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Abstract: Perfluorinated polyesters (PFPE) are used as components of high-performance lubricants and oils operating in
high and low temperature conditions, including in special-purpose products used in space and in Arctic conditions.
To date, the methods for producing PFPE are complex processes that are quite demanding to the conditions of synthesis,
which makes it almost impossible to produce these compounds commercially on a large scale. One of the promising
approaches to obtaining perfluorinated esters is liquid-phase direct fluorination. Toxic, ozone-depleting solvents have been
used in these processes. When they are replaced with harmless, perfluorinated liquids, for example, perfluorodecalin
(PFD), another problem is found – the original polyesters are insoluble in PFD, which is confirmed by laser
microinterferometry. In this regard, ultrasonic dispersion of the initial polypropylene glycols (PPGs) of various molecular
weights in PFD was proposed in order to obtain emulsions for subsequent direct fluorination. The resulting emulsions
were studied using gel-penetrating chromatography, dynamic light scattering and gravimetry. According to the results of
the study, the values of particle sizes and emulsion concentrations were obtained over time after ultrasound, and it was also
concluded that the stability of the molecular weight of PPG in the emulsion after sonification. The applicability of
ultrasonic dispersion for a high specific surface area of the phase boundary in the PPG – PFD system is discussed, and the
feasibility of sonification in a continuous or batch mode when implementing liquid-phase fluorination of PPG in PFD
is also discussed.
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Аннотация: Перфторированные полиэфиры (ПФПЭ) находят применение в качестве компонентов
высокоэффективных смазок и масел, работающих в условиях высокой и низкой температуры, в том числе
в изделиях специального назначения, используемых в космосе и арктических условиях. Существующие
коммерчески доступные ПФПЭ являются продуктами мономерного синтеза, что неизбежно приводит
к неоднородной структуре конечного продукта. В связи с этим, исследование новых подходов получения
изотактических ПФПЭ – актуальная задача. Одним из перспективных подходов к получению изотактических
ПФПЭ является жидкофазное фторирование. На сегодняшний день в жидкофазном фторировании применяют
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токсичные, озоноразрушающие растворители, что ограничивает промышленную реализацию. Использование
перфторированных жидкостей, например перфтордекалина (ПФД), позволит снизить экологические риски синтеза
ПФПЭ. Учитывая нерастворимость полипропиленгликолей (ППГ) в ПФД, предложено использование
ультразвукового диспергирования для получения эмульсий и жидкофазного фторирования. Приведены
исследования свойств эмульсий ППГ в ПФД, определены концентрация, средний размер частиц и молекулярномассовое распределение. Сделан вывод о применимости ультразвукового диспергирования для обеспечения
высокой удельной площади поверхности раздела фаз в системе ППГ – ПФД, а также целесообразности
проведения ультразвукового диспергирования в непрерывном или периодическом режиме при реализации
жидкофазного фторирования ППГ в ПФД.
Ключевые слова: полипропиленгликоль; перфтордекалин; эмульсия; ультразвуковое диспергирование.
Для цитирования: Andreev AA, Yakhina DN, Bryankin DV, Makarova VV. Investigation of the dispersion process of
polypropylene glycol in perfluorodecalin. Journal of Advanced Materials and Technologies. 2022;7(1):28-35. DOI:
10.17277/jamt.2022.01.pp.028-035

1. Introduction
Perfluorinated polyesters are widely used as oils
and lubricants [1] for extreme temperatures. At the
moment, two strategies for obtaining perfluorinated
polymers are known: the monomeric route and
direct fluorination. The monomeric route involves
the polymerization of perfluorinated monomers.
The disadvantages of this method are the complexity
of controlling the structure and properties of the
resulting products, the inevitability of the formation
of residual peroxide groups [2], which, upon
reduction, lead to a decrease in the molecular weight
of oligomers.
Direct fluorination of commercially available
polymers with gaseous fluorine was described in [3–8].
Liquid-phase fluorination provides a reduction in
local heat release in exothermic processes and allows
the process to be carried out at a higher speed.
Liquid-phase fluorination is carried out by dissolving
the starting material, or suspensions and emulsions
are subjected to fluorination [9–12].
It was shown that liquid-phase fluorination of
polypropylene glycols (PPG) proceeds without
changing the carbon skeleton of the polymer [13],
however, the use of expensive, toxic, ozone-depleting
liquids as a liquid phase [14–16] limits industrial
application.
Fluorination of polymers in a perfluorinated
liquid, such as PFD, is a promising method for the
preparation of fluorinated polymers [17–19] due to
the high chemical stability of perfluorocarbons and
the solubility of gases in them. It was shown in [17]
that surface fluorination is accompanied by the
dissolution of the fluorinated polymer in PFD;
accordingly, the provision of a high interfacial
surface significantly affects the rate of the process.
This paper is focused on the study of the
properties of PPG emulsions in PFD with the aim of
applicability for subsequent fluorination. In this

