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poly- and perfluorinated compounds into macromolecular systems. Information about the properties
and application value of fluoropolymers and polymer composite materials containing fluorinated
fragments is summarized. This review consists of two parts. The first part discusses the
achievements in the field of fluoropolymer chemistry and uses scientometric databases Scopus,
Web of Science to conduct bibliometric and thematic analysis of publications. In the second part,
the influence of poly- and perfluorinated compounds on the structure and properties of modified
aliphatic polyamides, aromatic polyesters and polyurethanes depending on the method of
introduction of the additive (modification of the polymer at the stage of its preparation, processing,
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immobilized on a highly dispersed carrier are noted. Bibliography of 184 references.
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Conclusions.

Introduction
The unique properties of fluorinated polymer materials put them forward among the leading
priority research areas for solving a wide range of problems that determine the development of
domestic and world-wide polymer industry [1-6]. The production and consumption of
fluoropolymers and fluoropolymer composites is constantly expanding due to increasing needs of
various sectors of economy. Distinctive features of most fluorine-containing materials are high heat
resistance, chemical and biological inertness, weather resistance, good physical and mechanical
properties, including abrasion resistance, reduced combustibility, and also — the acceptable
dielectric properties [7-16].
Currently, the fluoropolymer materials on the world market are represented by products that

are diverse in structure and properties [6, 9, 10, 17-19], namely:

- plastics, elastomers and elastoplasts;

- materials - insoluble, non-swellable and, conversely, soluble in solvents;

- radiation resistant fluoropolymer composites;

- threads and fibers with properties exceeding the strength of high alloy steel;

- films with unique dielectric- and electrical insulation properties that withstand the

temperature of liquid hydrogen;

- fluororubber capable of operate under particularly harsh conditions;

- corrosion-resistant coatings with high barrier properties (low permeability to gases, vapors,

moisture and other media) and resistant to weather impacts;

- perfluorinated homo- and copolymers for membrane gas separation (amorphous glassy

teflons AF, Hyflon AD 40H, 40L and 60, Cytop). A specific feature of Hyflon fluoropolymers

is their solubility in fluorinated solvents (Galden PFPE perfluoropolyesters and

hydrofluoroethers), which provides uniform thin (less than 1000 nm) polymer films. In

addition, a change in mechanical and physicochemical properties of fluoropolymer is possible

via introduction of perfluoropolyether lubricants (Fomblin PFPE) and their functionalized
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derivatives (Fluorolink PFPE).

The interest in fluorine-containing carbochain polymers originally arose in 1938, when the
ability of tetrafluoroethylene to transform into chemically and thermally stable
polytetrafluoroethylene was first discovered, which, however, had a number of significant
disadvantages, namely — a low mechanical strength, cold flow and low radiation resistance [20, 21].
Over the next decade, a technical basis was created for production of fluorine-containing olefins
(tetrafluoroethylene, vinyl and  vinylidene  fluorides, hexafluoropropylene  and
chlorotrifluoroethylene), polymers and copolymers. The obtained materials were successfully used
in separation of uranium fluorides, as well as for creation of electronic devices (for high-altitude
aviation, chemical industry) [20-22].

Since the 60s of twenticent century, the attempts have been made to synthesize fluorinated
hetero-chain polymers containing oxygen, nitrogen, sulfur, silicon and phosphorus atoms in the
chain, with thermal stability exceeding the thermal stability of polytetrafluoroethylene, which
promote to formation of fully separate research area - the chemistry of hetero-chain fluorine-
containing high-molecular compounds [23-28]. It should be noted that macromolecular systems in
which fluorine atoms are directly bonded to carbon atoms are of the greatest practical interest.

The presence of polar groups in the chains of macromolecules significantly affects the
supramolecular structure of a polymer, promouting to increase in intermolecular interaction, and
leading to increase in the mechanical strength of materials. Improving the complex of properties of
polymers can be achieved both by introducing individual fluorine atoms or small perfluorinated
groups into their chains, and by using fully fluorinated monomers, which in some cases provide the
maximum effect in improving the properties of materials.

Further development of chemical industry, machinery and aircraft, supersonic aviation,
rocket and space technology, electronics, instrumentation and development of nuclear energy was
already impossible to imagine without fluorinated polymers. The automotive, electrical,
metallurgical, medical and petrochemical industries are also the consumers of fluoropolymers and
composites based on them [29-32].

1. The state of fluoropolymers in the world market: development prospects,
manufacturers and scientific schools

One of the key factors stimulating the development of fluoropolymers chemistry is the
increasing demand of various industries for new materials (including fluorinated biopolymers,
biodegradable and coordination fluoropolymers) that can work under conditions in which other
polymers are not able to maintain their working efficiency. The development of chemistry and

technology of fluorine-containing polymers and composites can be carried out in basically three
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ways: 1) synthesis of fluorine-containing monomers, 2) introduction of a fluorine-containing
modifier at the stage of polymer production or processing and, finally, 3) surface modification of
already synthesized polymer (granules) or products from it (filaments, films). A positive effect in
changing the properties (or even acquiring new ones) of a polymer can be achieved using both
polyfluorinated and perfluorinated compounds in micro quantities.

World leading companies such as Du Pont, Dongyue, Mitsubishi Chemical, 3M (Dyneon),
Asahi Glass, Ohara Palladium Chemical Co., Sumitomo Chemical Co., Daikin, Gujarat, Solvay,
AGC, Shanghai 3F, Juhua, Arkema, Kureha now produce the products of medium and low-tonnage
chemistry (fluorinated oligomers and polymers, poly- and perfluorinated alkanes, esters, alcohols,
acids, amines, ketones, heterocyclic compounds, etc.), using of which for processing materials
based on carbo- and hetero-chain polymers allows give them dust-, water- and oil-repellent
properties while maintaining the breathability. Thus, Daikin Global company has developed a wide
range of fluoropolymers (Polyflon, Neoflon) characterized by high melt flow, particle size,
softening temperature, electrical properties and service life.

In our country, the development the topic of fluoropolymers is obliged to the schools of
academicians I. L. Knunyants, V. V. Korshak, N. A. Plate, A. V. Fokin, N. N. Vorozhtsov, V. M.
Buznik, to the works of Z. A. Rogovin, V. A. Ponomarenko, B. F. Malichenko, K. A. Kocheshkov,
A. Ya. Yakubovich, I. A. Gribova, A. P. Krasnov, A. I. Rakhimov, N. A. Adamenko and etc., as
well as to the efforts of research teams in the of FSUE “VIAM” SSC RF, FSUE “RSC Applied
Chemistry”, Moscow State University n. a. M. V. Lomonosov, Volgograd State Technical
University and Institutes of Russian Academy of Sciences: N. D. Zelinskii Institute of Organic
Chemistry, Institute of Problems of Chemical Physics, A. N. Nesmeyanov Institute of
Organoelement Compounds, A.V. Topchiev Institute of Fine Arts, A.N. Frumkin IHE, N.S.
Kurnakov Institute of General Inorganic Chemistry, V. L. Talrose Institute of Chemistry (Far
Eastern Branch of the Russian Academy of Sciences) and others. A series of valuable works in the
field of chemistry of fluorine and fluoropolymers was carried out by G. Brown, O. Pierce, L. Wall,
P. Tarrant, N. Bartlett, D. Sianesi, W. Mas-Grave and others [33-53].

Of special note is the contribution to development in fluoropolymer topic the “Center for
Fluorine Chemistry — 21” (INEOS RAS) and the Consortium “Fluoropolymer Materials and
Nanotechnologies”, the main purpose of which is to increase the effectiveness of basic and applied
research in the field of search, synthesis, modification of fluoropolymers, studies their properties
and structure, expanding the areas of application of fluoropolymer materials, improving the
production of fluoropolymer products and promoting their innovative implementation. This

Consortium was created in 2007 in the form of a simple partnership (his coordinator was
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Academician of the Russian Academy of Sciences V. M. Buznik) and represents a base for
interaction between researchers and manufacturers of fluoropolymers.

Very interesting are the development scenarios and dynamics of global and domestic
fluoropolymer markets up to 2030, offered by various marketing studies (Roif Expert, Tebiz Group,
Academy of Industrial Market Studies) [54, 55]. So, three stages of development are proposed:
negative, inertial and innovative (see Table 1).

