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Abstract

A group of high molecular weight graft stabilisers, both fluorinated and non-fluorinated, were synthesised by thermal ring-opening esterification

of anhydride copolymers. These included poly(methyl vinyl ether-alt-maleic anhydride) and poly(maleic anhydride-octadecene) and were reacted

with alcohols, including 1H,1H,2H,2H-perfluorooctanol, 1H,1H,2H,2H-perfluoro-dodecanol and 1-octanol. The stabilisers were fully

characterised by 1H, 19F and 13C nuclear magnetic resonance, diffuse reflectance Fourier transform infrared spectroscopy, and thermal analysis.

Their phase behaviour in supercritical carbon dioxide (scCO2), vinylidene fluoride (VDF), and a mixture of scCO2/VDF was also studied using a

variable volume view cell. Each stabiliser was tested for the dispersion polymerisation of VDF in scCO2. The effect of the stabiliser architecture

on the molecular weight and morphology of the poly(vinylidene fluoride) (PVDF) polymer product was investigated. Steric stabilisation effects

were observed. Gel permeation chromatography and scanning electron microscopy were used for the characterisation of the molecular weight and

morphology of PVDF polymers.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon dioxide (CO2) is inexpensive, non-toxic, non-

flammable, and readily available in high purity from a variety

of sources. In recent years, supercritical carbon dioxide

(scCO2) has generated much interest in the polymer synthesis

and polymer materials processing communities as an attractive

alternative solvent [1–5]. Dispersion polymerisations in scCO2

lead to polymer products of higher molecular weight, in greater

yield and with better particle morphology compared to a

surfactant free precipitation polymerisation [3]. To accomplish

successfully a dispersion polymerisation, specially designed

stabilisers have to be used. These stabilisers should have both

CO2-philic and polymer-philic portions to allow them to

stabilise the reaction system. Typical stabilisers reported so far

have been fluorinated [4,5] and siloxane [6,7] based

homopolymers (e.g., poly(1,1-dihydroperfluorooctyl acrylate)

(poly(FOA)) [4], polydimethylsiloxane (PDMS)
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2005.09.028

* Corresponding author. Tel.: C44 115 951 3486; fax: C44 115 951 3058.

E-mail address: steve.howdle@nottingham.ac.uk (S.M. Howdle).
macromonomers [8]), block or graft copolymers [9–11] and

reactive macromonomers [8]. Beckman et al. reported that

poly(ether-carbonate) was found to be the most soluble

hydrocarbon polymer in scCO2 so far [12]. This has raised

much interest in the investigation of non-fluorous and non-

siloxane based CO2-soluble stabilisers for the use in the

dispersion polymerisations in scCO2. In some cases the

polymer product itself plays a role as a stabiliser with no

need for additional stabilisers [13].

Poly(vinylidene fluoride) (PVDF) possesses excellent

thermal, chemical and weather stability and is used primarily

for pipes, valves, coatings and films as well as being an

acceptable biomaterial [14]. The conventional methods for

PVDF preparation are by aqueous suspension and emulsion

polymerisations, which both generate a large quantity of waste

water and can require a substantial quantity of energy to dry the

polymer [15]. Using scCO2 as the reaction medium, polymer

products can be isolated from the reaction mixture by a simple

depressurisation, resulting in a dry polymer product. This

eliminates the necessity for energy-intensive drying pro-

cedures. There are some publications on the investigation of

free radical (co)polymerisation of VDF by aqueous emulsion

and suspension techniques [16–20]. However, there are only
Polymer 46 (2005) 10626–10636
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Fig. 1. The synthetic route of graft stabilisers, where R 0Z–OCH3 or –CH2(CH2)14CH3; RZ–CH2CH2(CF2)5CF3, –CH2CH2(CF2)9CF3 or –(CH2)7CH3.
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a few publications regarding the polymerisation of VDF in

scCO2. A continuous polymerisation of VDF in scCO2 has

been reported [21–23], as well as the dispersion polymerisation

of VDF using a range of VDF-based copolymers as stabilisers

[11]. However, no distinct, spherical particles were obtained.

In addition, Shoichet and coworkers investigated the copoly-

merisation of VDF and vinyl acetate in scCO2 by a free radical

mechanism without the use of a surfactant [13]. A tacky solid

copolymer was obtained while the copolymer contained less

than 23 mol% VDF. We have reported elsewhere that

commercially available PDMS monomethacrylate (PDMS-

ma) has a clear effect on the homopolymerisation of VDF in

scCO2, leading to a high molecular weight product with a broad

molecular weight distribution (MWD), and primary particles

(200–500 nm) that coagulate to form larger uniform coarse

particles (200–500 mm) [24].

