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Polymerization of acrylonitrile in supercritical carbon dioxide
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Abstract

A series of fluorinated diblock copolymers, consisting of styrene (St)eacrylonitrile (AN) copolymer [poly(St-co-AN)] and poly-2-[(per-
fluorononenyl)oxy]ethyl methacrylate, with various compositions as well as with different molecular weights were synthesized by atom transfer
radical polymerization and characterized. Dispersion polymerization of acrylonitrile in supercritical carbon dioxide (scCO2) at 30 MPa and at
65 �C with this kind of amphiphilic block copolymer as a stabilizer and 2,20-azobisisobutyronitrile as an initiator was investigated. The experimental
results indicated that, in the presence of a small amount of poly(St-co-AN) (5 wt% to AN), spherical particles of polyacrylonitrile (PAN) were pre-
pared with small diameter and narrow polydispersity (dn¼ 153 nm, dw/dn¼ 1.12), resulting from the high stabilizing efficiency of this fluorinated
block copolymer. Furthermore, the polymerization of AN in scCO2 under different initial pressures especially under low pressure (<14 MPa) was
studied. When the polymerization was carried out around the critical pressure of CO2 (7.7e7.8 MPa), the PANs with high molecular weight
(Mn z 130,000e194,000) were synthesized at high monomer conversion (>90%) no matter whether the stabilizer was added, compared to those
synthesized by dispersion polymerization at 30 MPa. It was also found that the crystallinity of PAN synthesized at 7.7e7.8 MPa was somewhat
higher than that synthesized at 30 MPa, while its crystallite size did not change.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

As an environmental-friendly polymerization media, car-
bon dioxide (CO2) has become favorable in polymerization in-
dustry, because it is nonflammable, nontoxic and inexpensive,
and also features excellent mass and heat transferring abilities
[1]. Most of the vinyl polymers show poor solubility in super-
critical carbon dioxide (scCO2), thus heterogeneous polymer-
izations especially dispersion polymerization and precipitation
polymerization have been studied in recent years. The disper-
sion polymerizations of various vinyl monomers such as
styrene (St) [2], glycidyl methacrylate [3], 2-hydroxyl meth-
acrylate [4], methyl methacrylate (MMA) [5] and vinylidene
fluoride [6] have been reported, but the addition of some
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amphiphilic fluorinated polymers or PDMS-based polymers
as the stabilizers as well as quite high pressure (20e46
MPa) to enhance the solubility of these stabilizers in scCO2

is generally required. Although spherical polymer particles
can be prepared by dispersion polymerization, the stabilizers
involved were usually difficult to be separated from final prod-
ucts, so as to alter the performance of polymer materials,
especially the surface properties, resulting in limiting their
application in industry. Therefore it is significant to further
synthesize new stabilizers with enhanced stabilizing effi-
ciency, thus to relieve their influence on the properties of the
polymer products by reducing the stabilizer concentration
used. Meanwhile, the precipitation polymerization was also
studied due to its capability of producing stabilizer-free poly-
mers, but quite high pressure (usually more than 15 MPa) was
still adopted extensively such as in precipitation polymeriza-
tions of acrylic acid [7], divinylbenzene [8], divinylbiphenyl
[9] and vinylidene fluoride [10].
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Polyacrylonitrile (PAN) is one of the most important poly-
mer materials for the production of synthetic fibers, which are
traditionally produced by solution polymerization or precipita-
tion polymerization of acrylonitrile (AN) in water [11]. Both
the polymerization procedures involve costly purification and
drying process, and will cause serious pollution. Therefore,
it is of great importance to study how to produce the PAN
in scCO2. Shiho and DeSimone [12] pioneered research on
the dispersion polymerization of AN in scCO2, in which
a block copolymer of St and 1,1-dihydroperfluorooctyl acry-
late [poly(St-b-FOA)] were used as stabilizers. They prepared
well-dispersed spherical PAN particles under 20e46 MPa at
65 �C with 2,20-azobisisobutyronitrile (AIBN) as an initiator,
whereas at least 15 wt% poly(St-b-FOA) based on AN was
needed to prevent the agglomeration of PAN particles at
10 wt/volume (w/v)% AN concentration. Okubo et al. [13]
carried out the precipitation polymerization of AN in scCO2

at 30 MPa and at 65 �C with AIBN as the initiator, in which
some micron-sized and well-dispersed PAN particles were
prepared. Teng [11] investigated the molecular weight and
spinnability of PAN produced by precipitation polymerization
of AN in scCO2 under 14e28 MPa from 50 �C to 65 �C with
AIBN as the initiator. It is well-known that the pressure for the
polymerization of vinyl monomer in scCO2 should be con-
trolled as low as possible, if one considers performing it easily
in industry. However, either the dispersion polymerization
or the precipitation polymerization of AN in scCO2 under
pressure below 14 MPa has not been reported yet.