Table 1. The development forecast of Russian market of fluoropolymer according to the marketing
study by Tebiz Group (in ths. tons).

Negative scenario Inertial scenario Innovative scenario

Indicator 2020r. | 2021r. | 2020, 2021 . 2020 . 2021 .
Production 3779 3359 4210 3873 5051 4801
Import 772 789 985 1064 1334 1522
Export 4049 3788 4053 3880 3609 3416
Market size 521 378 1184 1087 2827 2939

Such countries as China ($ 5 million), Italy ($ 3.1 million) and Germany ($ 2.2 million) in
2019 take the lead in the list of largest countries importing a fluoropolymers. Russian export
supplies of fluoropolymers abroad during 2015-2019 increased by 41.95% (from $ 28.39 to $ 40.3
million). Among the Russian regions, the largest suppliers of fluoropolymer products in 2019 were
the Kirov Region (52.6% of the total supply), Perm Territory (41.36%) and St. Petersburg (5.23%),
which formed in bulk $ 39,97 million (see Tables 2-4).

In Russia, the industrial production of fluorine-containing compounds is carried out by
HaloPolymer JSC (Perm, Kirovo-Chepetsk), which is one of the largest manufacturers of
fluoropolymer products, supplying to world market with at least 9% of total produced volume of
fluoropolymer (over 80% of the volume domestic market). Pilot and industrial quantities of
fluorine-containing compounds are supplied to the domestic market by PiM-Invest CISC (Moscow

Region) and some small innovative enterprises.




Online journal “Fluorine notes” ISSN 2071-4807, Vol. 3(130), 2020; DOI: 10.17677/fn20714807.2020.03.02

Table 2. List of some Russian small innovative enterprises produced the fluoropolymer products.

Enterprise Name Type of fluoropolymer products and goods
LLC SPE “Resource” (Krasnoyarsk) Dry lubricant rods to reduce the wear of a pair “wheel/rails” for rail vehicles and bridge cranes
LLC “Fluralit Synthesis” (Moscow) Ultrafine fluoroplastic powders
Institute of Chemistry FEB RAS (Vladivostok) Ultrafine polytetrafluoroethylene powders

Wide range of fluoroplastics products for use in various fields of technology, e.g. for lining of
LLC PCE “MITO” (Kirovo-Chepetsk) pistons for car suspensions using compositions based on "Tefzel 750" with layered fillers; for lining
of chemical equipments by loose fluoroplastic liners

LLC “Technoplast{ (Yakutsk) Bushings, o-rings made from composite fluoroplastics-based materials
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Table 3. Trademarks and world manufacturers of fiber-forming fluorine-containing polymeric materials [19].

Trademark Manufacturer Composition Types of fibers (threads)

Teflon” DuPont (USA)

0JSC SRI “Khimvolokno” Multifilament yarns from a dispersed polytetrafluoroethylene in

Polyphene with experimental plant viscose
(Russia)
W.L. Gore & Associates Polytetrafluoroethylene Threads and porous membranes obtained by molding from pastes
Gore-Tex i . . .
(Germany) (by dispersion with lubricant)
Lenzing Teflon Lenzing AG (Austria) Fibrillated film threads obtained by planing of block blanks

Teflon-FEP DuPont (USA)

Toyoflon-FEP

Toyobo Ltd (Japan)

Fluorin

0JSC SRI “Khimvolokno”
with experimental plant

Tetrafluoroethylene/
Hexafluoropropylene
Copolymer

Melt monofilament

Monofilament, multifilament yarn and staple fiber with high linear

. densit
(Russia) y
Tefcel-ETFE Polytrifluoroethylene Melt monofilament
Halar-ECTFE Albany Int. (USA) Polytrifluorochlorethylene Melt fibers
Kynar Polyvinylidene Fluoride Melt monofilament
. Copolymer of
“Khimvolokno” . - . - .
Ftorlon 0ISC MVOI0KNO tetrafluoroethylene and vinyl Multifilament yarns, obtained by wet spinning from solutions

Serpukhov (Russia)

fluoride

* The production of polytetrafluoroethylene fibers began in 1953.
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Table 4. Domestic industrial manufacturers of fluoropolymer products.

Enterprise Production

Wide range of fluoropolymers (from raw materials to products); fluoroplastic suspensions,

“ limer” (Perm, Kirovo-Chepetsk i .
ISC “Halopolimer” (Perm, Kirovo-Chepetsk) monomers, chladones, fluorocarbons, polyfluorinated telomeric alcohols

0OJSC “Plastpolymer” Fluoroplastics, polyolefins, polystyrene plastics

FSUE VNII ARSSI “Aviation Materials” of SRC RF, Development and pilot production of organoelemental fluorine-, sulfur-, silicon-containing
VIAM (Moscow) materials with fire- and heat-protective properties

Corporate group “ChemPromSoyuz/EXPO-Kr”

Fluoropolymers, products and blanks from fluoroplastics
(Moscow) Poly P P

CJSC “Fluoroplastic technology”, (St. Petersburg) Ftoroplastics products

Plastics recycling plant n.a. “Komsomolskaya Pravda”

Fluoroplastics and thermosets products
(St. Petersburg) P P

High-precision products made from fluoroplastics and various composites for mass and

LLC “Promarmatura” (Kirovo-Chepetsk) exclusive Consumers

Production and delivery of precision products made from PTFE, polyamide, polyurethane

LLC “Kedron-Perm” (Perm) and compositions

CJSC “Polyx*” (Kirovo-Chepetsk) Fluoroplastics products

LLC PCE “MITO” (Kirovo-Chepetsk) A wide range of products made from fluoroplast-4 for use in various fields of technology

0OJSC Ural Chemical Company, “Uralchimplast”

(Nizhny Tagil) Fluoroplastics products

LLC “Constanta-2” (Volgograd) Rubber rings with PTFE cover for severe operating conditions; PTFE seals
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2. Bibliometric analysis of publications on fluoropolymers using international
scientometrical abstract databases

Obtaining of new materials and creating advanced production technologies is impossible
without scientific research, scientific and industrial cooperation and thorough analysis of
publication statistics in the field of fluoropolymers. In scientific literature, attempts have already
been made to bibliographic and thematic analysis of organofluorine compounds and fluoropolymers
[53].

Academician of Russian Academy of Sciences V. M. Buznik and Ph.D. (education) I. V.
Zibareva analyzed the world-wide dataset of scientific publications on fluoropolymers (over a
period of 1946-2010) [56], as well as the bibliometric and thematic analysis of publications on
fluorine chemistry (over a period of 1993-2014) [57] using «Chemical Abstracts Plus» database
(CAS, USA), with access through the SciFinder system. As of December 2010, about 128 thousand
publications were found using the term «fluoropolymers», with the largest number of publications
(2000-2009) in the magazines «Macromolecules» (581 publications) and «High Molecular
Compounds» (129 publications, among domestic journals). The number of world-wide and Russian
patents during/over the specified period comprised to 48 909 and 437, respectively.

The problematics of fluoropolymers were subjected of separate issues of magazines “High
Molecular Compounds” (2013, Series A. vol. 55. No. 11) and “Russian Chemical Journal” (2008,
vol. LII. No. 3), as well as the thematic conferences “Fluorine Chemistry” and "Fluoropolymers:
Research, production problems, new applications”. Special mention it should be noted the
specialized journals “Fluorine notes” and “Journal of Fluorine Chemistry”, devoted to theoretical
and applied problems of fluorine chemistry.

Using abstract scientometric databases “Scopus” (the search by article title, short
description, keywords), and “Web of Science”, we carry-out the bibliometric analysis of scientific
publications on fluoropolymers (the analysis by authors and type of publications, countries,
organizations, branches of knowledge).

For the periods from 1964 to March 2020 (via “Scopus” database) and from 1975 to March
2020 (via “Web of Science”) 4,963 and 2,203 documents were found, respectively, containing the
controll term "fluoropolymers" as the main concept. As can be seen from Figure 1, there is a steady

growth dynamics of publication activity on fluoropolymers.
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Figure 1. Dynamics of world publications in the field of fluoropolymers.

