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Results of studies on the separation of gases and vapours using fluorine-containing polymers are integrated and analyzed.
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1. Introduction

The chemistry of organic fluorine compounds is an exten-
sive and important part of modern organic chemistry.!
These compounds are especially significant for medicinal
chemistry and pharmaceutics. Suffice it to say that 25% of
all modern pharmaceutical drugs are based on fluorine
compounds.? The very strong C—F bond present in an
organic molecule imparts unique properties to the molecule.
The fluorine atom is highly electronegative. Many organo-
fluorine compounds are volatile; therefore, they started to
be used as working fluids in refrigerators. Even such
compound as UFg is highly volatile, which accounts for its
use for uranium isotope enrichment. The application of
initially very popular chlorofluorocarbons was prohibited
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by the Montreal Protocol, because of their detrimental
effect on the ozone layer of the Earth. Currently, these
compounds have been successfully replaced by fluorocar-
bons, which, however, behave as greenhouse gases. Bromo-
fluorocarbons are known as fire-extinguishing and fire-
protective means (for example, they are used to treat work-
wear fabrics). In medicine, fluorinated compounds are used
not only for drug production, but also as volatile anaes-
thetic fluids and blood substitutes (perfluorane). Com-
pounds labelled with the '8F isotope, which decays to give
off positrons, are employed for computer tomography.
Other applications of organofluorine compounds are also
known, e.g., for surface hydrophobization, textile treatment
and preparation of surfactants.

Fluorine-containing polymers are of particular value.
The number of fluorinated monomers able to undergo
polymerization or polycondensation reactions is far less
than the number of common organic monomers; never-
theless, the structures and properties of fluoropolymers are
fairly diverse.3~® By far not all of them have high molecular
weight and exhibit film-forming properties needed to fab-
ricate membrane materials. The synthesis of fluorine-con-
taining polymers was usually conducted to reach the desired
optical or electrical properties (for the application as photo-
resists, litographic materials, optical waveguides and so on).
However, in many cases, the studies on the synthesis and
properties of fluorine-containing polymers are related par-
ticularly to the possible application of these polymers as gas
separation membrane materials.
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Currently, published reviews are available on the prep-
aration of fluorine-containing polymers with complete or
sporadic description of their properties 3-¢ and on the use of
industrial fluorinated polymers.*>° There are also reviews
covering the membrane properties of particular classes of
macromolecular fluorine compounds, condensation poly-
mers (polyarylenes, polyamides, polyimides, polyphospha-
zenes and so on),? norbornene polymers,'? polyacetylenes,!!
perfluorinated polymers,!? and reviews briefly considering
the transport properties of these polymers.'3> However, none
of the publications give systematic survey and analysis of
the transport properties of polymers with related structures
either fluorinated or not, which is important for establishing
the relationship between the structure and properties of
membrane materials as the base of targeted search for
compounds with better properties.

The present review addresses fluorine-containing poly-
mers with different structures including their membrane
properties and methods for their synthesis such as direct
gas-phase fluorination and plasma treatment of polymers.
The effect of introduction of CF3 groups and fluorine atoms
into amorphous glassy polymers of various classes (poly-
styrenes, polyimides, polyamides, polyacetylenes, poly-
norbornenes, etc.) is discussed. The attention is focused on
the effect of the structure of amorphous fluorine-containing
glassy polymers on parameters such as gas permeability and
separation factor and free volume of the materials.

The following abbreviations are used:

a — selectivity, separation factor,

AN — acrylonitrile,

BPDA — 3,3',4,4'-biphenyltetracarboxylic dianhydride,

BTDA — 3,3,4,4-benzophenonetetracarboxylic dian-
hydride,

D — gas diffusion coefficient,

D; — concentration-averaged gas diffusion coefficient,

6FDA —  4,4'-(hexafluoroisopropylidene)diphthalic
anhydride,

F-PNB — difluorocyclopropane-containing polynor-
bornene,

F-PTMSNB — difluorocyclopropane-containing poly-
trimethylsilylnorbornene,

J; — ith component flux,

| — membrane thickness,

MCr — membrane crystallization,

MD — membrane distillation,

ME — membrane emulsification,

MF — microfiltration,

P — gas permeability coefficient,

PFMNB — poly[5,5-difluoro-6,6-bis(trifluoromethyl)-
norbornene],

PI — polyimide,

PNB — polynorbornene,

POFPNB — poly[5,5,6-trifluoro-6-(heptafluoropropo-
xy)norbornene],

PTFE — polytetrafluoroethylene,

PTMSNB — poly(5-trimethylsilylnorbornene),

PV — pervaporation,

PVDF — poly(vinylidene fluoride),

PVTMS — polyvinyltrimethylsilane,

S — gas solubility coefficient,

VDF — vinylidene fluoride,

UF — ultrafiltration.

2. Membrane gas separation principles

The membrane gas separation is performed in so-called
non-porous polymer membranes, i.e., membranes in which
the selective diffusion layer does not contain open pores
larger than several tenths of a nanometer. The separation is
induced by the concentration gradient at the two membrane
surfaces. The selective gas and vapour separation in non-
porous materials is interpreted in terms of the solution—
diffusion model proposed back in the 19th century. Accord-
ing to this model, the penetrant is dissolved in the mem-
brane material near its inlet surface and then diffuses under
the action of the arising concentration gradient. The per-
meability coefficient (P) serves as the measure of mass
transfer through a membrane. In the SI system, the perme-
ability coefficient is defined as the number of moles of the
penetrant that passed through 1 m? area of a 1 m-thick
porous sample in 1s at a pressure drop of 1 Pa
(molm—2m s~ ! Pa—!); in the literature, it is usually
expressed in Barrers [l Ba=10"'""cm?®cm cm—2s—!
(cm Hg)—!']. The thickness of the selective layer in the
separation membranes is, most often, unknown; therefore,
the GPU wvalue is used for characterization
[1 GPU=10"°cm?*cm—2s~! (cm Hg)~']. A condition
ensuring high permeability is a large gas diffusion coeffi-
cient (D) of the membrane material. This is a necessary but
not a sufficient condition: the P value also depends on the
ability of the membrane material to absorb the penetrant,
i.e., by the penetrant solubility coefficient (S). Thus, we
arrive at the key expression for membrane gas separation
(and the solution —diffusion model)

P=DS M

The solution—diffusion model discloses the physical
meaning of the permeability coefficient P;. If the mass
transfer through a membrane is described by Fick’s law,
then the flux of the ith component (J;) through a membrane
of thickness / can be expressed as
Cio(m) — Cil(m)

Ji:Di l

()

where D; is the concentration-averaged diffusion coefficient,
cioomy and cim are the penetrant concentrations in the
membrane surface layer on the feed side and on the
permeate side, respectively.

According to Henry’s law, the concentration of the ith
component on the membrane surface on the feed side is
defined as

cioem) = Sipio 3)

where S; is the solubility coefficient of the ith component,
Ppio is the pressure of the ith component on the feed side.

Likewise, it is possible to write down the expression for
the concentration of the ith component c¢; on the permeate
side of the membrane surface

cir = Sipa C))
where p;;is the ith component pressure on the permeate side.
Substitution of Eqns (3) and (4) into Eqn (2) gives

_ D:Si(pio — pi)

7
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Thus, the flux through the membrane is directly propor-
tional to the pressure drop of the ith component and
inversely proportional to the membrane thickness.

The gas permeability coefficients of polymer materials
vary within 3-8 orders of magnitude depending on the
penetrant nature. For example, oxygen permeability coef-
ficient is in the range from 10—% to 10* Barrers, while
helium permeability varies over a narrower range. The P
value is usually considered as a constant for the polymer—
gas system at a constant temperature.