In this article, a bromine-ended copolymer of St and AN
[poly(St-co-AN), abbreviated as SAN-Br] was synthesized
first by atom transfer radical polymerization (ATRP), then
it was used as a macroinitiator to initiate the ATRP of 2-
[(perfluorononenyl)oxy]ethyl methacrylate (FNEMA) thus to
form a series of well-defined fluorinated diblock copolymers,
i.e. poly[(St-co-AN)-b-FNEMA] [abbreviated as poly(SAN-
b-FNEMA)]. The dispersion polymerization of AN in scCO2

with this kind of amphiphilic block copolymer as the stabilizer
and AIBN as the initiator was investigated (30 MPa/65 �C/
18 h). The experimental results indicated that the well-
dispersed spherical PAN particles could be prepared at a stabi-
lizer concentration as low as 5 wt%, resulting from the high
stabilizing efficiency of this novel block copolymer. Further-
more, the effect of pressure on polymerization of AN in
scCO2 with or without adding such a stabilizer was studied.
It was found that the PANs with high molecular weight (Mn z
130,000e194,000) and a bit high crystallinity were synthe-
sized around the critical pressure of CO2 (7.7e7.8 MPa) and
at high monomer conversion (>90%), compared to those
synthesized by dispersion polymerization at 30 MPa.

2. Experimental section

2.1. Materials

Ethyl-2-bromoisobutyrate (98%, Aldrich), benzotrifluoride
(BTF) (99%, Lancaster) and CO2 (99.5%, Shanghai Wugang
Co.) were used as received. FNEMA was synthesized by the
reaction of hexafluoropropylene trimer (kindly supplied by
Shanghai Institute of Organo-fluorine Materials) and 2-hydroxy-
ethyl methacrylate (98%, Fluka) [14]. 1H NMR (Bruker,
500 MHz, with deuterated chloroform as solvent) of FNEMA:
1.92 ppm (3H, CH3e), 4.42 ppm (4H, CH2CH2OCO),
5.69 ppm (1H, CH2]), 6.10 ppm (1H, eCH]). Elemental
analysis of FNEMA: C, 32.23 wt%; H, 1.68 wt%; F,
58.64 wt% (theoretical values: C, 32.14 wt%; H, 1.6 wt%, F,
57.67 wt%).

All other materials used in this research were standard lab-
oratory reagents provided by Shanghai Chemical Reagent
Plant. Styrene and acrylonitrile were purified by passing
through a column filled with neutral alumina to remove the
inhibitor. Cuprous bromide (CuBr) was purified according to
the procedure reported by Keller and Wycoff [15]. a,a0-Bis-
pyridine (bpy) was recrystallized from n-hexane. AIBN was
recrystallized from hot methanol.

2.2. Synthesis of SAN-Br

A dry reaction flask with a magnetic stir bar was charged
with CuBr and bpy. The flask was sealed with a rubber septum,
degassed and back-filled with nitrogen three times. The deox-
ygenated St, AN and ethyl-2-bromoisobutyrate were intro-
duced into the flask by a syringe. The flask was then heated
at 90 �C under stirring. The copolymer product was precipi-
tated in n-hexane after passing through a column filled with
neutral alumina to remove the copper complex, and dried at
30 �C under vacuum.

2.3. Synthesis of poly(SAN-b-FNEMA)

SAN-Br synthesized above was used as the macroinitiator
to initiate the ATRP of FNEMA using BTF and tetrahydro-
furan (THF) as a mixed solvent. The SAN-Br, CuBr and bpy
were charged into a dry reaction flask with a magnetic stir
bar. The flask was sealed with a rubber septum, degassed
and back-filled with nitrogen three times. The deoxygenated
BTF and THF were introduced into the system by a syringe.
After the SAN-Br was dissolved, FNEMA was charged.
The flask was then heated at 100 �C under stirring. The block
copolymer was isolated by precipitation in methanol after
passing through a column filled with neutral alumina to remove
the copper complex, and dried at 30 �C under vacuum. All
synthetic procedures of SAN-Br and poly(SAN-b-FNEMA)
are listed in Scheme 1.

