfer-
induced rearrangement (Figure S10).49 By conducting
reactions at equimolar ratios of acrylonitrile and NaSCN, the
generation of radical species on the AN monomer resulted in
bimolecular termination to form dimers rather than initiating
polymerization as witnessed by Shimosaka and co-workers.
Taken together, despite the ability to solubilize AN and PAN
with 50 wt % NaSCN, this UV-initiated electron-transfer-
induced rearrangement significantly impeded molecular weight
evolution in our system and as a result is not a suitable solvent
for the controlled synthesis of PAN by aqPI. This difference
was especially noticeable when compared to the excellent
solubility, molecular weight control, and kinetics demonstrated
herein with the 60 wt % aqueous ZnCl2.
When PAN is processed into carbon fibers, a doping

solution is prepared by dissolving the precursor polymer in an
organic solvent that is suitable for wet spinning. Importantly,
high tensile strength fibers can only be achieved if the
precursor polymer possesses a high molecular weight (∼105 g/
mol)7 and a low dispersity (Đ < 2.0) to support dissolution
and fiber spinning.6 Thus, the polymer characteristics afforded
through the aqPI conditions should yield precursors that are
highly suitable for manufacturing high-performance carbon
fibers. However, residual transition metal residues can be
detrimental during carbon fiber production, resulting in void
formation and artificially high carbon yields.50 In order to
gauge the effective removal of zinc, polymers were first
precipitated into deionized water and washed three times
before lyophilization. Dried PAN powder was then analyzed by
X-ray photoelectron spectroscopy (XPS) to quantify residual
zinc content (Figure 4). After initial purification in water, the
analyzed samples resulted in residual zinc content of 3.60 at. %,
which was likely trapped within polymer droplets during
precipitation. To avoid this, dried PAN was dissolved in
DMSO and reprecipitated in deionized water before further
analysis. XPS spectra of the reprecipitated material after one
wash cycle yielded zinc content only slightly above the
detectable limit (approximately 0.1 atomic %, Figure 4b). The
removal of zinc from the final polymer product was also
assessed by scanning electron microscopy (SEM) and
confirmed by energy dispersive X-ray spectroscopy (EDS)
experiments, where zinc following washing was measured to be
on the order of 0.01 wt % (Figure S11).
In conclusion, we present a facile approach to the controlled
synthesis of high molecular weight PAN. To achieve this, we
have utilized aqPI, which benefits from rapid propagation and
high livingness ideal for achieving ultrahigh molecular weight
of PAN. To the best of our knowledge, our aqPI polymer-
ization approach exhibited the fastest propagation rates and
highest molecular weights reported for PAN while maintaining
low dispersity. The spatiotemporal control of the polymer-
ization along with the ability to prepare diblocks of PAN
demonstrate the high degree of chain end fidelity maintained
throughout the polymerization process. The use of water as a
solvent provides a more environmentally friendly alternative
compared to traditional organic solvents used for the industrial
synthesis of the PAN precursor polymer currently. We also
observed a UV-induced side reaction during the polymer-

ization of AN in the presence of the thiocyanate anion that
significantly impeded molecular weight evolution, making this
solution less than ideal for aqPI polymerization. Despite the
advances in PAN synthesis and control demonstrated herein,
there are still limitations in optimizing its structural properties
with respect to controlling the polymer tacticity that will be the
focus of future studies in this area. Taken together, our
approach controls PAN dispersity up to high molecular
weights during aqPI polymerization in 60 wt % ZnCl2, which
could provide advantages when considering the downstream
processing of PAN into carbon fiber including lowering
viscosity during the wet fiber spinning process and enhancing
mass retention through the carbonization process, respectively.
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