The solubility coefficient, which determines the concen-
tration gradient at a given pressure drop, is a thermody-
namic characteristic of permeability, whereas the diffusion
coefficient is a kinetic factor, which determines the pene-
trant mobility in the membrane material.

It is clear that highly permeable polymers are preferred
as materials for the manufacture of membranes. However,
in view of the need to separate mixtures, the selectivity, or
the separation factor, is equally important

F;- (6)

%ij =

This parameter determines the degree of enrichment of a
binary system with the ith component relative to the jth
component upon a single passage of the gas through the
membrane. The greater the «; value, the higher the concen-
tration of the ith component in the permeate. With this
definition of «;, the transfer rate of a pure penetrant is
assumed to be the same as the transfer rate of the same
compound as a mixture component. However, this is not
always the case.!?

It is clear that high gas permeability should be inherent
in polymers that have high diffusion and solubility coef-
ficients. However, the requirements imposed on ’good’
membrane materials include a combination of high perme-
ability and selectivity values. According to an empirical
rule, highly permeable materials have low selectivity. A
classical and representative demonstration of this trend
was reported by Robeson!’ in 1991 and repeated in
2008 '° as a dependence of the selectivity a(A/B)>1 on the
permeability coefficient P(A) for various pairs of gases A
and B in numerous polymers. For the pairs of gases
considered in these studies, higher P values are inherent in
smaller-size molecules, i.e., P values vary in these systems
similarly to D. These systems are characterized by diffusion
(or kinetic) selectivity. For some polymers and gas pairs,
higher permeability coefficients are observed for larger-size
molecules, for example, P(C4H;0)/P(CH4) > 1. This is
defined as the thermodynamic selectivity.!” It is important
that thermodynamically selective systems show simultane-
ous increase in the permeability and selectivity.

3. Direct gas-phase fluorination of polymers

The direct gas-phase fluorination of polymers is the most
natural process for the preparation of fluorinated and,
perhaps, perfluorinated membrane materials. The works
along this line were started in the 1980s and were actively
pursued in the next decades. They were stimulated by the
high reactivity of the F»> molecule, which enabled treatment
of polymers with different chemical structures. However,
this brought about procedural complications associated
with high requirements to the reactor and sealing materials

and even to the fore-pump oil. All direct fluorination
reactions are diffusion-controlled: the reaction proceeds on
the surface of the polymer film, which is in contact with the
gas phase containing F». As the fluorine gas-treated layer is
thickened, the reaction slows down. The composition of the
resulting polymer can also change (because of the change in
the F:C and F:H atomic ratios). The growth kinetics of a
new polymer layer has been extensively studied using Four-
ier transform IR spectroscopy, laser interferometry and
other specially modified procedures.!®-2% Thus, all direct
fluorination products are layered membranes with a com-
position gradient, i.e., with different ratios of the C—H and
C—F bonds across the membrane. The quantitative inves-
tigation of such objects, in particular, measurement and
interpretation of their transport parameters, is a difficult
task. These and other aspects are considered in detail in
Thesis works.18-21

Direct gas-phase fluorination and subsequent studies of
the gas transport and other physicochemical properties were
performed for various polymers. Fluorination was inves-
tigated in detail for polyolefins (polyethylene,!8~20-22.23
polypropylene,?*~2¢ polymethylpentene ?7), polystyrene,?®
polyacetylenes,?® polysulfone,3® 3! poly(phenylene oxide),3?
polyimides (for example, Matrimid !8-2!), polyvinyltrime-
thylsilane polydimethylsiloxane,?>
nitrile rubber 3¢ and other polymers and copolymers.

Despite this high diversity of the studied polymers, the
elementary reactions that predominate in the fluorination
are the same in all cases: the C—H bonds in the polymers
are replaced by C— F bonds, the C=C double bonds are
saturated with fluorine and so are the aromatic carbon—
carbon bonds. Cross-linking of macrochains can also take
place under the action of F.!® If the polymer molecule
contains C— N bonds (as in polyimides and polyamides) or
C—Si bonds (as in some important membrane materials),
they are cleaved under the action of fluorine and then the
fluorine atom adds to the carbon atom. Meanwhile, the
ester bonds, for instance, in poly(methyl methacrylate) are
apparently retained upon fluorination.'® When the fluori-
nating system contains oxygen (as either an impurity or
admixture), a controlled number of C=O-containing
groups is formed, in particular, a C(O)F group, which can
be converted to the COOH group on contact with oxygen.

The composition of the fluorine-containing polymer
layer thus formed was studied by spectroscopic methods
(such as electron spectroscopy for chemical analysis, X-ray
photoelectron spectroscopy and Fourier transform IR spec-
troscopy). In many cases, the results of these studies attest
to a high degree of C—H bond replacement by C—F bonds.
Certain opportunities for the control over the fluorination
kinetics are provided by variation of the total pressure of
the gas mixture (most often, molecular fluorine is diluted
with helium or nitrogen) or the fluorine content in the
mixture (usually from 0.2% to 2%).

Different polymers show different reactivities towards
fluorine. Thus in the case of polymethylpentene and long
reaction times, the backbone is fluorinated to a degree of
2/3 and the side groups (except for methyl) are also
fluorinated to give the CF,CF(Me)CF>H groups.?’” A high
degree of fluorination is attained in several minutes. Mean-
while, in the case of polyethylene, the reaction proceeds to a
higher degree only when the reaction time is about
10—12 h.?7 Probably, this is attributable to different rates
of fluorine transport in these polyolefins. The reaction with
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polyethylene is retarded at long reaction times. Interest-
ingly, the helium permeability does not change with increas-
ing degree of fluorine treatment of the film, while
permeability for gases such as CO, and CHy4 sharply
decreases. This entails a considerable increase in the selec-
tivity, P(He)/P(CH4) and P(He)/P(CO>), respectively; the
former value reaches ~ 100.

Contradictory results were obtained for the direct fluo-
rination of PVTMS.!8.21.33 The fluorination of dense
23-200 pm films with 0.02% —2% fluorine —helium mix-
tures led to a minor decrease in the N,, O>, CH4, CO>, Kr
and Xe permeability coefficients, whereas the helium per-
meability did not decrease. The ideal selectivity values for
He, CO;, Kr and Xe over N, or CHy4 increased, while the
permeability for the O, — N> pair remained invariable. The
experiments with a composite membrane with a 0.5 pm-
thick selective layer gave similar results: the membrane
selectivity increased and permeability decreased with
increasing treatment time. However, the selectivity for the
He —CHy pair attained in these experiments (10—11) was
much lower than that for fluorinated polyethylene. Differ-
ent results were obtained in the fluorination of PVTMS with
mixtures containing substantially more F» (33%), with
oxygen (40%) being added to the gas mixture, and with
subsequent grafting of acrylonitrile (AN) to the membranes:
the selectivity of separation of gas pairs increased 138-fold
for He— CHy4 and 19-fold for CO, — CH4 and He — N», with
helium permeability slightly decreasing. Some of the results
are presented in Table 1.

It is of interest that fluorination was carried out not only
for homogeneous or composite membranes, but also for
membranes assembled into a ready module. As a result, the
so-called upper bound of the Robeson diagrams was over-
come in some cases.!> Similar results were obtained for the
polyimide Matrimid 5218. In some experiments, even higher
selectivity was attained for the He — CHy pair (6720).18

How does direct fluorination affect the transport prop-
erties of other polymers? A study of a polysulfone-based
composite membrane showed that fluorination decreases
the permeability for the transport of all gases (to a lesser
extent, for helium and hydrogen). As a result, the He— CHgy4
and H, — CHy selectivity increases at high degrees of fluori-
nation.3%- 31 A similar effect was observed for the fluorina-
tion of poly(phenylene oxide).3? In this case, the selectivity
for the He—CH4 and H>—CHy4 pairs increased and the
selectivity for the O,— N, pair decreased. However, this
adverse effect was mitigated by deposition of a polydime-
thylsiloxane layer on the ready membrane. It was recom-
mended to repeat this procedure at intervals to improve the
membrane properties.