2.4. Dispersion polymerization of acrylonitrile in scCO2

A 20-ml stainless steel high-pressure reactor equipped with
a magnetic stir bar was charged with AIBN, AN and poly-
(SAN-b-FNEMA) (for studying the effect of pressure on poly-
merization, sometimes this block copolymer was not added),
and then the reactor was purged with a flow of CO2 to remove
the oxygen prior to the start of polymerization. After a desired
amount of CO2 was charged, the reactor was placed in a water
bath heated to 65 �C. Then, additional CO2 was charged to this
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Scheme 1. Synthetic reactions of SAN-Br and poly(SAN-b-FNEMA).
system if necessary, until the desired reaction condition was
reached. Once the preset temperature and pressure were
reached, the reaction mixture was stirred for 18 h. At the end
of the polymerization, the reactor was cooled and the CO2 was
slowly vented to recover the product. Finally, the reactor was
rinsed with N,N0-dimethylformamide (DMF) to collect residue
product for calculation of monomer conversion. The product
was extracted with THF before measuring its viscosity average
molecular weight.

2.5. Characterization

1H NMR spectra of macroinitiator and block copolymer
were recorded using a Bruker 500 MHz spectrometer with
deuterated chloroform (CDCl3) as solvent. Gel permeation
chromatography (GPC) was used to determine the molecular
weight averages and the polydispersity index of the SAN-Br
and the block copolymers using a Shimadzu SCL-10A and
LC-8A system equipped with a Shimadzu RID-10A refractive
index detector. DMF was used as an eluent at 40 �C and
polystyrene (PS) with a narrow molecular weight distribution
(Showa Denko Co.) was used as a standard. Wide angle X-ray
diffractogram (WAXD) measurements of specimens were per-
formed on a D/max 2550VB/PCX diffractometer with Cu Ka
radiation (l¼ 1.542 Å) at an operational voltage of 40 kV and
the WAXD data were analyzed using Microcal Origin 7.0 soft-
ware. The viscosity average molecular weight (Mn) of PAN
was determined with an Ubbelohde viscometer at 30 �C using
DMF as solvent. Mn was calculated by [h]¼ KMn

a, where
values of K and a are 20.9� 10�3 ml/g and 0.75, respectively
[16]. The appearance of the PAN particles was observed using
a JEOL JSM-6360 scanning electron microscope (SEM). The
number-average particle diameter (dn) and particle diameter
distribution (dw/dn) were estimated by measuring 100 individ-
ual particles randomly with Adobe Photoshop 7.0 software
and calculated using the following equations [2]:

dn ¼
PN

i¼1 di

N
ð1Þ
dw ¼
PN

i¼1 d4
iPN

i¼1 d3
i

ð2Þ

where di is the diameter of the particle i and N is the number of
particles measured in that sample.

3. Results and discussion

3.1. Synthesis of poly(SAN-b-FNEMA)

The experimental results of SAN-Br macroinitiator and
poly(SAN-b-FNEMA) with various compositions synthesized
by ATRP are summarized in Table 1, where F stands for the
PFNEMA block and the subscripts equal to Mn of the blocks
measured by 1H NMR. Fig. 1 shows the 1H NMR spectrum
of SAN-Br. The peaks at 6.7 ppm and 7.1 ppm correspond
to the aromatic protons in St units. Since the multiple peaks
in the range of 1.2e2.5 ppm are assigned to the methylenes
and methylidynes in both St and AN units (noting that the
peaks for methyl of the ester group in ethyl-2-bromoisobuty-
rate are overlapped in this range, which may bring some
error), the peak area assigned to AN units can be calculated
by subtracting the one assigned to St units. Thus, the compo-
sition of SAN-Br was estimated: [St]/[AN]¼ 61/39, which is

Table 1

Synthesis of SAN-Br and poly(SAN-b-FNEMA) by ATRP a

Samples Monomer

conversion (%)

Mn,th
d

(kg/mol)

Mn,NMR

(kg/mol)