Distribution of documents (via “Scopus” databases) by type included articles (74.6%),
proceedings of conferences (18.2%), reviews (3.1%), chapters from books (1.6%), books (0.4%)
and etc., which corresponded to the following branches of knowledge: materials science (28.1%),
chemistry (20.7%), mechanical engineering (15.0%), physics and astronomy (12.4%), chemical
engineering (9.1%), environmental sciences (3.1%), biochemistry, genetics and molecular biology
(2.8%) and the rest (8.7%). Thus, the sources [2-15] should be considered as the most
comprehensive synthesis of fluoropolymers.

The first ten authors with maximum number of publications are started by Ameduri B., Itani
T., Boutevin B., Smith DW, Wooley KL, DeSimone JM, Kang ET, Neoh KG, Yamashita T, and
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Academician of Russian Academy of Sciences V. M. Buznik. Top the list of leading countries by
number of publications on fluoropolymers of USA (1489 documents), China (608), Japan (503),
Germany, France, Great Britain, Russian Federation (241 documents), Canada, Italy and South
Korea. The following organizations are most active in the field of fluoropolymers: Du Pont
(141 documents), Chinese Academy of Sciences (109 documents), Russian Academy of Sciences
(94 documents), Ecole Nationale Supe'rieure de Chimie de Montpellier (ENSCM), Charles
Gerhardt Institut Montpellier, CNRS Center National de la Recherche Scientifique, China Ministry
of Education, AGC Inc., Semiconductor Leading Edge Technologies, Inc., Leibniz-Institut fir
Polymerforschung Dresden e.V.

According to the «Web of Science» database, the largest number of publications on
fluoropolymers have authors Ameduri B. (95 records), Boutevin B. (38 records), DeSimone JM (36
records), Itani T., Smith DW, Wooley KL, Yamashita T., Hill DJT, Zhang ZC, Rinaldi PL and
organizations (the search by “organization profiles”) Center National de la Recherche Scientifique
CNRS (122 records), Universite De Montpellier (94 records), Chinese Academy of Sciences (80
records), Du Pont (80 records) and Ecole Nationale Superieure de Chimie de Montpellier (74
records).

Patent analysis of world-wide publications on fluoropolymer topics is presented in Table 5.
Thus, the leading patent offices are the United States Patent and Trademark Office, Japan Patent
Office, European Patent Office, World Intellectual Property Organization and United Kingdom
Intellectual Property Office.

According to the «Web of Science» database (found 55 records), the leaders by number of
publications related to polyfluorinated alcohols are VVolgograd State Technical University, Russian
Academy of Sciences, N. D. Zelinskii Institute of Organic Chemistry, N. N. Vorozhtsov Institute on
inorganic chemistry RAS (Novosybirsk) and Adam Mickiewicz University. According to the
“Scopus” database (search by “documents on organization™), the first five places are occupied by
the Volgograd State Technical University RAS, A. N. Nesmeyanov Institute of Organoelement
Compounds RAS (USSR), Research Center for Eco-Environmental Sciences Chinese Academy of
Sciences and Du Pont.

Table 5. Results of bibliometric analysis (““Scopus” databases) of a number of world-wide
publications on various main concepts.

Search by term Search Results Patents

«fluoropolymers» 4963 131971

«fluoropolymer composites» 73 666
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«fluorinated polymer» 1503 41743
«fluorine-containing polymer» 14408 36543
«polyfluorinated alcohols» 66 117

«fluorinated alcohols» 565 12780
«fluorinated polyamide» 54 245
«fluorinated polyesters» 33 480

«fluorinated polyurethanes» 117 878
«fluorinated montmorillonite» 9 54

Thus, the conducted bibliometric analysis (primarily - by term “fluoropolymers”) showed
that currently research in the field of fluoropolymers is on a steady rise, with three leaders - USA,
China and Japan. In terms of publication activity, the Russian Federation ranks 7th in the ranking of
countries (via “Scopus” databases) and 8th (via “Web of Science” database). Over a period of 1998
- January 2020, the number of world-wide publications on fluoropolymers increased 2.7 times. The
growing number of patents on fluoropolymer topics reflects an obvious applied trend in research in
this area. However, there is a noticeable absence of industrial leaders of national economy of Russia
at forefront in global ratings for publications and patents, which, apparently, indicates a lack of

cooperation between science and production.

3. Introduction of poly- and perfluorinated compounds into macromolecular systems
at the stage of production of aliphatic polyamides,
aromatic polyesters and polyurethanes

Fluorine-containing heterochain polymers can be synthesized by all methods used to obtain
their non-fluorinated analogues. The development of new methods for introducing fluorine atoms
into organic molecules led to the creation of a reliable foundation for development of
fluoropolymers and tightest cooperation of synthetic organofluorine chemistry and chemistry of
fluorine-containing high molecular weight compounds [8, 39, 41, 58-62].

First reports about synthesis of fluorine-containing polyamides appeared in 1951 (Olvelt’s
patent), polyesters - in 1952, and polyurethanes - in 1958. As of 1971, the industrial production of
fluoropolyethers was already organized world-wide. The methods of production and
characterization of fluorinated products are given in Tables 6-9 [23, 24, 28].

Fluorine atoms have a significant impact on the reactivity of monomers [61, 63]. For
example, octafluoro-e-caprolactam does not polymerize under conditions in which its non-

fluorinated analog forms a high molecular weight product:
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Oligo- and polymerization of e-caprolactam (under catalysis with acetic acid, triethylamine,

N,N-dimethylformamide, copper diacetate-di-e-caprolactamate, p-toluenesulfonic acid) in the
presence of polyfluorinated alcohols leads to 10% content reduction of low molecular weight

compounds and to increase viscosity of granulate [64—68]. Polyfluorinated alcohols react with e-

caprolactam according to scheme [65]:

Table 6. Some production process of fluorine-containing heterochain polymers.

Fluoropolymer

Production process

— Reaction of dicarboxylic acid and fluorinated primary diamine

— Reaction of fluorinated dicarboxylic acid and non-fluorinated primary

Fluorinated diamine
polyamides — Reaction of non-fluorinated dicarboxylic acid and fluorinated primary
diamine
— Reaction of fluorine-containing lactams polymerization
— Direct esterification of diols with dicarboxylic acids (with ZnCl, catalyst)
Fluorinated — Transesterification of diols with diethyl ethers of dicarboxylic acids using
polyesters various catalysts
— Reaction of diols and dicarboxylic acid dichlorides
— Reaction of fluorinated diisocyanates (polyisocyanates) and non-fluorinated
: diols
pg:;g:é?ﬁ;%s — Reaction of non-fluorinated diisocyé?gl?;es (polyisocyanates) and fluorinated

— Reaction of fluorinated diisocyanates (polyisocyanates) and fluorinated diols

Table 7. Properties of some aliphatic fluorine-containing polyamides (interfacial

polycondensation/equilibrium polycondensation).

Reduced viscosity of a 0.5%
Chemical structure of elementary unit Melting point, ©C | solution of polyamide in DMF or
H2S04 (conc.)
—OC(CF2)4CONH(CH2)eNH- 210-211/192-193 0,238 /0,084
—OC(CF2)4CONHCH2(CF2)sCH2NH- 253/ 231-232 0,108 / 0,030
—OC(CH2)4CONHCH2(CF2)4CH2NH- | 216-223 / 219-221 0,211/0,030
—OC(CF2)4CONH(CH2)sNH- 175-180 /- 0,205/ -
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Table 8. Properties of some aromatic fluorinated polyesters (including polyarylates).

Chemical structure of polymer

Characteristic properties”

(0] (0]

I |
/\(CF )s -~ C\o
n

T beg. decomp. = 480°C (in helium)
T glass. = 22°C

O:O

I
%m ANy

T beg. decomp. = 480°C (in helium)

O:O

I

Heat-resistant (weight loss is 10.6% when
polymer is heated at 315°C for 445 hours)

O——0

TUW@ 1GA 0]

i

Polyester is a rigid resin that becomes an
elastomer after its heating above the
softening temperature (i.e. T glass. = 71°C)
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* hereinafter T soft is softening temperature; T decomp.. - onset temperature; T glass. - glass transition temperature.
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Table 9. Properties of some aromatic fluorinated polyurethanes.