Table 1. Changes in the He—CH4 permeability and selectivity coef-
ficients upon direct fluorination of PVTMS.!8

Treatment conditions P /Barrer P(He)
————————  P(CH)
CH4 He

Starting PVTMS 21.0 204 8.7

2% F»> + 98% He 4.1 185 45.1

33% F»> + 67% He 1.6 150 93.8

40% O3 + 60% F> 0.1 120 1200

2% F> + 98% He with subsequent 0.4 118 294

AN grafting

Thus, irrespective of the nature of the polymer subjected
to direct gas-phase fluorination, a general trend holds,
namely, the permeabilities for gases with relatively large-
size molecules (e.g., methane) decreases. The decrease in the
He or H, permeability is insignificant; therefore, the
He—CH4 and H,—CHg4 selectivities markedly increase.
Kharitonov !'® interpreted this result as being due to the
decrease in the polymer free volume upon fluorination and
also to the oxidative cross-linking of polymer chains.

The cross-linking may lead to a decrease in the transport
characteristics of partly fluorinated polymers with time.
Indeed, while describing PVTMS experiments, Kharito-
nov!® noted no decrease in the gas permeability after
completion of the process in most cases. However, Syrt-
sova?! demonstrated a sharp decrease in the permeability
for the treated PVTMS and polyimide Matrimid films.
However, it is important that the selectivity virtually did
not decrease, but even increased in some cases.

While summarizing the results of numerous observa-
tions made in the direct fluorination of chemically different
polymers, note that this is a diffusion-controlled process.
The process gives a macromolecular product with a variable
structure, with gradients of C—F bond concentrations and
degrees of fluorination being present within the polymer
film, which restricted the controllability of the structure and
transport properties of the reaction product. The inevitable
backbone destruction and cross-linking processes have
adverse effect on the properties of the resulting membrane
materials.

Also, it is noteworthy that modification predominantly
involves the surface layer of the polymer film being
treated.3” 40 This is also important from the applied stand-
point, because the goal of gas-phase fluorination of poly-
mers is often to endow them with barrier properties. For
example, fluorination of the internal surface of polyethylene
fuel tanks markedly decreases the loss of petrol or gas oil
during storage. The cause of this phenomenon is clear: it is
known that mixtures of perfluorinated or partly fluorinated
compounds with low-molecular-weight compounds often
do not obey the theory of regular solutions.'? Automotive
fuel components are rather readily soluble in polyethylene.
After fluorination, the solubility sharply decreases, i.e., the
driving force for fuel leakage through the container walls
declines. Providing polyethylene tanks with barrier proper-
ties is the subject of quite a few publications (see, for
example, Refs 37—44). Thus, the products of direct gas-
phase fluorination of polymers possess both membrane and
barrier properties.

4. Plasma chemical treatment of polymers

Plasma polymerization of fluorine-containing gases and
vapours and plasma-chemical surface treatment are alter-
natives to the direct gas-phase fluorination of polymers.
Drawbacks of the direct gas-phase fluorination are associ-
ated with high chemical reactivity of molecular fluorine. As
a result, for designing the production units for this process,
it is necessary to choose special materials and overcome
other procedural difficulties (see above). In the plasma
polymerization process, these difficulties disappear, since
the process involves stable fluorine-containing gases and
vapours. Furthermore, by varying the nature of these
compounds and plasmatron conditions, one can obtain
various polymer structures and, hence, control the polymer
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properties. The plasma polymerization technique has
already been known for several decades.*>-4% A variety of
fluorine-containing gases and vapours: CF4,*7-4% SF¢,%0
C,F¢,’! chlorofluorocarbons, chlorofluorohydrocarbons,
fluorohydrocarbons,>? pentafluorotoluene,> octafluorocy-
clobutane >#~37 and so on *® have been used as ‘monomers’.

Fluorine-containing composite membranes were pre-
pared by plasma-chemical treatment of various organic
polymers — polydimethylsiloxane,’® PVTMS and polytri-
methylsilylpropyne (PTMSP),3° polyolefins,®% ¢! nylon-6,
poly(methyl methacrylate),%? nitrile rubber*® and so on.
Fluorine-containing polymers can also be deposited on
inorganic substrates.’! All studies performed in this field
can be divided into two groups.

The first group includes studies dealing with the syn-
thesis of fluorinated polymers on the substrate surface with
a change in the gas transport properties. This process bears
resemblance to the direct fluorination of polymers and gives
a layered structure: a layer of a new fluorine-containing
polymer appears on the substrate surface, whereas deeper
layers of the initial polymer remain unaffected or little
affected. The chemical composition of the polymers
obtained by the plasma chemical method depends substan-
tially on the reaction conditions in the plasmatron (pres-
sure, discharge power, time of treatment and so on). In
addition, gas separation parameters often vary with time;
for example, the chain cross-linking reaction continues in
the obtained layer after completion of the treatment.

The second group includes studies involving hydrophob-
ization of porous substrates (Al.O3, track-etched mem-
branes, zeolites, etc.). The goal of the studies along this
line in the field of membrane processes is to obtain porous
membranes with enhanced hydrophobicity for membrane
distillation. These issues are beyond the scope of this review
and, therefore, they will be discussed only briefly.

Consider the results of studies on the plasma modifica-
tion of gas transport properties. Infrared spectroscopy is the
key method used to study plasma polymers;>*-3! X-ray
photoelectron spectroscopy and '"F NMR spectroscopy
have also been employed. According to spectroscopic data,
the composition of fluorine-containing plasma polymers
depends little on the nature of fluorine-containing gas
delivered to the plasmatron. This is due to the fact that
gases undergo extensive destruction in the plasmatron to
give the same active species (radicals and ions). Most of the
plasma polymers contain CF, CF, and CF3; groups. How-
ever, as indicated by Fridman,*¢ in a polymer obtained by
plasma chemical treatment of a mixture of hexafluoro-
ethane and hydrogen, the CF group predominates. A
study of silicon-containing polymers showed the presence
of the following groups: C=CF, CF=CF,, C=CF, and
CF,—CHa,. The radicals and ions formed in the plasma
induce cleavage of the C—Si bonds, i.e., treatment is
accompanied by elimination of SiMes groups.

Most of polymers obtained by plasma polymerization of
fluorine-containing gases and vapours were characterized
by oxygen and nitrogen permeability. According to a study
of the plasma polymerization of C3F¢— CH4 mixtures,®?
oxygen permeability coefficients increased from 10 Barrer
for the use of pure C3F4 plasma to 120 Barrier for a film
obtained on treatment with a binary mixture. The highest
P(0,)/P(N3) selectivity equal to 2.8 was obtained for
25 mol.% concentration of CH4. A detailed investigation
of a plasma polymer obtained using SF¢ was reported by

Borisov et al.>® As the treatment time increased (up to
30 min), the permeability for all gases (He, Ha, Oz, Na,
CH4 and CO;) decreased, while the selectivity for the
He—CH4, H>—CH4 and CO>—CH4 pairs sharply
increased. The permeability for some gases of plasma
polymers obtained in a microwave discharge from fluo-
rine-containing monomers with =~ 1 F:C atomic ratio
resulted in the most selective membranes.®* An increased
solubility of CO, in these polymers was noted; this
accounted for higher CO, — CHy selectivity. However, high
selectivity cannot always be attained. For example, deposi-
tion of a plasma polymer on a zeolite substrate gave rise to a
membrane the selectivity of which corresponded to Knud-
sen diffusion.®?