Mn,GPC

(kg/mol)

PDI

SAN-Br 76b 5.8 5.3 43 1.04

SAN5.3K-F10K 70c 16.7 15 69 1.05

SAN5.3K-F16K 56c 24.4 21 48 1.05

SAN5.3K-F19K 46c 27.8 24 46 1.04

a For SAN-Br, monomer feed [St]/[AN]¼ 63/37 and [I]/[CuBr]/[Bpy]¼ 1/

0.5/1.5; for block copolymers, 1.0� 10�4 mol SAN-Br and [I]/[CuBr]/

[Bpy]¼ 1/1/3 used for all entries.
b Conversion of St and AN.
c Conversion of FNEMA.
d Mn,th¼ [M]0/[I]� (Mw)0� conv.þMI.
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Fig. 1. 1H NMR spectra of SAN-Br.
in reasonable agreement with the monomer feed. The possible
reason is that the copolymerization of St and AN in this sys-
tem was carried out under an azeotropic condition (63 mol%
St and 37 mol% AN) [17]; furthermore, the composition of co-
polymer should approach monomer feed due to the high
monomer conversion. The narrow molecular weight distribu-
tion of SAN-Br in Table 1 suggests that all macromolecular
chains propagate at a constant rate throughout the copolymer-
ization, resulting from the inherence of the living polymeriza-
tion. However, the average molecular weight of SAN-Br tested
by GPC (Mn,GPC) is much higher than the calculated ones
(Mn,th). Thus, it is necessary to check the average molecular
weight of SAN-Br by 1H NMR (Mn,NMR) further. As shown
in Fig. 1, the peaks in the range of 0.8e0.9 ppm correspond
to the protons of the methyl group in ethyl-2-bromoisobuty-
rate. Recalling that the peak area of aromatic protons in sty-
rene units (6.7 ppm and 7.1 ppm) is already known, Mn,NMR

of SAN-Br can be calculated on the basis of the area ratio
of the two peaks, since this well-defined SAN-Br was charac-
terized. The result (Mn,NMR¼ 5300) is in good agreement with
Mn,th, indicating that the deviation between the Mn,GPC and
Mn,th is attributed to the discrepancy between the hydro-
dynamic volume of SAN-Br and PS standard in DMF.

As listed in Table 1, all block copolymers exhibited narrow
molecular weight distribution (PDI� 1.05), although the devi-
ation between Mn,GPC and Mn,th was observed as in the case of
SAN-Br. Fig. 2 shows the GPC traces of SAN-Br and the re-
sulting block copolymer (SAN5.3K-F10K). The monomodal
shape of the GPC trace for SAN5.3K-F10K suggests the com-
plete initiation of SAN-Br macroinitiator during the ATRP
process. Fig. 3 shows the 1H NMR spectrum of SAN5.3K-
F10K. The peaks at 4.1 ppm are assigned to two methylenes
of ester group in PFNEMA block, and the peaks at 6.6 ppm
and 7.1 ppm correspond to the aromatic protons in SAN block.
Since this well-defined block copolymer was characterized,
based on Mn,NMR of SAN-Br and the area ratio of the peaks
for the aromatic protons in SAN block and the peaks of two
methylenes of ester group in PFNEMA block, Mn,NMR of
SAN5.3K-F10K was calculated as 15,000, also approaching its
Mn,th. Therefore, it can be concluded that the discrepancy in
hydrodynamic volume between the block copolymers and
PS standard led to the magnification of Mn,GPC.

The block copolymer with longer PFNEMA block (Mn,th¼
33,000) was also synthesized by ATRP with SAN-Br as the
initiator, but it was found to be difficult to dissolve in DMF,
THF or CDCl3, resulting in some problems of characterization.
In this case, such a block copolymer was not studied further.