Recently, we reported that a fluorinated graft poly(methyl

vinyl ether-alt-maleic anhydride) (F-g-PMVE-MA) was an

effective stabiliser for the polymerisation of VDF in scCO2

[25]. In this paper, we explore in detail the effect of the

architecture of this type of fluorinated graft copolymers on

the polymerisation of VDF in scCO2. The common structure

of these fluorinated graft stabilisers is shown in Fig. 1. By

the addition of fluorinated graft chains with different chain

lengths (R), varying the degree of graft chain incorporation,

and the use of a longer polymer backbone and various

pendant group (R 0), a group of fluorinated graft stabilisers

was synthesised and fully characterised. In addition, a non-

fluorinated alcohol (1-octanol) was also used to prepare a

non-fluorinated graft stabiliser (NFGS). All of the stabilisers

were tested in the dispersion polymerisations of VDF

in scCO2.
Table 1

Preparation of the graft stabilisers

Stabilisers Anhydride (Mn,

kg/mol) A

Alcohol B

FGS-I-a PMVE-MA (79.8) PFOL

FGS-I-b PMVE-MA (79.8) PFOL

FGS-I-c PMVE-MA (79.8) PFOL

FGS-II PMVE-MA (1,130) PFOL

FGS-III PMA-OD (30–50) PFOL

FGS-IV PMVE-MA (79.8) PFDL

NFGS PMVE-MA (79.8) 1-Octanol

a Determined by 1H NMR analysis. Note that PMVE-MA is poly(methyl vinyl eth

PFDL is 1H,1H,2H,2H-perfluoro-dodecanol; PMA-OD is poly(maleic anhydride-oc
b The value was not obtained by 1H NMR because a suitable deuterated solvent
2. Experimental section

2.1. Synthesis of stabilisers

Stabilisers were synthesised by a thermal ring opening

esterification [26] (Fig. 1) using the anhydride A, including

poly(methyl vinyl ether-alt-maleic anhydride (PMVE-MA)

with a number-average molecular weight MnZ79.8 or

1130 kg/mol (Aldrich Chemical Company), or poly(maleic

anhydride-octadecene) (PMA-OD) (MnZ30–50 kg/mol,

Aldrich Chemical Company). A range of alcohol B, including

1H,1H,2H,2H-perfluorooctan-1-ol (PFOL) (purity 97%, Lan-

caster Synthesis) or 1H,1H,2H,2H-perfluoro-dodecanol (PFDL)

(purity 97%, Lancaster synthesis) or 1-octanol (GC grade, 99%,

Aldrich Chemical Company) were used. All were used as

received. Reactions were carried out at various mole ratios of A

and B at 150 8C for various periods of time (as stated in Table 1)

in a parallel synthesiser (Radleys Discovery Technologies)

assembled with 12 glass reaction tubes (20!150 mm2, 50 ml).

After removal of the excess alcohol under vacuum, brown brittle

(FGS-I-a, FGS-I-b, FGS-I-c, FGS-II, FGS-IV) or tacky (FGS-III

and NGFS) solid products were obtained.

2.2. Characterisation of stabilisers

1H NMR, 19F NMR and 13C NMR were performed for the

stabilisers and the starting materials using a Bruker 300 MHz

spectrometer. Infrared analysis for the fluorinated graft

stabilisers and the starting materials (PMVE-MA and PMA-

OD) was carried out using a Perkin–Elmer system 2000 FTIR

spectrometer equipped with a diffuse reflectance infrared

spectroscopy (DRIFTS) attachment (Spectratech). Thermal

analysis of stabilisers by differential scanning calorimetry
A:B (mol ratio) Reaction time (days) Degree of graftinga

1.0:1.0 5 1.3

1.0:2.0 5 1.8

1.0:4.0 10 2.0

1.0:4.0 10 1.9

1.0:4.0 10 1.3

1.0:4.0 10 –b

1.0:4.0 10 1.6

er-alt-maleic anhydride) copolymer; PFOL is 1H,1H,2H,2H-perfiuorooctanol;

tadecene).