Owing to their chemical stability, plasma polymers
based on fluorine-containing monomers can be used in
harsh media, for example, on contact with ozone.>> Note
that usual membranes based on perfluorinated polymers are
also suitable for this purpose.®®

Surface hydrophobization studies are much more fre-
quent, which is mainly due to the importance of energy-
efficient membrane distillation process for sea water-desali-
nation. For conduction of these processes, the pore surface
of the membranes should be as hydrophobic as possible.
This is attained by deposition of thin layers of fluorine-
containing plasma polymers (see, for example, Refs 67 —70).
In this case, hydrophobicity is mainly evaluated by meas-
urement of contact angles on the surface.

5. Effect of fluorine-containing groups on the gas
transport properties of amorphous polymers

The difference between the transport properties of fluori-
nated polymers and their hydrogen analogues can be
explained by the following reasons.

The greater volume of fluorinated groups is due to the
difference between the covalent radii of hydrogen (0.30 A)
and fluorine atoms (0.64 A), or their van der Waals radii
(1.10 and 1.35 A, respectively) and to the longer C—F bond
(1.328-1.379 A) compared with the C—H bond
(1.070—-1.096 A); this leads to looser packing of fluorinated
polymers compared with hydrogen analogues.

Fluorine-containing materials possess lower cohesive
energy density, which results in weakening of interchain
interactions. A low-molecular-weight compound dissolved
in this material has to perform less work for chain separa-
tion. This may result, in particular, in increasing solubility
of gases and vapours. It is known that perfluorocarbons
used to develop artificial blood substitutes can dissolve
considerable amounts of oxygen.”!

The C—F bonds are highly polar; therefore, dipole —di-
pole and dipole—quadrupole interactions are possible
between the diffusing agent and polymer chains, which
affects the thermodynamic and transport properties of the
polymer.

The strength of the C—F bonds is very high
(485 kJ mol—') and polymer molecules containing these
bonds become more thermally stable and resistant to harsh
media.

5.1. Polycondensation materials

Polycondensation polymers of various classes (often com-
bined under the common name polyheteroarylenes) have
been actively studied as potential membrane materials. In
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many cases, the obtained polymers contain fluorinated
groups, which can be used to analyze the effect of chemical
structure of these polymers on their transport properties.

5.1.1. Polyimides

Polyimides (PIs) are the most comprehensively investigated
class of amorphous glassy polymers — potential gas sepa-
ration membrane materials. The general formula of Pls can
be represented by structure 1 in which N—R? implies the
diamine residue and the group R' determines the dianhy-
dride structure.

Structure 1

The database of the TIPC RAS contains the gas trans-
port parameters of more than 300 homopolymes of this
class, which is more than for any other class of polymers.’?
A considerable body of data is also available for copoly-
imides. Many of the studied PIs contain fluorinated groups.
These groups can be incorporated in both dianhydrides and
diamines used in the PI synthesis. A special role is played by
series 6FDA dianhydrides in which the group R! has the
structure represented by structure 2.

According to Tanaka and Okamoto,”? in the permeabi-
lity —selectivity diagrams, the points corresponding to Pls
with this structure form the upper ‘edge’ of the PI cloud of
points, i.e., they are located most closely to the ‘upper
bounds’ of the diagrams. The CF3 groups can also be
incorporated in diamines, for example, as in structure 3.

The most permeable 6FDA-based polyimides include
highly methylated diamines (durene derivatives). The di-

Structures 2, 3

CF3

3 FiC

FsC CF3

SAs

anhydride parts of PIs contain conjugated planar moieties
with polar groups, resulting in strong interchain interac-
tions, a smaller free volume and formation of charge trans-
fer complexes, which colour polyimide films. However,
when the rigid bulky C(CF3), groups are introduced into
the dianhydride moiety, these effects are mitigated. This
entails a decrease in the chain packing density, increase in
the film permeability and decrease in the colour intensity.”?
In addition, the CF3 groups have a relatively large volume,
and in the presence of these groups, the chain packing
density decreases. The introduction of CF3 groups into the
PI diamine moieties leads to the same effects.

The data presented in Table 2 illustrate the effects of
replacement of the CMe, group by C(CF3), in 6FDA
polyimides and introduction of additional CF3 groups into
aromatic rings on the gas permeability and selectivity. It can
be seen that the appearance of CF5; groups or an increase in
their number leads to a marked increase in the polymer
permeability and some decrease in the selectivity.

A more pronounced permeability increase and a selec-
tivity decrease are induced upon the introduction of bulky
fluorine-containing groups C(O)O(CH»)>C¢F 3 into 6FDA
or other polyimides (Table 3).

It may be noted that permeability increases especially
sharply for the less permeable PIs taken for comparison.
For 6FDA polyimides, the selectivity changes insignifi-
cantly. It is important that the C¢F;3 group has a pro-
nounced self-plasticization effect: the glass transition
temperature of polyimide I (see Table 3) is 290 °C (the free
volume is 0.160) versus 205 °C (the free volume is 0.183).

Table 2. Effect of introduction of CF3 groups into the diamine moieties of 6FDA polyimides on their gas transport and separation properties.

Polymer
O\ (‘::Fs 0] I\(Ie
ST O
Ui CF3 A
o o Me
(0] CF3 0]
\ (‘) /] ‘
ST
7 CFs \
a 5 CFs )
% fFe P CFs
C |
SerieeTaTTasige
i CFs \
o o CF3 .,
(e} CF O
i\ I ° ) CFs
ST O E Do
Vi CF3 \
0 o CFa CFs G/

n

CF3

P /Barrer Selectivity Ref.
0> N> CO, 0:—N, CO>,—CHs CO>—N,
75 1.5 30 5.10 429 20 74
163 3.5 639 470 399 18.2 74
513 1.0 19.1 523 36.7 19.1 75
65 1.3 228  5.00 324 17.5 75
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Table 3. Effect of introduction of bulky fluorine groups into polyimides on their gas transport and separation properties.”®

Polymer P /Barrer Selectivity

0> N> CO» 0,—N> CO,—CHy4 CO,—N,

(o]
2 I
NC@F : N 255 0.38 9.7 6.7 46.3 25.6

;:©> @ 4.74 0.74 17.8 6.4 40.4 24.0
)

n

o” O(CHz2)2CeF13-n

%
1
forodgl  w w e e o
t
|
t

;@ @Q @ 2.61 0.56 11.0 49 30.6 19.7

O” " O(CH2)2CeF 131

(o] o (6]
\\ Il /
N)i@c@iir\l 0.11 0.016 0.43 7.0 49.8 26.8
7 )\
o} o} n
H
:@ @3 2.20 0.48 10.1 4.6 34.8 21.0

07 O(CH2 )2C6F13-n

The greater free volume accounts for the higher gas perme- Similar effects of introduction and increase in the con-
ability of polymer II. centration of CF3 groups were also noted for Pls based on
other dianhydrides (Tables 4 and 5).

Table 4. Effect of introduction of C(CF3), and CF3 groups into the diamine moieties of BPDA polyimides on their gas transport and separation
properties.

Polymer P /Barrer Selectivity Ref.