Chemical structure of polymer

Characteristic properties”

ﬁ
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NH
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Weight loss at 235 °C for 3.5 hours
66.1%

F

F
ﬁ
F NHCOO(CH,)s0C—
F

m. p. 130-140°C
Weight loss at 235 °C for 3.5 hours

7,4%
+—N
L H _n
F
H, Q °
c m. p. =140°C
H NHCOO(CH,),0 O(CH,),0C Weight loss at 235 °C for 3 hours
19,1%
F
H m. p. = 178-180°C
N NHCOO(CH;),0C

FsC

Weight loss at 235 °C for 4 hours
59%
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The influence of chemical structure of polyfluorinated alcohols H(CF.CF2).CH2,OH on

composition and yields of resulting products was established: the reaction of alcohol n = 1 with e-
caprolactam breaks off at N-(1H, 1H, 3H-perfluoropropyl)-derivative of dimer (yield 39.6%), and
alcohol n = 2 forms higher oligomers (yield 73.5%). With a further increase in degree of
telomerization of alcohol, the reaction slows down and the yield of oligomers decreases to 13.7%
for n =3 and to 10.3% - for n = 4. A set of alcohols reactivity was established, i.e.:
n=1>n=2>>n=3.

N,N-dimethylformamide is a more active catalyst than triethylamine, and copper diacetate-
di-e-caprolactamate is superior in efficiency. The properties of polycaproamide modified with
polyfluorinated alcohols are presented in Table 10 [69].

Table 10. Impact of 8.8 - 10 % wt. 1H,1H, H-perfluoropentan-1-ol (introduced at the stage of
hydrolytic polymerization of e-caprolactam) on physical and mechanical properties, and on heat
resistance of polycaproamide fiber.

Polyamide sample Breaking load, N Relative elongation, % Residual strength, %
Original 125 16,0 80,3
Fluorine-containing 134 15,3 85,7

The possibility of obtaining aliphatic polyamides containing fluorinated groups with higher
thermal stability and surface hydrophobicity was demonstrated in [70]. The modified polyamide
was synthesized by anionic polymerization using perfluorobutyryl-substituted a-amino-e-
caprolactam obtained as a fluorinated comonomer by condensation of a-amino-g-caprolactam and
perfluorobutyryl chloride (at 20 °C, in inert atmosphere, with triethylamine, tetrahydrofuran). The
initiator and activator of polymerization were e-caprolactamate sodium and N-carbamoylactam,

respectively. The properties of the obtained polymers are shown in Table 11.
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Table 11. Characteristic properties of aliphatic polyamides.
) Characteristic properties
Polyamide : :
sample Melting point, Onset temperature of thermal Surface energy,
°C decomposition, °C mNxcm?
Original 216 310 49,4
Fluorine-containing 198 390 44,1

Use of polyfluorinated alcohols H(CF.CF2)nCH20H (n = 1-5) for synthesis of aromatic
esters CeHs-m[C(=0)-O—-CHa(CF2CF2)nH]m (m = 3-4) helps to obtain the product, possessing a good
oxidative stability at 205-316°C, low volatility at 205°C and high lubricating properties [23]. The

properties of polyesters synthesized using fluorinated diol HOCH>—(CF2)s—CH>OH and aromatic

acid dicarboxylic acids with various chemical structures are shown in Table 12 [23, 28].
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Table 12. Characteristic properties of of aromatic polyesters containing O-polyfluoroalkyl fragments.

Chemical structure of polymer T glass., °C T soft., °C m. p., °C
i 0 0
I (CF2)a I
H—_OH2C(F2C)3H2CO_C C _OCHz(CFz):gCHzOH 16 ~ 20 147
L n
i 0 0
| (CF2)s I
H—_OH2C(F2C)3H2CO_C C _OCHz(CFz):gCHzOH 16 ~ 20 125
L n
_ ﬁ ﬁ
H—_OH2C(F2C)3H2CO_C C _OCHz(CFz):gCHzOH 45 ~ 50 145
L n
i 0 0
| 0 |
H—_OH2C(F2C)3H2CO_C C _OCHz(CFz):gCHzOH 20 ~ 28 115
n
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One of main disadvantages of non-fluorinated polyurethanes is their low thermal and
hydrolytic stability. The NH-C(=0)-O- group breaks down at temperatures of about 200 °C, and
polyesters based polyurethanes are hydrolyze under the action of hot water, which jointly limits the
field of practical use of these materials. When obtaining fluorine-containing polyurethanes, it is
necessary to take into account that introducing —CF>—NH-C(=0)-O- groups into macromolecular
chains is impractical because the elimination of HF occurs just with moderate heating and even
under influence of air moisture [24].

The synthesis of fluorinated aromatic polyurethanes, as a rule, consists in the interaction of a
fluorinated diol (for example, HOCH>—(CF2)>—CH2>OH with isocyanates [23, 24, 28]. In this case,
fluorine can be contained in diol and (or) diisocyanate components. Fluoropolymers including
1H,1H,3H-perfluoropropyl, 1H,1H,5H-perfluoropentyl, 1H,1H,7H-perfluoroheptyl and 1H,1H,9H-

perfluorononyl fragments are shown below:

NCO NHCOO(CH,),0——
80-180 °C "
n OCN + HO(CH,),OH ——» ——ﬁ—N
L © _n
CHy(CF,CF),H M=2,4 CHy(CF2)H

r O——CHy(CF,CF)H T

O——CHy(CF2CF2)mH ——O——CO(H,C),00CHN
H L'
N NHCOO(CH2)4OC—O
NHCOO(CH,),0C—0——
i [ —

m=1-4

Itis important to note that the introduction of fluorinated groups into polyurethanes not only
gives them a good frost resistance [24], but also helps to change in surface properties of aromatic
polyurethanes modified with tetrafluoropropanol [71]. The mechanical and adhesive properties of
polyurethanes containing polyfluorinated diols are discussed in detail in [72-74].

Employees of N. D. Zelinskii Institute of Organic Chemistry RAS described the syntheses
of fluorine-containing polyurethanes [75],

R\/OTH\Q/HTOT
o] o n

capable to operate under extreme conditions, with participation of chemical fluorinated hydroxyl-

containing compounds with various chemical structures:
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Structure of obtained products was studied by IR- and H, *C NMR- spectroscopy. The
properties of obtained fluoropolymers are presented in Table 13.
Obtained fluorinated polyurethanes (via catalysis by di-n-butyldiyl dilaurate) based on

polyfluorinated had a following structure [76],

CF3 CFs3
F

o 2 | Hy P |
— C /CF O NaBH,/ I, /C C /CF OH
C — HO Cc
HO X F2 70°C x* F2
OH

VDF-co-HFP

80°C
kat
VDF-co-HFP + HO[CH,CH,CH,CH,0],H + ocN NCO
—_—
OCN NHCOO — VDF-co-HFP——OOCHN Q

NHCOO-[‘(CHZ)L‘O‘]—\/W\ NCO
n

with onset temperature of intensive thermal decomposition at 304 °C and a tensile strength of 24.3

MPa. The relative aggressive resistance of synthesized fluorinated polyurethanes is given in Table
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14.

The prospects of using fluorinated blocked isocyanates for producing fluoropolymer films
with low surface energy (up to 10 mN/m) were shown in [77-79]. In this case, a fluorine-containing
blocked isocyanates had the following chemical structure:

(0]
/ g o] l|—O—EZ—CH2(CF2)nF

N

H
N——C——N——(CHy)s

n==6,8

Table 13. Synthesis conditions and characteristics of resulting fluorinated aromatic polyurethanes.