for this stabiliser could not be found.
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(DSC) and thermal gravimetric analyser (TGA) were performed

using TA Instruments MDSC 2920 and TGA 2950. For DSC,

samples weighing about 6 mg were closed in aluminium pans,

which were heated at a rate of 5 8C/min from K50 to 100 8C

under nitrogen atmosphere; for TGA, samples were heated at a

rate of 50 8C/min at resolution-3 in nitrogen atmosphere from

25 8C up to a maximum temperature of 800 8C.
2.3. Phase behaviour of stabilisers

The phase behaviour of the stabilisers in pure scCO2, as well

as in pure VDF and a mixture of VDF/scCO2 was studied using

a hydraulic variable volume view cell [27] equipped with a

sapphire window and a moving piston fabricated completely

from sapphire. The maximum pressure for the view cell is

6000 psi (40.82 MPa). The stabiliser (0.26 g, 6.5 wt% with

respect to (wrt) VDF monomer, 1.2 wt% wrt CO2) was placed

in the view cell, which was then sealed. CO2 (21 g) was

transferred into the cell through a sample vessel cylinder

(80 ml, maximum pressure 1800 psi (12.24 MPa)). The cell

was heated to the desired temperature 45 8C) and equilibrated

for 5 min. Then by gradually decreasing its volume, the

pressure of the cell was raised above the point at which the

system became homogeneous (one phase). After equilibration,

the pressure was decreased slowly by withdrawing the piston

and increasing the cell volume until the system became visibly

heterogeneous (two phases) and it was no longer possible to see

the piston through the window. The pressure and temperature

at this point was defined as the cloud point for this specific

mixture of the stabiliser and CO2. By the same procedure,

cloud points were obtained at various temperatures (55, 65, 75

and 85 8C). Cloud point curves of the stabilisers in pure VDF

and a mixture of VDF/CO2 at various ratios were also collected

by the same procedure.
2.4. Polymerisations of VDF in scCO2

The initiator for the polymerisations of VDF, diethyl

peroxydicarbonate (DEPDC), was synthesised according to
Fig. 2. Structures of th
the published methods [28]. The final product solution was

approximately 10 wt% DEPDC in 1,1,2-trichlorotrifluor-

oethane (Freon 113), and stored at K15 8C. VDF monomer

was donated by Solvay Research, Belgium, and used without

further purification. CO2 (SFC grade) was purchased from

BOC and used without further purification.

Polymerisations were carried out in a 60 ml stainless steel

autoclave [24] at 55 8C, with stirring at 100 rpm, an initial

vessel pressure of 4000 psi (27.21 MPa), concentration of VDF

monomer [M] as 9.8 mol/l, concentration of initiator [I] as

1.5 mmol/l, and concentration of stabiliser [S] as 0.52 wt%

(weight/weight relative to VDF monomer). In all cases, the

reactions were deliberately terminated when the pressure in the

autoclave fell by 300 psi (2.04 MPa); the point at which we

found that the solid contents in autoclave approaches ca. 33 g/l.

The carbon dioxide was vented slowly and the autoclave

opened.
2.5. Characterisation of PVDF polymers

Gel Permeation Chromatography (GPC) was performed at

80 8C using a K-501 HPLC pump with two PLgel 5 mm

MIXED-C columns (300!7.5 mm2, particle size 5 mm, with

its linear calibration range of Mw 200–2,000,000 g/mol), 1

PLgel 5 mm Guard column (50!7.5 mm2, particle size 5 mm)

and refractive index detector. N,N-Dimethylformamide (DMF)

modified with 0.1 M lithium bromide (LiBr) was used as the

solvent. DMF is a polar solvent and PVDF is a polar polymer.

Therefore, there is a dipole interaction that occurs, causing

artificial shoulders to appear on the high molecular weight end

of the distribution. This interaction is eliminated by the

addition of LiBr. The calibration was accomplished at 80 8C

with narrow MWD standards of poly(methyl methacrylate)

(PMMA) (Polymer Laboratories Ltd).

The morphology of the PVDF product was determined

using a Philips XL30 ESEM-FEG machine. DSC analysis for

PVDF polymers was performed using TA Instrument MDSC

2920 following standard procedures (ASTM D3418-99).

Samples weighing about 6 mg were closed in aluminium
e graft stabilisers.



Fig. 3. 1H NMR spectra (a) FGS-I-c; (b) PMVE-MA; (c) PFOL. Note that the graft degree was determined from the integration peak A (two protons) and peaks E, C,

F, G (six protons).
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pans, which were heated up to 220 8C at a rate of 10 8C/min

from room temperature (first heating cycle). After 5 min

isothermal process, samples were cooled down to K50 8C at

the same rate (cooling cycle); and then following another 5 min

isothermal process, samples were heated up to 220 8C at

10 8C/min again (second heating cycle). Polymer surface areas

were measured using the Brunauer–Emmett–Teller (BET)

method with a Micromeritics ASAP 2020 nitrogen adsorption

analyzer. The samples were outgassed overnight at the room

temperature under vacuum before analysis.
3. Results and discussion

3.1. Synthesis and characterisation of stabilisers

F-g-PMVE-MA with a graft degree of 1.99 (i.e., FGS-I-c)