He O C02 02 — N2 C02 — CH4 He— CH4

(0] (0]
\ J Me
NN@o@?@o 75 0596 00846 635 33 88.7 77
) \\
o o Me

n

9 0 cr:

NN @o@(‘:@o 183 167 733 548 339 84.7 77
y {

o o) CF3

— 1.54 4.96 6.29 342 — 74

O\ /O ‘CFS

NN QO@‘C@O — 31 915 552 239 3.8 74
// \\

0 o CFs CFs FsC

n
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Table 5. Effect of introduction of C(CF3), and CF3 groups into the diamine moieties of BPDA polyimides on their gas transport and separation

properties.
Polymer P /Barrer Selectivity Ref.
0, N, CO, 0,—N, CO,—CH; CO»—N,
(0] (0] 0]
W\ I i ’\('e
NC@C@N@o@?@O 0.508 0070 247 721 - 353 78
i 1
o o) Me :
(o] (0] (6]
W\ I J ?F3
NC@C@N@o@?@O 114 026 437 585 422 16.8 74
i %
o o CF3 .
. o)
217 031 694 586 34.2 224 74

)
W\ / ?Fs
C
/] \
0 CFs CFs FC o/,

(0]

Lots of publications are devoted to 6FDA and other
polyimides with fluorine-containing groups; some informa-
tion can be found in Refs 77 —84. In some cases, the effects
of introduction of fluorine-containing groups are camou-
flaged by effects of other design elements. This is shown, for
example, in a series of works,83-%0 in which the authors
synthesized and investigated polyimides with bulky sub-
stituents.

Polyimides considered above are linear polymers. Gao
et al®! prepared a hyperbranched PI based on 1,4-bis(3,4-
dicarboxyphenoxy)benzene as the dianhydride monomer
and 1,3,5-tris(4-amino-2-trifluoromethylphenoxy)benzene
as the triamine monomer using 3,5-bis(trifluoromethyl)ani-
line as the terminal groups. In this case, too, an increase in
the concentration of CF3 groups increased gas permeability;
however, this effect was less pronounced than in the case of
linear Pls: the P(CO;) value increased from 1.5 to
2.7 Barrer.

5.1.2. Polyamides
Similar data on the influence of the CF3 groups on the gas
permeability were obtained for aromatic polyamides. Some
data are presented in Table 6. The polymers included in the
Table contain bulky substituents, which increase the free
volume and, hence, gas permeability. Nevertheless, even
against the background of these pronounced effects, the
presence of the C(CF3), group in polyamide leads to a
substantial increase in the permeability coefficients with
some (often minor) decrease in the selectivity.

Other polyamides of various structures with fluorine-
containing groups have been synthesized and studied.?4~ 100

5.1.3. Other polycondensation materials
The above-noted influence of the C(CF3), groups on the gas
permeability is observed not only for PIs, but also for
polyether ether ketones (Table 7) and polyesters (Table 8).
However, unlike Pls, in the case of polyether ether
ketones and polyesters, the introduction of the C(CFj3),
groups increases the permeability and slightly increases the
selectivity for CO,-containing pairs of gases. Polyarylene
ethers (structure 4) are also prepared by polycondensation,
particularly, involving bis-phenols and dihalogen-contain-

ing compounds. The diverse structures of polymers formed
upon the variation of groups Ar and Y and the properties of
these materials are covered in a review.” The most detailed
studies are available for polymers that were prepared in
order to develop materials with desired optical and elec-
trical properties (optical wave guide materials, polymers
with low dielectric constant, efc.). However, in some cases,
membrane properties of polymers of this class were also
studied.

Structure 4
FsC CF3
e
4 n

As applied to fluorine-containing polymers, studies
mainly concerned the effects of replacement of CMe,
groups in the backbone by C(CF3), groups. This replace-
ment leads to increasing chain rigidity (increasing glass
transition temperature) and permeability, which is often
not accompanied by decreasing selectivity of gas separa-
tion. 103108

The data presented in Table 9 indicate that, like in other
cases, C(CF3)> groups present in the backbone increase
(although slightly) the gas permeability. This increase in
the permeability is mainly caused by increasing the diffusion
coefficients.!%? Similar insignificant effects were observed
for polyarylene ethers with fluorine atoms in the aromatic
structures. The condensation of decafluorobiphenyl with
1,3-dihydroxybenzene and 4-[4-(4-hydroxyphenoxy)-
2,3,5,6-tetrafluorophenoxy]phenol afforded two polymers,
one of which occupied a more favourable position in the
Robeson diagram for He—H, and He—CH4 pairs of
gases.!10

Polyarylene ethers with fluorine-containing moieties, in
particular, those containing CF3 groups and bulky substitu-
ents have been studied.!08-110
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Table 6. Gas permeability coefficients and gas separation selectivities for polyamides containing a C(CF3)> group.
Polymer P /Barrer Selectivity Ref.
CO> (073 CO,—CHy4 0,—N»
(0} CF
H C C Hol C \ 3@
N N N—C ‘C
CFs
61.5 14.2 51.25 10.14 92
(0]
(0}
H H ol I
OO
’ 145 38 4833 9.50 92
O
[0} CF
H Hol [° I
OO O£
© CF3
119.0 29.0 37.19 9.67 93
(0]
Bu‘\<>/ But
But
(0] (0]
H H Il
O OO
51.0 12.8 24.28 7.53 93

Table 7. Effect of the replacement of CMe; groups by C(CF3), groups in polyether ether ketones on their gas transport and separation

properties.!0!

Polymer

0]

OO

(0]
I

At a et it
O ‘C O C C‘Z
CF3

P /Barrer Selectivity

He Oz C02 Oz—Nz COz—CH4 HC—CH4
12.4 1.1 4.6 5.24 20 53.9

264 24 8.6 5.45 23.2 71.4
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Table 8. Effect of the replacement of CMe> groups by C(CF3)> groups in polyesters on their gas transport and separation properties.!'0?

Polymer P /Barrer Selectivity
He Oz COz Oz — Nz COz — CH4 He— CH4
e 0 0
(‘:@ofcﬁcfo 13.4 1.33 5.4 5.54 232 57.5
Me
i i T
C@OC@CO 47.8 5.23 19.1 4.71 23.9 59.8
CFs
Br 'Yle Br o ﬁ
o@oo@co 183 1.3 4.93 7.22 34.7 115
Br Me Br n
Br (‘L‘F3 Br ‘C‘) ‘C‘)
c@oc@co 66.3 6.75 25.6 6.31 42.9 111
Br CFa Br .
Table 9. Effect of C(CF3), groups in polyarylene ethers on their gas transport and separation properties.!03- 105
Polymer P /Barrer Selectivity
(o)) CO» 0:—N» CO,—CHa4
FsC CF3 l\‘/le
Aol -2 e s "
|
Me
F3C CF3 C‘:Fa
-5 00
|
CFs3
FsC CF3 Me
NI ot - Lo o s s oy
S I
Me
F3C CF3 ?Fa
DL
S |
CF3
The effect of fluorine-containing groups introduced into  ties. Examples are polycondensation materials (in

polymer side chains or backbone was studied for polycon-
densation materials. For example, the introduction of CF>
groups into the backbone was studied for polyamido-
imides.!!! The increase in the number of these groups from
four to six induced some increase in the permeability and a
slight increase in the selectivity for CO»-containing pairs of
gases (Table 10).

In some cases, certain design elements of fluorine-con-
taining polymers considerably affect the transport proper-

particular, polyimides and polyethers) of intrinsic micro-
porosity.!12=115 [n particular, polymers containing a
C(CF3)2 group connected to a rigid ladder structure has
higher gas permeability than 6FDA-based polymers, so that
the data points mapped in the Robeson diagrams'® are
above the upper bound of 2008.114. 115

Thus, numerous data for polycondensation materials
attest to the influence of fluorine-containing groups on the
gas transport and separation properties of polymers. How-
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Table 10. Effect of introduction of CF» groups into the polyamidoimide backbone on the gas transport and separation properties.!!!