Chemical
structure Reaction conditions Product characteristic
of modifier
2,4-toluene diisocyanate based polyurethanes
60-150 °C, 17 h, nitrogen, | Solid, elastic, light brown; limiting wetting angle
" DMF 101 °, [n] = 0.006 dl/g (DMF)
190 °C, 17 h, nitrogen, Solid, elastic, light brown; limiting wetting angle
in the melt 101 °, [n] = 0.01 dl/g (DMF), Tse = 261 °C
4,4'-diphenylmethane adiisocyanate based polyurethanes
0 190 °C, 15 h, nitrogen, Solid, orange tawny; limiting wetting angle 110 °,
in the melt Tsw =323 °C
. Colorless, transparent, limiting wetting angle 113
190 ° h, nit
(1) + (11) % IC; tie ’r:éliogen’ °, [n] = 0.13 dl/g (CeFe), Tsw = 247 °C, Tglass. = -
143.6 °C
(V) Room temperature, Brittle, yellowish; limiting wetting angle 111 °,
stirring, nitrogen, DMF Tso, = 247 °C

Table 14. Change in the weight of fluorinated polyurethane in various media (depending on
concentration of modifier prepolymer introduced at the stage of production).

_ Polyfluorinated alcohol content, % wit.
Indicator
0 6 12 18 24
Weight change, %, water, 90 °C, 48 h 2,42 2,19 1,94 191 1,88
Weight change, %, water, 25 °C, 22 days 2,50 2,13 1,95 1,81 1,79
Weight change, %, jet aviation oil, 25 °C, 22 days 1,59 1,32 1,20 1,03 0,76
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Weight change, %, jet aviation oil, 90 °C, 48 h

1,69

1,51

1,40

1,32

1,02

The fluorine content in the films obtained on basis of a liquid oligoester with hydroxyl

groups, blocked polyisocyanate and fluorine-containing blocked isocyanate was 4% wt.

Introduction of fluorinated derivatives of diphenylolmethane at the stage of production of

polydienurethane elastomers promotes the production of polymeric materials with increased

hardness, tensile strength and wear resistance (see Table 15) [80].

Table 15. Melting points of fluorinated derivatives of diphenylolmethane.

Structure

Designation

Melting point, °C

HO

|
C

PDFM-1

124

PDFM-2

158-159

HO

O
OO~

PDFM-3

132,5-133,5

CF,H

PDFM-4

122-123

Analysis of molar mass values (M) for chain segment enclosed between the nodes shows a

sufficiently high degree of cross-linking is achieved via isocyanate curing of oligoisoprenes in the




Online journal “Fluorine notes” ISSN 2071-4807, Vol. 3(130), 2020; DOI: 10.17677/fn20714807.2020.03.02

presence of PDFM (see Table 16).

Fluorinated polyurethanes are characterized by a shift in onset temperature of destruction by

15-100°C into high temperature range (as compared with initial polymer). Depending on structure

of fluorine-containing modifier the samples weight loss 50% is later recorded at 70-85 °C.

Maximum effect is characteristic for polyurethanes modified by PDFM—4.

Table 16. Parameters of polyurethane spatial grid based on oligodienediol PDI-1K

(polymer samples, equitable swollen in toluene).

- Fraction of Equitable degree of | Volume fraction of oligomer in M,

Modifier extracted )

swelling the swollen sample g/mol

phase

PDFM-1 0,048 6,297 0,137 2225
PDFM-2 0,071 8,214 0,109 3332
PDFM-3 0,033 5,783 0,147 1959
PDFM—4 0,029 4,664 0,177 1430

Curing of polyurethane elastomers in the presence of fraction 0.3 wt (per 100 weight

fraction of rubber PDI-1K) of fluorine-containing surfactants, where (see below) | - product of

interaction of epichlorohydrin with 1H,1H-dihydroperfluoroheptane-1-ol, Il - product of interaction

of epichlorohydrin with 1H,1H,7H-trihydroperfluoroheptane-1-ol, Il - oligomeric product of

interaction of propylene oxide with 1H,1H,11H-trihydroperfluorundecan-1-ol, 1V - product of

esterification of stearic acid and 1H,1H,11H-trihydroperfluoroundecan-1-ol),

<\ F2>\ TH
F. C (@)
~ 7N Fa Ha
(@) C
£ hf T Héc/‘:}(:/ <\(H:/C\O7\L H\CH3
F2 5 H2 | 12
M
O

(1

cHy (D)
Ci7H3s

ot e Z
\O/ \éC/ 9\ H
F2 5

(V)

that provided an increase in sedimentation stability of filled by chalk, marshalite, diatomite, wood

flour oligomeric compositions, a decrease of microdefects in structure of cured material and

hydrophobization of polyurethane surface (limiting wetting angle changed from 61° to 105°) [81].

Modification of elastic polyurethanes by products of interaction of glycidol and 1H,1H,7H-
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trihydroperfluoroheptan-1-ol (see Structures | and Il) provides increase in strength characteristics,
thermal and hydrolytic stability, due to increase in crosslinking density (see Table 17) [82].

CHZOH
<\ 5\/ \)\/ <\ 5\/ OH
0 (1 OH
Table 17. Properties of polyurethanes filled with layered silicate (talc)*.
... _ | Nominal tensile strength, o Peel strength, Shore hardness A,
Modifier MPa Elongation,% kN/m arbitrary unit
_ 1,4 110 2,0 58
™ 1,8 100 3,5 61
() 2,1 100 3,1 62

Content: * filler - 30 weight part; ** (1) 0.7 weight part; ** (1I) 1.2 weight part

Polyfunctional products of N-polyfluoroalkylation of glycerol mono-g-aminocaproate,
mono- and dipolyfluoroalkyl esters of phthalic acid, as well as glycidol and polyfluorinated alcohol
esters described above, help to hydrophobization of polydienurethane and polythiourethane

elastomers, leading to increase in elastomeric strength [83—-87]

(CH2)s

o H(CF,CF,),CH,OH o
JL IR JL NH—CHCF P
1™ o - H0 Ho/\/\o CHos
OH
0 CHg(CFgCFg)n 0] CHz(CFzCFz)n

(0]
H(CF,CF5,),CH,OH H(CFZCFz)nCHZOH
n=2,3 n=23
O
- H,O
(@)

(6] CHg(CFgCFg)nH

4. Introduction of poly- and perfluorinated compounds into macromolecular systems
at the stage of processing aliphatic polyamides, aromatic polyesters
and polyurethanes. Surface modification of polymeric materials
by poly- and perfluorinated compounds

Modification of hetero-chain polymers at the stage of their processing (including surface
treatment) by introduction of poly- and perfluorinated compounds is used to impart anti-adhesive
(oil-, water-, and dirt-repellent) properties to materials and increase their tribotechnical




Online journal “Fluorine notes” ISSN 2071-4807, Vol. 3(130), 2020; DOI: 10.17677/fn20714807.2020.03.02

characteristics. For these purposes, polymeric, oligomeric, and individual compounds with various
chemical structures can be used — polytetrafluoroethylene, tetrafluoroethylene telomers, fluorinated
alcohols and carboxylic acids, fluoroalkyl acrylates, fluorinated alkanes and ethers, etc. [88-117].

For surface treatment of finished polymer products (filaments, films, monolithic samples)
can be applied the methods of direct gas-phase fluorination, sulfur tetra- and pentafluoride, nitrogen
fluoride compounds (NFs*BFs, NFs*AsFe) and phosphorus (CsHg)sPF-2HF) - 2HF), halogen
fluorides (CIFs, CIF, BrFs, IFs), fluorides of metals and nonmetals (SbFs, SbFsCl,, SeF.), xenon
fluorides (XeF2, XeF + ShFe-, XeF + Sb2F117), NF reagents, fluorinated N-fluoropyridines, N-
fluorosulfonimides, dialkylaminosulfotrifluorides DAST, MethylDAST, Morpho-DAST and
Deoxo-Fluor), fluorinating systems (SFs + BFs, SF4 + TiFs, HF + SF4), OF-reagents (CF2(OF)2,
CFsC(O)OF), complex tetrafluorocobaltates, plasma treatment, and radiation exposure in the
presence of fluorinated compounds [2-16, 59, 89-92]. Fluorinated surfactants (epilamas “Polizam”,
“Films”) are widely used as glazing agents.