was synthesised and tested in the polymerisation of VDF in

scCO2 in our previous work [25]. We found that F-g-PMVE-

MA acted effectively as a stabiliser, leading to a high molecular

weight PVDF product with well-defined polymer particles

[25]. To further investigate the effect of the stabiliser
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architecture, a series of graft stabilisers were prepared by the

same thermal ring opening esterification (Fig. 1) under reaction

conditions listed in Table 1. Controlled by changing the mole

ratios of A:B and the reaction time, FGS-I stabilisers with

lower degrees of grafting (1.3 for FGS-I-a and 1.8 for FGS-I-b)

were produced. FGS-IV stabiliser with a longer fluorinated

graft chain R was also prepared to investigate the effect of the

length of fluorinated graft chain. FGS-III with the side chain R 0

of the backbone as alkyl rather than alkoxy was prepared to

investigate the effect of the pendant group. FGS-II with a much

longer polymer backbone was also prepared by the use of a

high molecular weight PMVE-MA (MnZ1130 kg/mol) as the

starting material. NFGS is non-fluorinated graft PMVE-MA

copolymer (Fig. 2).

To determine the degree of grafting in the stabilisers, the 1H

NMR spectra for both the starting material PFOL and the ring-

opened stabiliser products (FGS-I, FGS-II and FGS-III) were

obtained in an octafluorotoluene/CDCl3 (50/50, v/v) mixture.

The 1H NMR spectrum for the starting material PMVE-MA

was obtained in deuterated acetone. The 1H NMR spectrum for

NGFS was obtained in CDCl3. A suitable deuterated solvent

for FGS-IV was not found. However, FGS-IV was estimated to

have a lower degree of grafting than FGS-I-c because during

synthesis a portion of the fluorinated alcohol PFDL solidified in

the upper part of the condenser due to its high melting point

(95 8C), leading to a mole ratio of PMVE-MA and PFDL much

higher than the theoretical value (1.0:4.0).

The 1H NMR spectrum of PMVE-MA (Fig. 3(b)) shows

signals at 3.3–2.9 ppm for the CH (f,g) in the ring, 4.5–3.6 ppm

for the CH (e) linked to OCH3 in the backbone and 2.6–

1.7 ppm for CH2 (d) in the backbone. There is also a strong

CH3 (c) indicated at 3.35 ppm. After thermal ring-opening,

there are two strong signals at 4.5 and 2.6 ppm for the OCH2

(A) and CH2CF2 (B) in the fluorinated graft chains (Fig. 3(a)).

Comparing with 1H NMR spectrum of the starting fluorinated

alcohol (Fig. 3(c)), these two signals have shifted from 4.0 (a)
Fig. 4. 1H NMR spectrum of FGS-III. Note that the degree of grafting (1.3) was d
and 2.4 (b) ppm respectively, where a residue of the alcohol

leaves weak signals at these two positions.

The degree of grafting is an important issue in the synthesis of

these stabilisers. In each case, this can be estimated from 1H

NMR. For FGS-I-c, the integration of the peak A at 4.5 ppm for

the OCH2 in the fluorinated graft chains is 100 (two protons).

The total integration of peaks in the range of 4.0–3.0 ppm for CH

(F and G, two protons) in the ring, CH (E, one proton) linked to

OCH3 in the backbone and CH3 (C, three protons) is 151 (a total

of six protons). Therefore, the graft degree of FGS-I-c is

Graft Degree Z
100=2

151=6
Z 1:99

The molecular weight of FGS-I-c was estimated as ca.

400 kg/mol, based on the Mn of PMVE-MA (79.8 kg/mol) and

the graft degree (1.99). By this method, the degrees of grafting

for FGS-I-a, FGS-I-b and FGS-II were also obtained (Table 1).

The degree of grafting for FGS-III (1.3) was determined by

using the integration peak A (30 protons) and peak B (two

protons) in the 1H NMR spectrum (Fig. 4). This indicates that

PMA-OD has a lower reactivity than PMVE-MA towards

esterification with PFOL.

The degree of grafting for NFGS (1.6) was determined from

the integration peak A (three protons) and peak B (three

protons) in the 1H NMR spectrum (Fig. 5).
19F NMR analysis (Fig. 6) was also performed for FGS-I-c

and PFOL in the mixture of CDCl3 and octafluorotoluene (50/

50, v/v). Typical broader peaks for FGS-I-c copolymer were

observed. However, the degree of grafting cannot be obtained

from 19F NMR spectrum because there are no other

characteristic fluorine atoms in the product apart from those

in the fluorinated graft chains.

If there is a partially grafted one-arm structure, carboxylic

acid end groups should exist in the polymer chain. 13C NMR

analysis (Fig. 8) was performed for the product FGS-I-c to

detect the presence of carboxylic acid groups in the polymer

chain. Comparison with the 13C NMR spectra of succinic acid
etermined from the integration peak A (30 protons) and peak B (two protons).