Polymer

O\ C‘:Fs /O o o
C H | H

N I N@N*C*(CFZ)I;*C*N

i CFs !

(6] (0]

o}
I

o\ ‘CFa /o o
) e A H [ H
N \ [ N @ N—C—(CF2)s—C—N
7 CFs
0 o)

n

n

P /Barrer Selectivity

0> N> CO; 0,—N» CO>,—CHsy CO>—N»
1.49 0.27 5.72 5.52 47.7 21.2

1.9 0.39 8.91 4.87 524 22.8

ever, it is worth noting that the observed effects are often
moderate, and the increase in the gas permeability is, in
most cases, accompanied by a decline of the separation
selectivity.

5.2. Polyacetylenes

Among the membrane materials applicable for the separa-
tion of gases and vapours, polyacetylenes occupy a special
place. The most gas permeable polymers belong exactly to
this class of amorphous glassy polymers.!'® For polyacety-
lenes, the relationship between the monomer unit structure
and transport properties of materials was followed in detail.
High gas permeability appears in the presence of bulky non-
polar substituents (preferably, SiMes groups) attached
directly to the polymer backbone.!'®~ 118 The gas perme-
ability of polyacetylenes varies over rather broad limits: for
example, oxygen permeability coefficients range from
18000 to 3.8 Barrer.!!” The gas permeability of polyacety-
lenes can also be controlled by other structural design
elements. In particular, this refers to fluorine-containing
substituents, represented, most often, by fluorine atoms or
CF; groups.!18-123 Cases of inclusion of more bulky
fluorinated groups into the monomer units of polyacety-
lenes are also known.!?4

The introduction of several fluorinated groups into
polyacetylenes increases the gas permeability, which is
more pronounced than that for other classes of polymers.
This is illustrated by data presented in Table 11. It can be
seen that polyacetylenes containing di- or trisubstituted
benzene side groups possess gas permeability coefficients
an order of magnitude higher than those for the polymer
with one CF3 group. The permeability also depends on the
spatial substitution pattern of disubstituted polyphenylace-
tylenes.

Masuda et al.'?? studied in detail the permeability of
polyphenylacetylene containing only one CF3 group for a
number of gases. The permeability coefficients (Barrer)
were measured for the following gases:

P(He) P(Hy) P(O2) P(N2) P(CO2)  P(CH4)
130 140 25 7.3 130 6.6

The effect of introduction of fluorine-containing groups
is less pronounced if the polyacetylene molecule contains
other substituents (first of all, SiMes) that sharply affect the
gas permeability. This is indicated, in particular, by the data
of Sakaguchi er al.,''° who studied polydiphenylacetylenes

Table 11. Effect of introduction of CF3 groups into elementary units of
polyacetylenes on their gas transport properties.'?!

Polymer P /Barrer

0, N»

HC=CH-

©/CF3 32 7.6 4.2
/©/CF3 450 196 2.3
F3C

CF3
©/ 160 59 2.7

HC=CH}-

CF3
780 370 2.1
F3C

CF3

containing one or two fluorine atoms as substituents in the
benzene ring (Table 12).

Ideal selectivity values presented in Tables 11 and 12
demonstrate the clear compensation effect for polyacety-
lenes with fluorine-containing groups — more permeable
materials are less selective.

Fluorine groups can be introduced not only as substitu-
ents in the aromatic rings; they can also be attached to the
carbon atom of the aliphatic moiety. An example is pro-
vided by poly(trifluoropropyldimethylsilyl)prop-1-yne
(structure 5), which has rather high ideal selectivity. Thus
a(CO,/CHy) = 12.7, which is higher than this value for
polytrimethylsilylpropyne (2.07).12¢

Structure 5

to=o7;

SiMez(CHg)QCF:;
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Table 12. Gas permeability of polydiphenylacetylenes with the general
formula -R'C=CR?9); .

P /Barrer P(0,) Ref.
P(Ny)
(0]} N>
R! =+@F,RZ =+®SiMe3
2900 1900 1.5 119
F
3600 2400 1.5 119
] ) Me
R =@F,R = Me
Me” Me
17900 15600 1.2 125
F
1 2 Ma
R =Hi E%F,R =+%Me
Me” Me
18700 16 600 1.1 125

5.3. Metathesis polymers

Metathesis polynorbornenes are among the best studied
classes of amorphous glassy carbochain polymers. The
interest in these compounds is related to the development
of materials for gas separation membranes.!0-127.128
Depending on the chemical structure of the backbone,
three subclasses can be distinguished: proper polynorbor-
nenes (PNB), polytricyclononenes and dicarboximide poly-
norbornenes. They all have a ring-chain structure of the
backbone. The physicochemical and transport properties of
these polymers can be varied by substitution of the five-
membered ring, in particular, by introduction of the bulky
SiMes group. Numerous polymers with C—F bonds being
introduced in place of the C—H bonds or with other
fluorine-containing substituents have been studied. Below

we consider the effects of such modifications of polynor-
bornenes.

It was shown '2% 130 that the introduction of a CF; or
OC;F7 group into the five-membered ring of polynorbor-
nene substantially increases the gas permeability of the
polymer (Table 13). Relatively high gas permeability coef-
ficients, considerably exceeding those of unsubstituted poly-
norbornene, were found for poly[5,5-difluoro-6,6-
bis(trifluoromethyl)norbornene] (PFMNB) and poly[5,5,6-
trifluoro-6-(heptafluoropropoxy)norbornene] (POFPNB).

Using the positron annihilation method, increased free
volume was found in both polymers. The structure of
substituents affected the flexibility of chains: a higher glass
transition temperature was inherent in PFMNB (169 °C)
than in POFPNB (77 °C), which is apparently caused by
self-plasticization by OC3F7 groups.

For the methane —ethane penetrant pair, the inequality
P(CH4 ) > P(CyHp) holds, i.e., the selectivity is diffusion-
controlled. A study of sorption isotherms showed that in the
case of PNB, the isotherm for C,Hs is located above the
isotherm for CO, (the usual order for glassy polymers).
However, for both fluorinated polymers, the opposite
arrangement of sorption isotherms for these gases is
observed. This result is one of the first indications of the
reduced affinity of hydrocarbons to fluorinated or per-
fluorinated polymers.!?

The same conclusion follows from analysis of the
selectivity data for fluorinated polymers (see Table 13).

The synthesis and transport properties of dicarboximide
metathesis polymers have been reported.!3! =135 The perme-
ability coefficients of some of the prepared polymers with
fluorine-containing substituents are presented in Table 14.
These polymers are not distinguished by high gas perme-
ability. The highest P(Oz) value was found for the polymer
with two CFj3 substituents. The presence of only one CF3
group in the benzene ring has a minor effect on the
permeability. A comparison of the P(CH4) and P(C:Hg)
values demonstrated that, like in other cases, the separation
of hydrocarbons is diffusion-controlled.

The effects of fluorination of four-membered rings in
polytricyclononenes have been investigated.!37-138 Some
results are presented in Table 15.