Obtained fluorine-containing polymers and composite materials are used as:

a) filters for aggressive liquids, nets and other woven structures for filtering aggressive
liquid and gaseous media, filter-splash boards for trapping acid splashes, oxidizing agents in
process of manufacturing of sulfuric and phosphoric acids, fertilizers;

b) reinforced membranes for diaphragm electrolysis of sodium chloride in the process of
manufacturing of sodium hydroxide and chlorine;

c) protective equipment, special clothing, materials and products with reduced
combustibility for use in environments with high oxygen content and also - for protection against
molten metals;;

d) biologically stable and bioinert medical devices (prostheses of internal organs, suture
materials, devices for filtering biological media);

e) heat-resistant non-combustible insulating materials in cables and various electrical and
radio devices;

f) highly loaded antifriction materials and friction units;

g) resistant seals and stuffing box packing, capable to operating in extreme conditions.

Modification of polymer fabrics, films, coatings (at processing stage and surface
modification) by low- and high-molecular weight polytetrafluoroethylene (Forum, Cherflon, Nuva
TTH) helps to production of ultra-materials (with limiting wetting angle more than 120°) and also
super-hydrophobic materials (with limiting wetting angle over 150°) [1, 90, 91, 109-111].

In [109-111] studied the structure and properties of coatings formed at the surface of

polyethylene terephthalate materials from solutions of ultrafine polytetrafluoroethylene in
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supercritical carbon dioxide and tetrafluoroethylene telomers in acetone. It was shown that a
polytetrafluoroethylene film is formed at the surface of fibers, which reduces the surface energy of
polyester material, ensuring its ultrahydrophobicity, high air- and vapor-permeability, low water
absorption, and washing fastness (see Tables 18-21) [90, 91, 109]

Table 18. X-ray diffraction analysis of modified PET fabrics.

Diffraction intensity "o, (26),
pulse/s
Treating conditions for fabrics
20 =13° 20 = 25,5°
Untreated 536,1 2390,4
Treated in supercritical CO; at pressure of 20 MPa,
temperature of 90°C for 120 min 5465 2378,3
Treated by solution Forum in supercritical CO; at pressure of
20 MPa, temperature of 90°C for 120 min 522.4 2340,5
Coefficient of variation,% 2,0

Table 19. Indicators of hydrophobicity of PET fabrics treated by solution "Forum™ in supercritical
CO; at various pressures and temperatures.

Treatment conditions Content of Limiting wetting Duration of Firop 01_c water
"Eorum" on angle, ° absorption, min
Pressure, | Temperature, | the surface, | Before After Before After
MPa °C g/m® abrasion | abrasion abrasion abrasion
20 90 0,752 137 133 More than 50 More than 50
40 70 0,498 139 132 More than 50 More than 50
50 70 0,925 138 136 More than 50 More than 50
50 90 0,856 135 127 More than 50 More than 50
Table 20. Relative stability of hydrophobicity effect to operational impacts.
Limiting wetting angle, °
Agent Original polyester fabrics After abrasion W':‘Sf;?;g ﬁlfet::li?g
Cherflon 13043 135+3 134+3 130+3
Nuva TTH 132+4 117+4 108+5 1265

Table 21. Hydrophobicity characteristic of polyester film three times treated by
tetrafluoroethylene telomere solution.
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Type of treatment Limiting wetting angle,®
Untreated 7243
Treated by telomere, thermofixation 92+3
Treated by telomere, abrasion 88+2

In [112-114], the practical usefulness of fluoroalkyl acrylates as hydrophobisators of fiber-
forming polymers for targeted production of textile materials with antistick properties was noted. In
domestic practice, the initiator of scientific area related to the study of chemical addition of
organofluorine compounds to chemical fibers was Z. A. Rogovin [44].

Grafted fluoropolymers, due to their ability to form a uniform polymer layer on the polymer
surface, have proven to be effective modifiers for polyester films, filaments and fibers. Upon receipt
of fluorine-containing grafted polymers, the main factor determining the level of properties (release,
dielectric, protective) is the chemical structure of fluoroalky! radical.

It was established in [113] that the release properties begin to manifest when there are at
least four perfluorinated carbon atoms in the radical with FsC group at the end of chain, and
increase significantly when this chain is elongated. The optimal amount of grafted polymer is at
least 2% (increase in oil and water repellent properties while maintaining strength characteristics).
The process of grafted polymerization of fluorine-containing unsaturated monomers to PET can be
organized according to periodic, semi-continuous and continuous schemes.

At present, fluorinated alkyl acrylates with various chemical structures are produced in
Russian and world-wide industry [88, 89, 112-114]:

I

C CH;

N N

H
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Scotchgard FC-251

For grafting, fluoromonomers with unsaturated substituent in ester fragment can be used
[44]:

T
O—0
T
N

C
HZC/ \O/

A characteristic feature of esters of fluorinated carboxylic acids, which impedes the
possibility of their practical application, is ability to easily hydrolyze due to the high electrophilicity
of carbonyl carbon, which arises due to electron-accepting effect of fluorine atoms. It is important
that grafted polymers with normal structure of fluoroalkyl chain are characterized by a higher level
of release properties than with a branched structure.

A surface modification of polyester and polyamide fibers by grafting of fluoromonomers is
carried out using traditional redox systems: Fe?* — H,O, or Cu?* — H20,. To increase the degree of
conversion of fluorinated monomer to grafted polymer, reversible redox systems (for example, Fe?*
— H20> - ascorbic acid (or hydrazine)) can be successfully used.

It is known to use radiation grafting polymerization for synthesis and modification of track
membranes (for nuclear filters) and gas separation polyester membranes. To obtain grafted PET
copolymers, a block polymerization method at 80 ° C in the presence of benzoyl peroxide can be
used. In this case the yield of grafted fluoropolymer is 96-98% [112].

One of areas of fluoropolymer chemistry is synthesis of flip-flop oleophobic-hydrophilic
fluorine-containing PET copolymers. Such grafted systems are capable of reorienting PET filaments

at these surface during transition from air to water (during washing). The use of fluorine-containing
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monomers containing an oxirane ring allows to carry-out the polymer-like transformations in
grafted macromolecular chains to be made possible to impart a number of valuable properties to
polyester materials. The use of fluorine-containing surfactants as modifiers of polymer fibers is
described in detail in [94].

Modification of polycaproamide by poly- and perfluorinated compounds was systematized
in [115]. Introduction of 1% fluoroalkyl acrylates into polyamide makes it possible to obtain by
pressing the polymer films with water-repellent properties, and under plasma treatment, the
acrylates are grafted onto polycaproamide, increasing its fire resistance.

The radical grafting of 1H,1H,5H-trihydroperfluoropentyl acrylate to polycaproamide yarn
in the presence of tert-butyl hydroperoxide helps to production of fluoropolymer with a fluorine
content of 0.87-1.33% [115-117]. It was found that detachment of hydrogen atom from fragment —
HN—-(CH2)s—C(=0)- goes into a-position to the NH-group:

VARV ﬂ T VARV
/\/\/ <~ "\ -RH /\/\/\/\
VaNVANNAN AVANVAY

R™ = (CH3)3C-0O’, 'CH3, OH

The resulting macroradical then reacts with 1H,1H,5H-trihydroperfluoropentyl acrylate,
which is facilitated by electrophilic nature of terminal CH group:

H H H H Q' H,Cc=CH-C(0)- H H H H o
VARV VAV
NI N NN N N NN

/N /\ /N /\

H H H H H / C|H2 H H H H H

H R S C
VARV Ny
N N NP / !
N /N /\ O\
J HC H H c—C—F
/ | Ha |
O\C P (CF2)sH
T
\C-——-C—F
Hy |
(CF2)sH

The ester group (and the terminal NH-group associated with ester group) are involved in
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stabilizing of radicals structure, which ultimately leads to the following copolymer:

o)
H H H H Q (CHz)3C-OO0H,
. \/ \/ | roH SV
—_—
H/N\C/C\C/C\C/T- (CH3);C-00", ,H/ S SN
A N AN A \ /\ /\
HZT H H H H H HZT H
_ S C—H
O\C/C \ H \/C/H \‘\
;o :
1o F (@) /
N N\ —C—F
(H;Z/C—F ﬁz
(CF)H (CFalsH

The characteristic property of grafting 1H,1H,5H-trihydroperfluoropentyl acrylate to the
polycaproamide fiber is that in grafting conditions no significant amount of homopolymer is
formed, and resulting copolymer is characterized by enhanced physical and mechanical properties
due to a possible increase in degree of molecular orientation in amorphous phase of polymer caused
by formation of cyclic associates (see Table 22) [117].