Fig. 6. 19F NMR spectra (a) FGS-I c; (b) PFOL. Note that typical broader peaks for FGS-I-c copolymer were observed because the fluorinated chains were

incorporated with PMVE-MA copolymers.

Fig. 7. 13C NMR chemical shifts (a) succinic anhydride; (b) succinic acid; (c)

succinic ester. Note that the order of chemical shifts from the smallest to the

largest is ester, anhydride, and then acid.

Fig. 5. 1H NMR spectrum of NFGS. Note that the degree of grafting (1.6) was determined from the integration peak A (three protons) and peak B (three protons).
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(in D2O), succinic anhydride (in deuterated acetone), and

succinic anhydride ester (in a mixture of CDCl3 and

octafluorotoluene (50/50, v/v)), which have similar molecular

structures as PMVE-MA, PMVE-MA acid and PMVE-MA

ester, were made. Chemical shifts were obtained for succinic

acid (177.4 ppm), succinic anhydride (173.6 ppm), and

succinic anhydride ester (164.8 and 164.4 ppm). These results

indicate that anhydrides have a lower chemical shift than acid,

and ester has lower chemical shift than anhydride (Fig. 7). 13C

NMR spectra (Fig. 8) for FGS-I-c, starting material PMVE-

MA, and the hydrolysis product of PMVE-MA corresponded

well with this pattern. The spectrum for FGS-I-c ((b) in Fig. 8)

did not show obvious characteristic peaks at 175 and 177 ppm

for the carboxylic acid group. However, the spectrum for FGS-
I-a ((a) in Fig. 8), with a lower degree of grafting (1.3), showed

some differences of the intensities of peaks from the stabiliser

(FGS-I-c) with a high degree of grafting (2.0), and indicated

the shoulder for the carboxylic acid group.



Fig. 8. 13C NMR spectra. (a) FGS-I-a (graft degree 1.3) (173.0, 171.5 ppm); (b)

FGS-I-c (graft degree 2.0) (173.0, 171.5 ppm); (c) starting material PMVE-MA

(175.4, 173.4 ppm); (d) PMVE-MA acid (177.6, 175.4 ppm); the hydrolysis

product of PMVE-MA. Note that the order of chemical shifts for ester,

anhydride and acid displays the same pattern as that in Fig. 7.
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DRIFTS was used to obtain FTIR spectra from the solid

samples of the starting material and the stabiliser products.

PMVE-MA, FGS-I, FGS-II, and FGS-IV, were finely ground

with potassium bromide (KBr) (approximately 3% sample in

97% KBr). The diffuse reflectance spectrum of PMVE-MA

(Fig. 9) revealed three characteristic peaks in the carbonyl

region [26] at 1800–1600 cmK1. The band near 1850 cmK1

can be assigned to be symmetric (CaO)2 stretch, a strong

band near 1785 cmK1 can be assigned to be antisymmetric

(CaO)2 stretch. The band near 1730 cmK1 can be assigned to

be CaO stretch for carboxylic acid groups in the copolymer

[29]. Following thermally activated nucleophilic ring opening

in the presence of the fluorinated alcohol (PFOL or PFDL),
Fig. 9. Diffuse reflectance spectra of PMVE-MA, FGS-I-a and FGS-I-c. Note that the

high degree of grafting (FGS-I-c) leads to distinct changes in the carbonyl region,
the spectra (Fig. 9) of the products showed distinct peaks in

the position of an ester (1738 cmK1). The spectrum for FGS-I-

c, with a high degree of grafting, showed one peak in the

carbonyl region with a shoulder; in contrast, for FGS-I-a, with

a lower degree of grafting, the spectrum still showed three

peaks in the carbonyl region (Fig. 9). These data demonstrate

that maleic anhydride units have undergone thermal ring-

opening reaction with the fluorinated alcohols. The most

characteristic feature in the spectra of fluorinated hydro-

carbons are the strong C–F stretching modes occurring in the

1250–800 cmK1 region [29].

The DSC trace for PMVE-MA (Fig. 10(a)) was modified

after esterification. PMVE-MA is an amorphous copolymer,

with a glass transition temperature (Tg) around K12.20 8C.

The trace started to drift down at 60 8C indicating degradation

(data confirmed by TGA). However, the DSC traces for FGS-I

showed a melting peak (Tm) at about 63G5 8C, indicating the

introduction of crystallinity after esterification. In addition,

TGA results indicated that the fluorinated graft stabilisers

have better thermal stability than the starting materials

PMVE-MA and PMA-OD due to the incorporated fluorinated

chains.
3.2. Phase behaviour of stabilisers in scCO2, VDF and mixture

of scCO2 and VDF

The phase behaviour studies (Fig. 11) showed that a high

degree of grafting increases solubility in scCO2. For a

fluoropolymer having a hydrocarbon backbone and a fluor-

ocarbon pendant group, CO2 solubility depends on both the

number of fluorinated side groups and the molar mass of the

side groups relative to the hydrocarbon main chain [13].