3.2. Dispersion polymerization of AN in scCO2

Table 2 and Fig. 4 show the effect of poly(SAN-b-FNEMA)
on the polymerization of AN in scCO2 at high pressure

Fig. 2. GPC traces of SAN-Br and SAN5.3K-F10K.
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Fig. 3. 1H NMR spectra of SAN5.3K-F10K.
(30 MPa). The precipitation polymerization in the absence of
poly(SAN-b-FNEMA) (entry 1 in Table 2) was observed and
led to some large aggregates of the irregular PAN particles
(Fig. 4a) with low monomer conversion and low molecular
weight. When 10 wt% SAN5.3K-F10K was added to the system,
the AN conversion and the molecular weight of PAN remained
nearly the same as those found for the precipitation polymer-
ization (entry 2 in Table 2), as well as the coagulated appear-
ance of the irregular particles (Fig. 4b) was observed. Thus,
the SAN5.3K-F10K with a quite short fluorinated block was
proved to be incapable of stabilization in scCO2 for the poly-
merization of AN. In the case of using 10 wt% SAN5.3K-F16K,
higher monomer conversion and molecular weight of PAN
than those performed in the precipitation polymerization
were observed (entry 3 in Table 2), but the highly agglomer-
ated PAN particles were still produced (Fig. 4c). Obviously,
the SAN5.3K-F16K failed to prevent the PAN particles from ag-
glomeration due to its relatively short fluorinated block. When
10 wt% SAN5.3K-F19K with a relatively long fluorinated block
was employed (entry 4 in Table 2), well-dispersed spherical
particles of PAN were produced under 30 MPa (Fig. 4d), sug-
gesting that the SAN5.3K-F19K could form stable micelle phase
in scCO2 so as to prevent the agglomeration of PAN particles.
By decreasing the content of block copolymer to 5 wt% (entry
5 in Table 2), it was still able to yield the discrete spherical
particles of PAN (Fig. 4e). The particle diameter and its dis-
tribution of PAN prepared in the presence of different con-
centrations of SAN5.3K-F19K were also measured, as shown
in Fig. 5. When the concentration of SAN5.3K-F19K was
decreased by half, i.e. from 10 to 5 wt%, the PAN particles
showed an increase in diameter only from 139 to 153 nm
as well as in diameter distribution only from 1.04 to 1.12.
The surface coverage per SAN5.3K-F19K molecule in the
polymerization system can be estimated using following equa-
tion [3]:

S¼ 6ðVPANþVStabÞ
dnnStab

ð3Þ
Table 2

Effect of poly(SAN-b-FNEMA) on dispersion polymerization of acrylonitrile in scCO2
a

Entry Stabilizer [M]b (w/v%) [S]c (wt%) Monomer conversion (%) dn (nm) dw/dn Mn
d (kg/mol) Appearance

1 None 10 0 56 e e 46 Coagulated

2 SAN5.3K-F10K 10 10 55 e e 49 Coagulated

3 SAN5.3K-F16K 10 10 70 100e400 e 67 Particles (agglomerated)

4 SAN5.3K-F19K 10 10 72 139 1.03 79 Well-defined particles

5 SAN5.3K-F19K 10 5 74 153 1.12 75 Well-defined particles

6 SAN5.3K-F19K 15 15 82 e e 115 Coagulated

a Reaction conditions: AIBN¼ 1 wt% (based on AN), P¼ 30� 1.5 MPa, T¼ 65 �C and 18 h.
b Monomer concentration (w/v%, total volume¼ 20 ml).
c Stabilizer concentration (based on AN).
d Viscosity average molecular weight.
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Fig. 4. SEM images of PAN produced by precipitation polymerization (a) and dispersion polymerization with 10 wt% SAN5.3K-F10K (b), 10 wt% SAN5.3K-F16K (c),

10 wt% (d) and 5 wt% SAN5.3K-F19K (e) as stabilizer.
where V stands for volume, and nStab is the number of
SAN5.3K-F19K molecules. As calculated, while the concentra-
tion of this block copolymer decreased from 10 to 5 wt%, S
increased from 14.2 to 24.8 nm2. Thus, it is clear that the
SAN5.3K-F19K was still capable of protecting the particles of
PAN in the system, although the concentration of SAN5.3K-
F19K in the polymerization system decreased by half. In other
words, the SAN5.3K-F19K exhibits high stabilizing efficiency in
the polymerization of AN in scCO2.