Table 22. Change in physico-mechanical properties of original polycaproamide yarn and
yarn treated by polyfluorinated acrylate

Grafting time, h Breaking load, N Elongation at break,%
0 9,1 14,4
1 9,4 16,5
2 9,3 15,6
3 9,3 14,0
4 9,7 21,8

Polyfluoroalkylation of oligo- and polycaproamides by polyfluorinated alcohols and
chlorosulphites based on them H(CF.CF2)aCH20S(O)CI is described in [67, 115]. The use of
polyfluoroalkylchlorosulfites allows to introduction of poly- and perfluorinated fragments into
macromolecular systems containing hydroxyl and carboxy! groups [118-127].

The reaction of 1H,1H,5H-trihydroperfluoropentylchlorosulfite (the product of the
interaction of polyfluorinated alcohol and thionyl chloride in the presence of acid amides [128-
131]) with e-aminocaproic acid oligomers (n = 60-80) in the presence of triethylamine was carried

out for 2 hours at 60-65 °C, with fluorine content 1.09-1.56%, yield 75.6%):
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The product N,O-polyfluoroalkylation (with a yield of 15.6%, m.p. 220-228°C, and fluorine
content 3.09%), insoluble in boiling water was also found in mixture.

The mechanism of N- and O-polyfluoroalkylation of oligocaproamides with polyfluorinated
alcohols differs from reaction mechanism of polyfluoroalkylchlorosulfites with oligomer [115, 132—
134]. The increased acidity of polyfluorinated alcohol and low electron density of oxygen atom in
the hydroxyl group complicates the esterification of oligomer carbonyl group, and interaction can
go with breaking of amide bond, and the presence of electrophilic center on carbon atom of CH>
group helps to attack of lone electron pair to nitrogen atom of terminal NH> group of oligomer
molecule in this center. The main product of reaction 1H, 1H,5H-trihydroperfluoropentan-1-ol with
oligomer at 141 °C (12 h) is the product of N-polyfluoroalkylation (stabilization of transition

structure is facilitated by formation of the intramolecular hydrogen bond —F --- H-):
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The use of N- and O-polyfluoroalkylation products of butadiene-isoprene oligodiols and

their esters with g-aminocaproic acid oligomers



Online journal “Fluorine notes” ISSN 2071-4807, Vol. 3(130), 2020; DOI: 10.17677/fn20714807.2020.03.02

CH2(CF2CF2)H

O CH,(CF,CF),H

N N ~

X y O

-SO, | H(CF,CF,),CH,0S(0)Cl
-HCl | n=1-3

HO

X x

—o0
t, kat | m(H,C)s%
\NH
o)
(CH2)s NH|H
[ el Y\
HIAN TﬁmWyo (CHzs Im

m = 10-14, x:y = 80:20
(o]

~H,0 H(CF,CF3),CH,0H
n=2-5
(CF,CF,)H o

Hl (CH2)s NH=—CH:
NPT
m X y CHs "™ (R
0

as a components of polyurethane compositions, imparts the latter increased moisture-, oil- and gas
resistance [135, 136]. In this case, the fluorinated oligomers are capable to exert a plasticizing
effect. The presence of multiple bonds in the obtained compounds allows further chemical
transformations associated with introduction of various functional groups (chlorine, peroxide
fragments).

One of the ways for modification of polymers by poly- and perfluorinated compounds is
creation of antifriction polymer materials. The use of fluorinated alkanes CnF2n+2 and H(CF2)nCl,
fluorinated alcohols and esters of e-aminocaproic acid as a polymer modifiers is expedient for
production of textile and cord fabrics, suture surgical materials and compositions for prosthetics of
human organs, as well as details of friction units [84, 137, 138].

The esters of polyfluorinated alcohols and e-aminocaproic acid H2N—(CH>)s—C(=0)-0-
CH2(CF2CF2)nH (n = 1, 2) promote to decrease of temperature during polycaproamide processing
and increase of melt flow [139]. Tribological tests revealed that introduction of 0.1% wt. most
active 1H,1H,3H-trihydroperfluoropropyl esters of e-aminocaproic acid leads to a 3-fold increase in
wear resistance of polycaproamide.

Perfluorinated alkanes and polyfluorinated alcohols introduced at the polycaproamide
processing stage (extrusion compounding, compression molding, press casting) promote to

improvement of complex of composite material properties (see Table 23) [140].
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Table 23. Receipt of fluorine-containing polyamide composition and its properties.

Fluorine-containing Contact temperature, °C/ Elastic Charpy impact
modifier Friction coefficient modulus, GPa strength, kd/m?
-t 105/0,7-1,2 7,8 27
H(CF2CF2)2,CH,0OH? 58/ 0,4 10,2 23
H(CF2CF,)4CH.OH? 45/0,4 11,2 24
Fluoroalkane * 95/0,5 9,5 18

The composition, % wt.:
Ypolycaproamide - 85, carbon fiber - 15;

Zpolycaproamide - 52, carbon fiber - 30, high-pressure polyethylene - 12, 1H,1H,5H-
trihydroperfluoropentan-1-ol - 0.1, powdered carbon black - 6;
3polycaproamide - 45, carbon fiber - 40, high pressure polyethylene - 11, 1H,1H,9H-
trihydroperfluorononan-1-ol - 0.3, powdered carbon black - 4;
“polycaproamide - 70, carbon fiber - 30, fluoroalkane - 0.1.

Structural studies of modified polycaproamide films formed from solutions of formic acid
indicate that introduction of polyfluorinated alcohols increases the proportion of polymer molecules
in planar trans-conformation and formation of extended hydrogen-bonded layers oriented
perpendicular to the film plane [115].

Lowly boiling points of polyfluorinated alcohols H(CF.CF.),CH.OH (760 mmHg: 109°C
n=1;141°Cn=2;170 °Cn=3; 202 °C n = 4; 230 °C n =5 according to TU(technical condition)
2421-151-05807960-2005), in comparison with the melt temperatures of polyamides, polyesters
and polyurethanes, promote to possible volatilization of these modifying additives in the process of
their combining with polymer melts. By polyfluorinated alcohols modification (in form of their
solutions with given concentration) of polycaproamide granules at the stage of their drying at 100-
115°C in a drum dryer, followed by vacuuming of solvent by melt technology, fibers and injection

samples were formed and their properties were studied (see Table 24) [115].

Table 24. Change in physical and mechanical properties during storage of polycaproamide fibers
modified by 3.5-107 % wt. 1H,1H,5H-trihydroperfluoropentan-1-ol and 5:102 % wt. N,N-bis-
(2,2,6,6-tetramethyl-4-piperidinyl (the original fiber - in the numerator,
modified fiber - in the denominator).

Fiber Breaking load, N Elongation, %

Initial 16,0/ 14,6 16,2/22,5

After aging for 2 years 8,5/12,9 16,0/22,5
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The stabilizing effect of small amounts of polyfluorinated alcohols is manifested in the
reduction of undesirable tribo-oxidative processes, leading to the appearance of black products
located in concentric circles in the direction of friction (see Figure 2).

In [69, 115] it was postulated that the strength of polyfluorinated alcohol in the polymer is
so high that it remains in polyamide structure after granulation and fiber forming operations under
processing conditions at 255 °C and significant shear stress during extrusion and casting. However,
further studies [138] do not exclude the diffusion of polyfluorinated alcohol molecules onto product
surface in case increasing temperature during triboprocess of samples and formation of a boundary
self-lubricating layer.

a b c

Figure 2. Photos of initial polycaproamide samples after friction (a); the same is for samples
containing HCF.CF,CH>OH in amounts of 0.05% wt. (b), and the same is for samples containing
HCF.CF.CH20OH in amounts of 0.005% [138].

Oligomeric fluoroalkanes H(CF2)nCl (n = 7-16) with molecular weight not exceeding 600,
which are by-products of polytetrafluoroethylene synthesis, have high antifriction properties, low
melt viscosity combined with high thermal stability, processability and good solubility in organic
solvents [140, 141]. The introduction of organofluorine additives improves the wear resistance and
thermofriction characteristics of elastomeric compositions, due to modification of rubber surface
and migration of modifier to the surface.