FGS-IV (with longer fluorinated graft chain length, but low

degree of grafting) showed similar solubility to FGS-I-c

(Fig. 12). According to the results demonstrated in Fig. 11,
carbonyl region showed a distinct peak in the position of ester (1738 cmK1). A

demonstrating the removal of maleic anhydride units.



Fig. 12. Cloud point curves for the fluorinated graft stabilisers in pure CO2:

effect of the architecture (a) FGS-III; (b) FGS-II; (c) FGS-IV; (d) FGS-I-c. The

concentration of stabilisersZ1.2 wt% wrt CO2 employed. Note that the

stabiliser with an alkyl pendant group (FGS-III) has a much lower solubility

than the others.

Fig. 10. DSC traces (a) PMVE-MA; (b) FGS-I-a); (c) FGS-I-c. Note that the

esterification introduces crystallinity (Tm) and high degree of grafting leads to

the change of the glass transition temperature (Tg).

H. Tai et al. / Polymer 46 (2005) 10626–10636 10633
the degree of grafting has a significant impact on the solubility

of stabiliser. The reason for FGS-IV having a similar solubility

to FGS-I-c even with a relatively low degree of grafting, is that

its long fluorinated graft chain makes a good contribution to its

solubility. Moreover, Fig. 12 demonstrates that the stabiliser

with longer polymer backbones (FGS-II) has a slightly lower

solubility than that with shorter polymer backbones (FGS-I-c).

As one might expect, the stabiliser with an alkyl pendant group

(FGS-III) has a much lower solubility than the stabiliser with

an alkoxy pendant group (FGS-I-c). In addition, the non-

fluorinated stabiliser (NFGS) was only partially soluble in

scCO2 at a concentration of 1.2 wt% with respect to CO2 even

at the maximum working pressure (6000 psi (40.82 MPa)) of

the view cell.

For comparison, the solubility of the stabilisers in pure VDF

was also studied (Fig. 13), demonstrating that VDF is a better

solvent than CO2 for these fluorinated stabilisers.
Fig. 11. Cloud point curves for the fluorinated graft stabilisers with different

degrees of grafting in pure CO2. (a) FGS-I-a, 1.3; (b) FGS-I-b, 1.8; (c) FGS-I-c,

2.0. The concentration of stabilisersZ1.2 wt% wrt CO2 employed. Note that a

high degree of grafting increases the solubility in scCO2. The lines are below

polymerisation conditions, indicating stabilisers are soluble in scCO2.
3.3. Polymerisations of VDF in scCO2 in presence of graft

stabilisers: effect of architecture on molecular weight and

morphology of the PVDF polymers

F-g-PMVE-MA with graft degree as 1.99 (i.e., FGS-I-c) was

found to act as an effective stabiliser for the polymerisation of

VDF in scCO2, leading to a high molecular weight PVDF

product with well-defined polymer particles [25]. FGS-I-a,

FGS-II, FGS-III, FGS-IV and NFGS were all tested under the

same polymerisation conditions (Table 2). The results

(Table 2) showed that the stabiliser architecture had no

significant impact on the molecular weight and molecular

weight distribution of PVDF products.

The dispersion polymerisations with the fluorinated graft

stabilisers (FGS-I to FGS-IV) all lead to high molecular weight

products (MwZ300–350 kg/mol), and the PVDF products

(PVDF-1 to PVDF-5 in Table 2) obtained are in the form of fine

powders. However, the morphologies of the PVDF polymers

observed by SEM indicated some differences.
Fig. 13. Cloud point curves for FGS-I-c in (a) pure CO2; (b) pure VDF; (c) a

mixture of VDF and CO2 (50/50, w/w). The concentration of the stabiliserZ
1.2 wt% wrt the media employed (CO2, VDF, or VDF/CO2). Note that VDF is a

better solvent than CO2 for these fluorinated stabilisers.