Fluorine modification is possible not only for the five-
membered ring of metathesis polynorbornenes, but also for

Table 13. Permeability coefficients and separation selectivities for gas pairs and fluorinated metathesis polynorbornenes.!3¢

Polymer P /Barrer Selectivity
H» 0> N> CO» CH,4 C>Hs 0,—N> H>—CH,4 CO,—CHy
%\Q/% 21 2.8 1.5 15.4 2.5 1.4 1.9 8.6 6.3
(PNB)
m 166 50 17 200 13 6.6 29 12.7 15.4
F CFs
(PFMNB)
m&&-n 130 55 17 200 18 14 32 6.5 11
F F

(POFPNB)
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Table 14. Permeability coefficients for various gases in dicarboximide metathesis polynorbornenes and polyoxonorbornene with fluorine

substituents.!3%- 136

Polymer P /Barrer Polymer P /Barrer
H» O N  CO» CHs CoHg H, O, N> CO» CHs CoHg

0N S0 110 144 031 1144 054 009 oA 70 3925 563 130 3461 148  —
O"™N"70 385 608 155 2517 137 0.0 0™\, ~=0 151 18 036 983 037 —
F F
F F @CF

F 3
O £~ F
O">N"70 1955 266 059 1651 064 035 SERNNE 3442 617 147 3437 159  —
F F
F F

F CFs
07\ 70 5741 1353 420 6726 428 2.62

the double bond. This reaction was accomplished for
unsubstituted polynorbornene and for polytrimethylsilyl-
norbornene (PTMSNB).!3° This yielded difluorocyclopro-
panated polymers (structure 6) — F-PNB and F-PTMSNB,
respectively.

The data in Table 16 indicate that in this case, too, the
permeability markedly increases; this especially refers to
unsubstituted PNB. It is of interest that the increase in the
permeability is not accompanied by a noticeable decrease in
the selectivity.

A polymer containing a three-membered ring with the
CF, group has been synthesized and described '#° (struc-
ture 7).

Structures 6, 7

R = H or SiMes

Thus, unlike direct and plasma fluorination, the mod-
ification of norbornene polymers with fluorine-containing
groups is not accompanied by a decrease in the gas perme-
ability. This may be attributable to the fact that this
modification method does not generate cross-links in the
resulting polymer matrix.

5.4. Fluorinated polystyrenes

The data on fluorinated polystyrene derivatives are much
less abundant than the data on similar derivatives of the
polymers considered above. Nevertheless, they can also be
used to follow the effect of concentration of the C—F bonds
on the transport properties. The permeability coefficients
are given in Table 17.

It can be seen that with increasing concentration of the
C—F bonds in the monomer unit of the polymer, the
permeability increases. The most permeable polymer
among the studied ones contains a silicon atom in the
substituent. As can be seen by examining Table 17, more
permeable polymers are less selective.

5.5. Fluorinated ethyl cellulose derivatives

Data on the gas permeability of fluorine-containing cellu-
lose derivatives have been published. In a study of Khan et
al.,'** ethyl cellulose derivatives (structure 8) with
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Table 15. Permeability coefficients for various gases and gas separation selectivities for metathesis polytricyclononenes with fluorinated
substituents.!37

Polymer T./°C P /Barrer Selectivity

He H2 Nz 02 C02 CH4 02—N2 COZ—NZ COz—CH4 Hz—CH4 HC—CH4

! 107 29 20 1.1 4.1 16 0.9 3.7 14.5 17.6 21.2 31.9
F F
F F
107 55 34 23 7.0 26 1.9 3.0 11.3 13.7 17.7 28.9
107 44 41 2.3 82 33 3.5 3.6 14.3 9.4 11.7 12.6
106 76 66 5.1 17 96 5.3 33 18.8 18.1 12.5 14.3
F F
F OCcmFzBF
! 89 280 175 24 57 210 16 2.4 8.8 13.1 10.9 17.5
F F
F  CF2CF2CF2CF3
! 199 510 700 60 180 730 46 3.0 12.2 15.9 15.2 11.1
F3C CF3
F3C CF3

Table 16. Permeability coefficients for various gases and gas separation selectivities for non-modified and double-bond modified polynorbor-
nenes.'3?

Polymer P /Barrer Selectivity

He HQ Oz N2 COz CH4 HGQ*CH4 Oz*Nz COz*CH4
PNB 14.9 18.0 2.3 0.43 9.3 0.78 19.0 5.3 11.9
F-PNB 354 333 5.1 1.1 23.1 1.5 23.6 4.6 15.4
PTMSNB 101 144 34 8.3 140 19 5.3 4.1 7.4
F-PTMSNB 154 195 44 11 217 21 7.3 4.0 10.3
~0.31 OH groups per monomer unit were allowed to react It was found that substitution of hydroxyl groups was
with perfluoroacyl anhydrides to give compound with the  quantitative. After the introduction of fluorinated substitu-
general structure 9. ents, the glass transition temperature increases and the free

volume somewhat increases. In addition, the polymers show
Structures 8,9  a substantial increase in the permeability coefficients

/O Bt (Table 18), which becomes more pronounced with increas-

H2G ing concentration of the C—F bonds in the polymer;
8:R',R2 = Et, H: however, the change in the selectivity was insignificant.

° ., 9: R', R2 = Et, CF3C(0), C2F5C(0), It was shown 44 that the increase in the permeability is

RI—O 0—R? C3F7C(0), C7F15C(0O) due, most of all, to the increase in the diffusion coefficients.

8,9
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Table 17. Permeability coefficients for various gases and gas separation selectivities for polystyrenes substituted with fluorinated groups.!4!—143

Polymer P /Barrer Selectivity
He Hz 02 N2 C02 CH4 He —Nz Hez — CH4 02 —N2 COz — CH4
HC—CH—-
© " 22.4 — 29 0.53 12.4 0.7 42 28.3 5.5 15.7
{H.C—CH
© 34.4 — 4.4 0.8 117.2 1.06 42.5 325 5.4 16.2
F
~Hac—cH)-
F F
88 65 14 5.9 50 5.1 14.9 17.2 2.4 9.8
F F
F
JVHzc—CHj\
95 109 38.1 11.8 284 22 8.0 43 3.2 12.9
‘SiMez
(CH2)2CF3

Table 18. Permeability coefficients (Barrer) for various gases for
fluorine-containing ethyl cellulose derivatives (structures 8 and 9).144

R He Hz 02 N2 COz CH4
H 53 76 18 5.0 110 12
CF3C(0) 72 192 28 8.0 172 17
C,FsC(0) 100 140 44 16 250 30
CsF,C(0) 114 155 52 20 284 37
C7F15C(0) 110 130 48 16 251 29

6. Industrial fluorine-containing polymers

The polymers considered above are synthesized and studied
mainly in research laboratories and have no extensive
practical application. Meanwhile, many fluorinated poly-
mers characterized by chemical inertness, thermal stability,
reduced surface energy and good dielectric properties are
widely used and manufactured on an industrial scale.
Polymers that have non-membrane applications were inves-
tigated for their transport properties.

Although this review is devoted to membrane properties
of amorphous polymers and non-porous gas separation
membranes based on them, it is necessary to say a few
words about widely used partially crystallized polymers,
their copolymers and the porous membranes they form.
Among these materials, most attention is given to polyte-
trafluoroethylene < CF,CF;, (PTFE), poly(vinylidene flu-
oride) CF,CH, 3, (PVDF) and diverse copolymers based
on them. In some cases, the degree of crystallinity of these
polymers is very high, e.g., the content of the crystalline
phase in PTFE is 92% —98%.'4> As a rule, the crystalline
phases are impermeable for gas and vapour molecules. As a
result, the diffusion pathways, which are localized in amor-
phous areas of these materials, are more tortuous, resulting
in lower diffusion coefficients of the penetrants. They also

possess lower solubility coefficients and, hence, lower gas
permeability coefficients than common amorphous poly-
mers. However, because of the reduced interaction energy of
perfluorinated chains, pore formation is possible in these
materials. The presence of pass-through pores increases the
gas transport velocity. Which of these two opposite trends
predominates depends on the membrane moulding method
and conditions.