Shiho and DeSimone [12] reported the effect of poly(St-b-
FOA) (the values of Mn for PS block and PFOA block are 4.2K
and 19.7K, respectively) on the polymerization of AN with
AIBN as the initiator in scCO2 and they found that the well-
dispersed spherical PAN particles (dn¼ 450 nm, dw/dn¼
1.15) were produced under the experimental conditions of
10 wt% stabilizer concentration, 8 w/v% AN concentration,
38 MPa and 65 �C. The poly(SAN-b-FNEMA) used in this
study, however, showed even higher stabilizing efficiency
than poly(St-b-FOA), since the PAN particles with smaller di-
ameter and narrower distribution were prepared under similar
experimental conditions. This enhanced stabilizing efficiency
of poly(SAN-b-FNEMA) should have been therefore mainly
resulted from the good compatibility between the SAN block
and PAN synthesized.

The dispersion polymerization of AN at a high monomer
concentration (15 w/v%) (entry 6 in Table 2) was also exam-
ined. It was found that even if 15 wt% SAN5.3K-F19K was added
to this system, some coagulated and irregular PAN particles
were yielded, which were consistent with the results reported
by Shiho and DeSimone [12]. In comparison with the disper-
sion polymerization of St [2] or MMA [5] in scCO2, the prep-
aration of stable dispersed phase with high PAN content seems
difficult. This is probably due to the high polarity of PAN and
its insolubility in its own monomer, as well as the strong inter-
action force between the nitrile groups on the particle surface,
which may lead to the aggregation easily. Table 2 indicates that,
however, both the monomer conversion and the molecular
weight of PAN are all high enough at 15 w/v% AN concentra-
tion used. This kind of PAN with high molecular weight
(Mn¼ 115,000) may have some potential application in indus-
try. For example, the PAN with high molecular weight is some-
what required for the production of carbon fiber [18].

Fig. 6 shows WAXD spectra of the PAN produced by the
precipitation polymerization and the dispersion polymerization
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with SAN5.3K-F19K as the stabilizer. For both PAN samples,
a strong peak at 2q¼ 16.6� and a weak one at 2q¼ 29.3� were
observed, corresponding to d-spacings of 5.30 and 3.04 Å,
assigned to diffractions of (010) and (030) planes, respectively.
The crystallinity of the PAN prepared by the precipitation
polymerization was 18%, close to that reported by Okubo
et al. [13], while the crystallinity of the PAN synthesized
by the dispersion polymerization slightly decreased to 17%,
which was probably due to the presence of fluorinated block
copolymer. The crystallite size can be calculated using Scherrer
equation [13]:

D¼ Kl=b cos q ð4Þ

where K is the constant (0.9), l is the wavelength of Cu Ka
radiation (1.542 Å), b is the half width of the peaks at
2q¼ 16.7� and q is the Bragg’s angle. The calculated results
indicated that the size of the crystallite for the PAN synthe-
sized either by the precipitation polymerization or by the dis-
persion polymerization is all the same (76 Å), which is similar
to those prepared by slurry polymerization [19] and smaller
than those produced by mini-emulsion polymerization [20].

Fig. 5. Particle size distribution of PAN produced with (a) 10 wt% and (b)

5 wt% SAN5.3K-F19K as stabilizer.
3.3. Effect of pressure on polymerization of AN in scCO2

Table 3 lists the effect of initial pressure on polymerization
of AN in scCO2. When the initial pressure of dispersion
polymerization system in the presence of SAN5.3K-F19K was
decreased to 20.3 MPa (entry 3 in Table 3), the monomer
conversion decreased appreciably, indicating that the stable

Fig. 6. WAXD of PAN produced by (a) precipitation polymerization (entry 1 in

Table 2) and (b) dispersion polymerization (entry 5 in Table 2).

Table 3

Effect of initial pressure on polymerization of acrylonitrile in scCO2
a

Entry [S]b

(wt%)

Pressure

(MPa)

Monomer

conversion (%)

Mn
c

(kg/mol)

Appearanced

1 5 30.0 74 75 Fine powder

2 5 24.8 72 72 Fine powder

3 5 20.3 56 71 Powder

4 5 15.5 59 84 Powder

5 5 8.5 98 148 Powder and bulk

6 5 7.7 91 194 Powder and bulk

7 0 29.6 56 46 Powder

8 0 19.0 55 44 Powder

9 0 16.2 55 40 Powder

10 0 9.2 96 92 Powder

11 0 7.8 99 130 Powder and bulk

a Reaction conditions: [M]¼ 10 w/v% (total volume¼ 20 ml), AIBN¼
1 wt% (based on AN), T¼ 65 �C and 18 h.