Table 2

Experimental data for the polymerisations of VDF using the graft stabilisers

Entry PVDF sample Stabiliser

employed

Rp
a (g/min l) GPC result of PVDF polymers Morphology of PVDF polymers

Mw
b PDIc Appearanced SEM imagese

1 PVDF-1 FGS-I-a 0.20 343 2.5 Fine powder (a) in Fig. 14

2 PVDF-2 FGS-I-c 0.35 338 3.6 Fine powder (b) in Fig. 14

3 PVDF-3 FGS-II 0.23 335 2.7 Fine powder –

4 PVDF-4 FGS-III 0.33 339 2.7 Fine powder –

5 PVDF-5 FGS-IV 0.25 305 2.5 Fine powder –

6 PVDF-6 NFGS 0.67 551 3.4 Spongy solid (b) in Fig. 15

7 PVDF-7 PFOL 0.86 646 3.4 Spongy solid (c) in Fig. 15

8 PVDF-8 – 0.33 216 2.3 Spongy solid (d) in Fig. 15

Reactions were carried out at 55 8C, an initial vessel pressure P0Z4000 psi (27.21 MPa), concentration of VDF monomer [M]Z9.8 mol/l, concentration of initiator

[I]Z1.5 mmol/l, stirring rateZ100 rpm; concentration of stabiliser [S]Z0.52 wt% weight/weight relative to VDF monomer, monomer conversion less than 5%,

solid contents in the autoclaveZw33 g/l.
a Polymerisation rate, defined as the average weight of polymer produced per minute in 1 l vessel.
b Weight average molecular weight.
c Polydispersity.
d Determined by visual observation.
e Determined by SEM analysis.

Fig. 14. Effect of the degree of grafting of the morphology of the PVDF

polymers produced in scCO2. (a) PVDF-1, in the presence of FGS-I-a (the

degree of graftingZ1.3); (b) PVDF-2, in the presence of FGS-I-c (the degree of

graftingZ2.0. The stabiliser with a higher degree of grafting (FGS-I-c) leads to

a better stabilisation effect for the polymerisation of VDF as evidenced by the

improved morphology of the polymer particles (b).
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3.4. Effect of degree of grafting: FGS-I-a and FGS-I-c

The fluorinated graft stabiliser having a higher degree of

grafting (FGS-I-c) is a better stabiliser for the polymerisation

of VDF in scCO2 than the one having a lower degree of grafting

(FGS-I-a) because more well-defined and discrete particles

obtained (Fig. 14(b)). A high degree of grafting provided the

macromolecular chains with larger free volumes, which led to

the stronger steric stabilisation for the PVDF particles.

3.5. Effect of chain length of polymer backbone: FGS-II and

FGS-I-c

The use of the fluorinated graft stabiliser with longer

polymer backbones (FGS-II) produced the PVDF polymer

particles qualitatively appearing to be smaller in diameters and

more discrete. This is because the longer molecular chains can

act more effectively to protect the PVDF primary particles

from tangling and aggregating together.

3.6. Effect of pendant side groups: FGS-III and FGS-I-c

Phase behaviour study (Fig. 12) demonstrated that 1.2 wt%

FGS-III in pure CO2 was not totally soluble under the

polymerisation conditions (55 8C and 4000 psi). However,

visual observation by view cell demonstrated that 0.52 wt% of

FGS-III in the mixture of VDF/CO2 under the polymerisation

conditions stated in Table 2 was totally dissolved. The

polymerisation also started as a single phase, which is the

case for other fluorinated stabilisers. The SEM images for the

PVDF polymer product demonstrated that some fibre-like and

aggregated solid were mixed with the polymer particles after

the use of FGS-III (similar to (a) in Fig. 14). It is likely that the

low molecular weight (Mn of starting backbone PMA-ODZ
30–50 kg/mol) and the low degree of grafting (1.3) of FGS-III,

along with the alkyl pendant group, all combine to produce a

low stabilisation activity.
3.7. Effect of fluorinated graft chain length: FGS-IV and FGS-

I-c

SEM results demonstrated that the use of the fluorinated

graft stabiliser with longer fluorinated graft chain length (FGS-



Fig. 15. Comparison of the morphologies of PVDF polymers produced in scCO2 (a) PVDF-2, in the presence of FGS-I-c; (b) PVDF-6, in the presence of NFGS; (c)

PVDF-7, in the presence of PFOL; (d) PVDF-8, in the absence of stabilisers.
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IV) also led to well-defined PVDF polymer particles, despite its

low degree of grafting. This indicated that the longer

fluorinated graft chain played a role in this stabilisation.

In summary, all the fluorinated graft stabilisers synthesised

in this work, including FGS-I-a, FGS-I-c, FGS-II, FGS-III and

FGS-IV, led to well-defined polymer particles with high

molecular weights. Some fine adjustment of the morphology of

PVDF polymers can be achieved by changing the architecture

of the molecular structure.
Table 3

The results from surface area analysis

Results PVDF-2 PVDF-8

2

3.8. Effect of non-fluorinated graft stabiliser: NFGS

Using the non-fluorinated graft stabiliser (NFGS) led to very

high molecular weight spongy solid product (entry 6 in

Table 2) of 551 kg/mol. Analysis by SEM ((b) in Fig. 15)

showed spherical but aggregated polymer particles. By

contrast, in the absence of any stabiliser ((d) in Fig. 15), only

fibre- and sheet-like materials with a few particles are obtained.