The gas transport parameters of some partially crystal-
line polymers given in Table 19 confirm the above state-
ments. All polymers and copolymers in the Table have low
permeability. However, the gas separation selectivities are
very different for these homopolymers. Low-permeable
PTFE and Teflon FEP show also low selectivity, that is,
the compensation effect between the permeability and
selectivity is not observed in this case,!> 1° probably due to
the fact that these polymers are partially crystalline and
have a high concentration of the crystalline phase. This
dictates the gas permeability level, whereas the selectivity is
affected by the properties of the amorphous phase in which
the mass transfer takes place.

However, even less permeable poly(vinyl fluoride) shows
a high selectivity of gas separation, in particular, for the
02— N, pair. Poly(vinylidene fluoride) shows an unusual
relationship: P(N2) > P (Oz). Poly(chlorotrifluoroethylene)
was noted '¥7 to have an exceptionally high He—CHy
selectivity (¢ = 1100). In this characteristic, this partially
crystalline polymer is superior to amorphous polyhexa-
fluoropropylene (x = 549),'4% but is more than 20 times
inferior in the P(He) value.

Summarizing the above, it should be noted that regard-
ing the whole set of their properties, partially crystalline
fluorinated polymers should not be considered as potential
gas separation membrane materials. Meanwhile, there are
various ways of fabricating porous membranes from these
polymers, suitable for the use in liquid separation proc-
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Table 19. Crystallinity, permeability coefficients and selectivities for gas pairs in some partially crystalline fluorine-containing homopolymers.®

Polymer Crystallinity
(%)

PTFE (Dyneon™ TF 1750) >90

PTFE with a density of 2.18 g cm—3 —

TFE - hexafluoropropylene copolymer 70

(Teflon FEP, Daikin Neoflon™ FEP)

Poly(vinyl fluoride) (Chemmours™ Tedlar) 35-47

Poly(vinylidene fluoride) (Arkema KynarR) —

Poly(chlorotrifluoroethylene) (Honeywell Aclar®) —

Poly(chlorotrifluoroethylene) HydroBlock*R600TR ~50

P /Barrer Selectivity Ref.
Oz N> C02 02 —N» COz —N»

3.9 1.3 11 2.9 8.1 9

7 1.4 11.5 — 8.2 146
4.9 1.6 13 3.1 8.1 See?
0.02 0.0015 0.07 13 44 See®
0.03 0.04 0.15 0.7 33 See©
0.09 0.015 0.24 5.9 16 9

— 0.033 048 — 14.5 147

2 See https://daikin-america.com/docs/FEP%20Pellets%20Brochure.pdf_g2_Brochure.pdf;  see http://www.dupont.com/content/dam/dupont/
products-and-services/membranes-and-films/pvf-films/documents/DEC_Tedlar_GeneralProperties.pdf; ©see http://www.plasticfilmbags.com/

letters/Gas % 20permeability % 200f%20flouropolymers.pdf

esses.!*> These porous polymers are highly hydrophobic
and, hence, they are suitable as membrane materials for
processes such as membrane distillation (MD), membrane
crystallization (MCr) and membrane emulsification (ME)
for the preparation of oil-in-water emulsions. There are
numerous methods for functionalization (hydrophilization)
of these polymers. The hydrophilic membrane materials
thus formed can be used for the baromembrane separation
of water-based systems: microfiltration (MF), ultrafiltration
(UF) and hydrophilic pervaporation.!*> This flexibility
opens up prospects for solving a number of problems by
membrane methods. The driving force of the MD and MCr
processes is the temperature gradient,'#*~ 152 while in the
MF and UF processes, it is the pressure gradient.!33 Some
summary of the processes that make use of porous, crystal-
line fluorine-containing membranes is given in Table 20.
There are also industrial processes for manufacturing
several perfluorinated materials, tetrafluoroethylene
copolymers with perfluorinated ethers, such as amorphous
Teflons AF,!>* Hyflon AD copolymers,!'*> proton-conduct-
ing Nafion type polymers,'3%-157 widely used in electro-
membrane processes and fuel cells, and other. One such
copolymer, amorphous  Teflon AF2400,% 12, 154,158,159
belongs to the class of highly permeable polymer materials
[P(O2) = 960—1600 Barrer]. The unusual thermodynamic
sorption properties of these polymers are reflected in the
reduced affinity for organic compounds, in particular,
hydrocarbons. Like other amorphous perfluorinated poly-
mers,'48-160 they are less prone to plasticization, which is
responsible for low selectivity of separation of gas mixtures
containing organic vapors,'? but have enhanced selectivity
for gas pairs such as He— CHy,.!2 148, 158160 Thege poly-
mers showed high potential in oxygenation and ozonation

Table 20. Some applications of membranes based on PVDF and
PTFE.°

Polymer Processes

PVDF (homopolymer) MF, UF, MD, MCr
VDF copolymers MF, UF, MD
PTFE (homopolymer) MD, PV

TFE copolymers # MD

2 Also used in fuel cells and Li batteries.

of aqueous solutions,!¢!~163 pervaporation and reverse
osmosis for separating organic mixtures that do not dissolve
the membrane materials.!%* 19> More detailed consideration
of these and other membrane properties of amorphous
perfluorinated polymers is beyond the scope of this review.

7. Conclusion

This review demonstrates the presence of diverse methods
for fluorine atom introduction into polymers. However, the
application of different methods leads to different results.
Direct fluorination of polymers and plasma chemical syn-
thesis are accompanied most often by decreasing perme-
ability and increasing gas separation selectivity. The
polymers obtained from monomers containing fluorine
atoms or CF, and CF3 groups usually show the opposite
trend: increasing gas permeability with some decrease (or
retention) of the selectivity.

The key drawback of direct gas-phase fluorination of
polymers under the action of molecular fluorine is the high
aggressive behaviour of this reagent, which leads to partial
cleavage of backbones, formation of undesirable low-molec-
ular-weight products, cross-linking and elimination of sub-
stituents such as SiMes;, which determine the valuable
membrane properties of the initial polymers. These effects
can be mitigated by conducting the reaction under milder
conditions, for example, in solutions of perfluorinated
solvents inert towards molecular fluorine. The use of milder
fluorinating agents, for example, CoF5 or other transition
metal fluorides has not been sufficiently studied, but seems
problematic, because in this case, the process would require
a higher temperature (~250 °C), which would promote
C—C bond cleavage (i.e., depolymerization) and fluorina-
tion. Other fluorinating agents (SF4, UFe) are suitable only
to solve particular tasks. All these circumstances and the
difficulty to control the structures of the direct and plasma
chemical fluorination of polymers are reasons in favour of
using polymerization (polycondensation) of fluorine-con-
taining monomers.

Some issues in this field have not been adequately
explored. In many polymers considered in this review, the
concentration of C—F bonds is low and effects they induce,
although manifested, would be much more pronounced if
the concentration of these bonds was higher. This is
indicated, for example, by comparison with perfluorinated
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polymers. A highly important and useful feature of fluorine-
containing polymers is low tendency for plasticization
under the action of organic vapours, which is reflected in
lower selectivity in the separation of gas mixtures contain-
ing such impurities or highly soluble components (e.g.,
COs). Meanwhile, published examples convincingly demon-
strating these effects are scarce. Little was done in the field
of atomic modelling of the structure and properties of
fluorine-containing polymers. This is the challenge for
future research, which would provide more in-depth under-
standing of the role and applications of membranes based
on fluorine-containing polymers. However, now it is clear
that the use of such membranes opens up the way towards
flexible control over transport properties.

The review was written with financial support of the
Russian Science Foundation (Project No. 18-19-00258).
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