b Stabilizer concentration (based on AN).
c Viscosity average molecular weight.
d By visual observation.
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dispersed phase could not form due to the insolubility of
SAN5.3K-F19K in scCO2 at 20.3 MPa. Although the PAN
product was collected as white powder with moderate fluidity
compared to the free-flowing fine powder prepared under
30.0 MPa or 24.8 MPa, the molecular weight of this kind of
PAN was not affected obviously by decreasing the initial
pressure. As the initial pressure was further decreased to
15.5 MPa, both the AN conversion and the molecular weight
of PAN increased (entry 4 in Table 3). However, a sudden
increase in the monomer conversion (98%) and the molecular
weight of PAN (Mn¼ 148,000) was observed at 8.5 MPa
(entry 5 in Table 3), which was much higher than those per-
formed at 30 MPa. As shown by SEM photographs (Fig. 7a
and b), the large aggregates composed of irregular particles
linked by some bridge-like small particles were formed at
such a low pressure. Fig. 7c shows a magnified SEM photo-
graph of these bridge-like particles. It reveals that there are
many spherical particles with diameter in the range of 100e
150 nm, which may be attributed to the SAN5.3K-F19K added
to the system. It was of interest to find that the molecular
weight of PAN even reached as high as 194,000 and the AN
conversion was still high enough (91%), when the pressure
was further decreased to 7.7 MPa, which came close to the
critical pressure of CO2. Except for the high monomer conver-
sion and molecular weight, these two PAN specimens synthe-
sized around the critical pressure (8.5 MPa and 7.7 MPa)
appeared as a mixture of powder and bulk, but they could be
grinded into powders and could be dissolved in DMF easily.
It was also found that some inner parts of the bulk in the
PAN synthesized at 7.7 MPa showed dark yellow or black col-
our due to strong exotherm and were insoluble in DMF, which
should have been resulted due to an autoacceleration in the
polymerization rate of AN [21]. This phenomenon has been
corresponded to the decrease in termination rate of propagat-
ing radicals leading to fast polymerization rate for the free rad-
ical polymerization of vinyl monomers because of decrease in
the diffusion rate of polymer radicals [21,22]. In this case, the
high AN conversion and the high molecular weight of PAN
found in this polymerization system could be expected.

Table 3 also shows the effect of pressure on the polymeri-
zation of AN without adding stabilizer. As the initial pressure
was decreased from 29.6 MPa to 16.2 MPa, the low AN con-
version and the PAN powders with somewhat low molecular
weight as well as moderate fluidity similar to those synthesized
Fig. 7. SEM images of PAN polymerized under low pressure. (a) and (b) polymerized with 5 wt% SAN5.3K-F19K under 8.5 MPa (entry 5 in Table 3); (c) the

magnification of a local part of (b) shown by white rectangle; (d) and (e) polymerized without stabilizer under 7.8 MPa (entry 11 in Table 3).
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by dispersion polymerization at 20.3 MPa were observed.
Analogous to that found in the polymerization system with
the addition of SAN5.3K-F19K, a sudden increase in the mono-
mer conversion and the molecular weight of PAN took place
under the pressure of 9.2 MPa, but the PAN still retained the
same powder like appearance as that formed under higher pres-
sure. When AN was polymerized around the critical pressure
of CO2, i.e. 7.8 MPa, the AN conversion and the molecular
weight of PAN further increased to a large extent. The appear-
ance of the PAN was a mixture of powder and bulk, and looked
quite the same as that synthesized by precipitation polymeriza-
tion at 30 MPa under SEM (Fig. 7d and e), in which the bridge-
like small particles disappeared. All the experimental results
indicate that the polymerization rate of AN in scCO2 around
the critical pressure suddenly increased resulting in increase
of the AN conversion and the molecular weight of PAN appre-
ciably, which is independent of the presence of the stabilizer.