Thus it is clear that NFGS acted as a weak stabiliser for the

polymerisation of VDF in scCO2. The phase behaviour study

demonstrated that part of NFGS was soluble in scCO2. It is

likely the soluble portion of NFGS worked somehow as the

stabiliser for this polymerisation system.

BET surface area (m /g) 3.20 40.08

Langmuir surface area (m2/g) 5.00 58.92

t-Polt external surface area (m2/g) 3.94 40.84

Pore volume (!180 nm) (cm3/g) 0.012 0.168

Pore size, adsoption average pore width

(Å)

143.87 167.44
3.9. Effect of fluorinated alcohol: PFOL

A small amount of residue fluorinated alcohol PFOL was

detected by 1H NMR in the stabilisers. In order to determine
whether this played a role in the stabilisation of the polymer

particles during the polymerisation of VDF, PFOL was tested

as a stabiliser under the same polymerisation conditions (entry

7 in Table 2). The product (PVDF-7) had a very high molecular

weight (646 kg/mol). However, it is not fine powder but a

spongy solid. Its SEM image ((c) in Fig. 15) showed sheet-like

and fibre-like monoliths, indicating that PFOL cannot stabilise

PVDF particles.

SEM data indicated that neither NFGS nor PFOL acted as

effective stabilisers. We speculate that the high molecular

weight products synthesised (PVDF samples 6 and 7) are most

likely due to the polymerisations occurring within coagulated

polymer phases.

The morphology for PVDF-8, observed by SEM, is fibre-

like spongy structure ((d) in Fig. 15), by contrast, PVDF-2

shows well defined particles ((a) in Fig. 15). Surface area

analysis (Table 3), measured by N2 adsorption/desorption

using the BET method, also showed a difference between these

two samples. PVDF-8 has a surface area and pore volume ten



Table 4

DSC results

No Stabiliser

empo-

lyed

Tm (8C) Tc (8C) Crystallinity determined by

melting enthalpy (%)a

PVDF-1 FGS-I-a 174.9 137.0 46.0

PVDF-2 FGS-I-c 173.7 131.0 39.0

PVDF-3 FGS-II 172.0 135.8 42.6

PVDF-4 FGS-III 172.6 137.0 44.4

PVDF-5 FGS-IV 172.6 133.3 40.7

PVDF-6 NFGS 177.5 141.6 57.8

PVDF-7 PFOL 173.9 137.4 62.1

PVDF-8 – 173.0 128.8 53.0

a Standard heat of fusion used for calculation is 104.5 J/g, i.e., the melting

enthalpy (DH0) of totally crystalline material.
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times larger than that of PVDF-2. These results reflect the

porous structure of PVDF-8.

A crystallisation process during polymerisation might play a

role in the significantly different morphologies of PVDF

polymers. To gain further understanding, DSC analysis was

performed to determine the degree of crystallinity (FDSC) for

PVDF polymers by:

FDSC Z DHm=DH0

where DHm is the melting enthalpy of the material under study

and DH0 is the melting enthalpy of 100% crystalline material

(DH0Z104.50 J/g for PVDF) [30]. The results (Table 4) show

that the use of the fluorinated graft stabilisers decreases the

degree of crystallinity of the PVDF polymers from 53 to less

than 46%, and increases their crystallisation temperatures

(131–137 8C). However, it has no significant influence on the

melting temperature (172–177 8C) of the polymers. By

contrast, the degrees of crystallinity for the PVDF polymers

obtained in the presence of NGFS and PFOL increased,

compared to those for the polymers produced without any

stabilisers. DSC results imply that materials with a low degree

of crystallinity were more likely to have better morphology

than those with a high degree of crystallinity.
4. Conclusions

A group of graft stabilisers both fluorinated and non-

fluorinated were synthesised and characterised in detail. High

molecular weight PVDF polymer products with well-defined

and uniform spherical particles (diameter at 200–500 nm) have

been obtained by the polymerisations of VDF in scCO2 using

these fluorinated graft copolymer stabilisers. The effect of the

architecture of the stabilisers, including the addition of

fluorinated graft chains with different chain lengths, varying

the degree of graft chain incorporation, and the use of a longer

polymer backbone are reported in detail. The fluorinated graft

stabiliser with a high degree of grafting, high molecular weight,

and an alkoxy pendant group is the most effective stabiliser for

the polymerisation of VDF in scCO2.
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