Surface modification of elastomers by molecular fluorine, hydrofluorination by hydrogen
fluoride,  polyfluorinated amines (CHCIFCF-N(C2Hs). and  CFsCHFCF—N(C2Hs)2),
polyfluorinated organoboric acids, N-sulfonimide imides (CFsSO.NFSO.-Ce¢F13 and
CF3SO2NFSO2— CsFg), metals fluorides with highest degree of oxidation (CoFz, AgF2, MnFs, BiFs,
UFe, PbF4), copolymerization with unsaturated fluoromonomers in the presence of poly- and
perfluorinated peroxide initiators promotes the creation of hydrophobic surface layer enriched in
fluorine, which favorably affects on increase of wear- and corrosion resistance of obtained materials
[2-15, 88, 92-94, 142-151].
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5. Polymer composite materials containing poly- and perfluorinated compounds
immobilized at a carrier

The immobilization of organofluorine compounds (including poly- and perfluorinated
compounds) at highly dispersed inorganic carriers opens up new prospects for obtain of polymer
composite materials with improved properties [88]. This method of introducing additives into
macromolecular systems becomes especially relevant if the modifier is volatile or capable to
fracture under temperature conditions of its combination with polymer melts, as well as if it is
needed to introduce into polymers a small amounts of poly- and perfluorinated compounds.

Natural and synthetic montmorillonite, saponite, kaolin, vermiculite, hectorite and
fluorohectorite, mica fluoride, graphite and fluorinated carbon nanotubes can be used as carriers
[88, 152-157]. The greatest distribution (including industrial sale) was received the various marks
of montmorillonite clays modified by organoelement compounds: Cloisite (Southern Clay Products,
USA), Dellite (Laviosa Chimica Mineraria, Italy), Somasif (CBC Co., Japan) and Monamet
(Metaclay, Karachev).

The layered aluminosilicate montmorillonite has not only a unique polyelement
composition, but is also stratifiable in polymer matrix up to single monolayers with a thickness
about 1 nm (see Figure 3) [152-160]. As a rule, its organoelement constituents are mono-, di-, tri-
and tetraalkyl (aryl, aralkyl, alkoxy, aroxy) ammonium and phosphonium halides. The organoclays
containing S- and N-containing compounds (sulfonamides), Si- and B-organic compounds, as well
as drugs [151-164] are also of practical importance.

To obtain composites like “polymer/layered filler”, the polymerization filling method, the
solution method, melt mixing and sol-gel technology can be used [88, 154, 155, 161]. The
possibility of improving a number of properties (physicomechanical, thermal resistance, reduced
combustibility and gas permeability) has led to increase in use of layered polymer composite
materials in a number of areas, such as automotive, consumer goods industry, electronics, aerospace
industry (world suppliers of polymer composites containing organoclay, are Toyota, Bayer AG,

Creanova, GE Plastics, Honeywell, Hyperion, Nanocor, General Motors and others) [152-167].
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Figure 3. Formation of micro- and nanocomposite morphologies after introduction of

montmorillonite clay into polymers: (1) microcomposite, (I1) intercalated nanocomposite, (111)

exfoliated nanocomposite.

There is only fragmentary information about immobilization of poly- and perfluorinated
compounds on highly dispersed inorganic carriers [8, 88, 89, 141, 168-173], which describe the
modification of layered fillers by fluoroalkanes H(CF2),Cl (n = 7-14), fluorinated acids ( including
H2[SiFs]), their salts and ethers, ionic and nonionic fluorine-containing surfactants
([RFSO2NH(CH2)nNR3] X", ReESO2NH2). The work of Academician V. V. Korshak analyzes the
specific feature of physicochemical processes occurring in the graphite/chloroperfluorododecyl
fluorosulfate system (for example, [174]).

When processing of mineral fillers by fluoroalkanes, a modified product with “grafted” layer
of fluoroalkane is formed (see Figure 4). The properties of heterochain polymers modified by
H(CF2)aCl, immobilized at various substrates (bentonite, marble, travertine, tuff), are described in
[141, 175-177].
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Figure 4. Diagram of the structure of fluoroalkane crystallite, consisting of their parallel
layers (a) and one layer of fluoroalkane (b)).

Fluorinated montmorillonite has various uses [178-180], including use in dental practice,
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providing stepwise release of ions F~ for effective prevention of dental caries [181, 182], as well as
for preparation of barrier composite materials Nafion [183].

Modification of montmorillonite by fluorine-containing surfactants Flactonite K — 76
(ReSO2A, where Rg —C3F7O(CF2—CF(CF3)O)n, n = 1-3, or Re= XCnF2m, where X = F or Cl, m = 3—-
9, Hal = Cl or J, A = -NH(CH>)3sN*(CHj3).X1Hal", X; = -CH2CH2OH) act to raise the tribotechnical
properties of resulting lubricants [184].

It should be noted that alternative way of introducing fluorinated compounds with low
boiling points (for example, fluorinated alcohols, perfluoroketones CFsCF.C(=0)CF(CF3)2) into
polymers is microencapsulating them in a shell (polyvinyl ethoxyorganosiloxane, polyvinyl alcohol
with  urea-resorzidine-formalde-formalde and  montmorillonite, gelatin)  [114, 185].
Microencapsulation of antipyrenes into silicon-containing shell gives higher thermal stability during
molding in comparison with initial combustion retardants, preserves and increases their inhibitory
properties, allowing the creation of materials with high fire retardant and physico-mechanical
properties (see Table 25).

Table 25. Thermal stability and combustibility of polycaproamide with addition of 1H,1H,5H-
trinydroperfluoropentan-1-ol and antipyrene T-2 (technical mixture of ammonium salt of
methylphosphonic acid amide and ammonium chloride), microencapsulated
in a silicon-containing shell.

Type of flame retardant Maximum decom_posmon rate, Oxygen index,
mg/min % vol.
- 8,9 20,0
Antipyrene T-2 5,6 29,3

However, the permeability of shell complicates the full technical application of this method
of introducing fluorinated compounds into polymers. The stabilization effect is possible as a result
of the modification of microcapsule shell material by introducing into its composition (at the stage

of shell formation) the nanoparticles of mineral lamellar filler - montmorillonite.

Conclusions
The unique structure (chemical, electronic, stereochemical) of poly- and perfluorinated
compounds determines their influence on the state of supramolecular formations of polymer
materials modified by them, reporting chemo-, thermo-, fire-, light-, wear-, bio- and hydrolytic
stability and others useful properties, which leads to ever-increasing increase in a number of
publications on fluoropolymer topics and release of fluorine-containing materials by leading world-

wide companies.
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Modification of polymers by poly- and perfluorinated compounds can be carried out at the
stages of their preparation, processing and surface modification of finished products, allowing to
obtain cord-, textile-, medical-, industrial rubber-  fluorinated materials with controlled
hydrophobicity, as well as materials with special properties.

Uunique chemical structure of polyfluorinated alcohols H(CF.CF.),CH20OH, containing two
proton-donor HCF>—, HO- and proton-acceptor —CF>—CF>— groups in the molecule, determines the
possibility of their physicochemical interaction with polymer macromolecules, promoting to
reorganization of its supramolecular structure. At the same time, the positive changes in properties
of modified polymer are observed in the case of introduction these additives with low
concentrations (10 — 10 % wt.). However, the use of small amounts of polyfluorinated alcohols
makes it difficult to uniformly distribute them throughout the polymer matrix, impossible of
introducing directly into polymer melt due to their low boiling point and achieving the irreversible
binding of alcohols with macromolecules.

Immobilization of poly- and perfluorinated compounds at highly dispersed inorganic carriers
(primarily montmorillonite clay) allows not only to expand the possible methods of introducing
these modifying additives (including their micro- and nanocolorities) into macromolecular systems,
but also to provide a synergistic effect of fluorine-containing modifier, carrier and products of their
interaction to formed structure of polymers modified by them to obtain multi-purpose composite

materials with improved properties.
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