Recently, a detailed mathematical model for the dispersion
polymerization of MMA in scCO2 was introduced by Mueller
et al. [23], in which there are two phases in the polymerization
system, i.e. a continuous phase mainly composed of scCO2,
MMA and AIBN, and a dispersed phase that mainly composed
of PMMA and PMMA propagating chain. In this case, the
significance of the rate of monomer diffusion from continuous
phase to dispersed phase should be considered. For the poly-
merization systems studied here the diffusion coefficient of
AN in continuous phase can be estimated by Lusis and
Ratcliff’s equation [24]:

DM ¼
8:52� 10�10T

mCO2
v

1=3
CO2

�
1:40

�
vCO2

vM

�1=3

þ
�

vCO2

vM

��
ð5Þ

with DM in cm2/s, T in K, mCO2
viscosity of CO2 in poises,

nCO2
molar volume of CO2 in cm3/mol and vM molar volume

of AN in cm3/mol. It was calculated that DM was equal to
2.08� 10�4 cm2/s at 30 MPa, whereas it increased to 1.27�
10�3 cm2/s at 7.7 MPa. The results show that the diffusion
coefficient of AN monomer in the continuous phase goes up
for almost one magnitude when the initial pressure decreases
from 30 MPa to 7.7 MPa, giving rise to significant impact
on the partition of the monomer between the continuous phase
and polymer phase. Kazarian et al. [25] investigated the rela-
tionship between the pressure and the partition coefficient Kc

of various solutes (i.e. some organic compounds, such as
deuterated isopropanol, deuterated acetone, and azo-dyes)
between the continuous phase and polymer phase (such as
PMMA, PDMS-based polymer) in scCO2 under isothermal
condition. The Kc was defined as a ratio of Cpolymer=CCO2

,
where Cpolymer and CCO2

were the concentrations of solute in
continuous phase and polymer phase under thermodynamic
equilibrium condition, respectively. It was found that while
P> 15 MPa, the value of Kc only slightly changed with chang-
ing pressure and was close to unity. However, while
P< 10 MPa, it increased rapidly with a decrease in pressure,
and the Kc> 10, while the pressure was around the critical
pressure of CO2. Thus, the concentration of AN in the PAN
phase could be much higher than that in the continuous phase
under 7.7e7.8 MPa. The high conversion of AN and high mo-
lecular weight of PAN synthesized under 7.7e7.8 MPa could
be therefore attributed to the strong diffusion ability of AN
from continuous phase to polymer phase, making the PAN
phase as the main loci of the chain propagating reaction, al-
though the enhancement of agglomeration for the powders in
the polymer phase was observed (see Table 3), giving rise to
decrease in the total surface area of the PAN phase. All these
experimental behaviors are now being studied.

Fig. 8 shows the WAXD spectra of PAN synthesized with-
out stabilizer at 7.8 MPa and with the addition of 5 wt%
SAN5.3K-F19K at 7.7 MPa. For both PAN samples, a strong
peak at 2q¼ 16.6� and a weak one at 2q¼ 29.3� were
observed, corresponding to d-spacings of 5.30 and 3.04 Å,
assigned to diffractions of (010) and (030) planes, respectively.
The crystallinity of the PAN synthesized without stabilizer
was 24%, while that of the PAN synthesized with 5 wt%
SAN5.3K-F19K slightly decreased to 22%, all higher than their
counterparts produced at 30 MPa. Nevertheless, their crystal-
lite size still remained the same (76 Å).

In conclusion, a series of new fluorinated diblock copoly-
mers, poly(SAN-b-FNEMA), with various compositions were
synthesized by ATRP and characterized. The effect of their
composition and concentration added on the polymerization

Fig. 8. WAXD of PAN polymerized under low pressure. (a) Polymerized with-

out stabilizer under 7.8 MPa (entry 11 in Table 3); (b) polymerized with 5 wt%

SAN5.3K-F19K under 7.7 MPa (entry 6 in Table 3).
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of AN in scCO2 with AIBN as the initiator at 30 MPa and
65 �C was studied. As shown by the experimental results,
well-dispersed spherical PAN particles were prepared in the
presence of a small amount of SAN5.3K-F19K (5 wt%), indi-
cating the quite high stabilizing efficiency of this block
copolymer. Furthermore, the effect of pressure on the poly-
merization of AN in scCO2 was examined. It was of interest
to find that the AN conversion and the molecular weight of
PAN increased significantly under the pressure close to the
critical one of CO2 (7.7e7.8 MPa), no matter whether the
SAN5.3K-F19K was used. In other words, the rate of polymeri-
zation was very fast under 7.7e7.8 MPa, compared with other
systems studied under higher pressure. Finally, it was also
found that the crystallinity of the PAN synthesized at 7.7e
7.8 MPa was a bit higher than those produced at 30 MPa.
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