study, we show the compatibility of PPG and PFD,
determine the patterns of using sonification to obtain
an emulsion of PPG in PFD, the effect of sonification
on the change in the molecular weight distribution of
PPG with different molecular weights. The research
results will make it possible to establish the
feasibility and optimal parameters of fluorination of
PPG in PFD to obtain perfluorinated ethers with a
given molecular weight.
2. Materials and methods
2.1. Materials
In our study, we used PFD produced by LLC
Khimzavod Fluorosalts with a basic substance
content of 99.2 %; PPG with a molecular weight of
425, 2000, 4000 Da from Acros OrganicsTM (CAS:
25322-69-4); Chloroform of special purity grade for
gel permeation chromatography (GPC) from the
company “Galakhim”. The GPC system was
calibrated using a set of InfinityLab EasiVial
PEG/PEO standard samples (Agilent Technologies).
2.2. Methods
2.2.1. Laser microinterferometry
To study the compatibility of PPG and PFD,
laser microinterferometry was used [20]. A PPG
sample was placed between translucent glasses, and
a gap of 60 µm was fixed with polyimide spacers.
Then PFD was poured into diffusion cells.
The moment of contact of the components was
considered to be the beginning of the diffusion
process. The measurements were carried out in the
mode of stepwise increase and decrease in
temperature from 20 to 120 °C. A KLM-A532-15-5
modular laser with a wavelength of 532 nm was used
as a light source. Interference patterns were recorded
using a digital video camera with image transfer to a
computer.
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In addition, the refractive indices of PPG and
PFD at 25°C were determined using an IRF-22
refractometer. The difference between them was
0.13, which corresponded to the formation of
24–25 interference fringes in the interdiffusion zone.
2.2.2. Sonification method
The PPG dispersion was carried out on an
ultrasonic disperser UZDN-0.3 manufactured by
Kriamid LLC (Moscow, Russia), which consists of
the following components: an ultrasonic generator
GU-22-800 with a maximum power of 800 W with
adjustable voltage pulses from 200 to 500 V and
frequency from 22 to 23 kHz to adjust to the
resonance of the system; an oscillatory system, which
is an assembly of a water-cooled magnetostrictive
transducer and a submersible waveguide made of
titanium with a diameter of 5 mm.
Sample weights PPG and PFD in the required
ratio were placed in a glass beaker with a volume of
50 ml, then the waveguide of the ultrasonic disperser
was lowered 2–5 mm into the layer of initial reagents,
the dispersant was turned on, and the frequency was
adjusted to the resonance of the system for maximum
cavitation in the reaction volume. The time of
ultrasonic exposure was 3 minutes, in the case of
experiments for GPC, it was 45 minutes.
2.2.3. Gravimetric method for determining
of PPG emulsions in PFD concentration
To measure the concentration of PPG in the
emulsion, a gravimetric method was used.
The experimental data in Table 1 confirm that the
PPG evaporation rate is 100–1000 times lower than
the PFD evaporation rate at temperatures of 60–180 °C.
The essence of the method is to determine
the mass of PPG in the emulsion, taking into account
the fact that at a given temperature, all PFD
evaporates, and all PPG remains in a condensed state.
Table 1. Evaporation rates
of PPGs and PFD at different temperatures
–1

Substance

Evaporation rates, mg·min
60 °С

120 °С

180 °С

PFD

210

247

492

PPG425

0.14

0.3

1

PPG2000

0.11

0.16

0.67

PPG4000

0.07

0.12

0.4

30

For this purpose, crucibles with emulsion weights of
about 20 g were placed in a drying oven, which
provided a stable temperature control mode
(60 ± 2) °C. Mass measurements were carried out
using an Acculab ALC-210d4 analytical balance with
a resolution of 0.1 mg.
2.2.4. Particle size determination
A DelsaMax Pro particle size analyzer, Beckman
Coulter, was used to evaluate the particle sizes of the
emulsified PPG in the resulting emulsions.
The measurements were carried out at a wavelength
of 589 nm; the thermostat temperature of the
measured cell was 21 °C. To average the result of the
measurement, 10 measurements of dispersion were
taken for 5 seconds each. Such measurements were
repeated five times on one sample. At the end of
dispersion, an aliquot was taken from the emulsion
volume into a dry, cleaned polymer cuvette with
a volume of 1.5 mL. For emulsions of PPG with
a molecular weight of 425, 2000, 4000 Da in PFD,
the average particle radius was measured after
sonification after 1, 2, 3, and 24 hours.
2.2.5. Gel permeation chromatography
The LC-20 Prominence GPC system (Shimadzu,
Japan) consists of a high-precision liquid pump
LC-20 AD (Shimadzu, Japan), a DGU-203R
Prominence degasser (Shimadzu, Japan), a CTO20A/AC column furnace (Shimadzu, Japan),
a refractive index detector RID-20A (Shimadzu,
Japan) and an Agilent Technologies 7.5 × 300 mm
column (PLgel 5 μm MIXED-C), providing an
effective molar mass determination range from 200 to
5
4 × 10 Dа. The injection volume was 20 μL.
Chloroform was used as the eluent at a flow rate
–1
of 1 mL⋅min at 40 °C.
The original PPG samples and standard samples
were dissolved in chloroform before analysis. In the
case of studying the molecular weight distribution
(MWD) of PPG after sonification, PFD was first
evaporated from the emulsion under vacuum at
60 °C, and the residue was dissolved in chloroform.
Before analysis, all samples were filtered through
PTFE filters with a pore size of 0.75 µm.
The weight average (Mw) and number weight
(Mn) were evaluated using Shimadzu LC Solution
software. The polydispersity index (PDI) was
calculated as the ratio between Mw and Mn.
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3. Results and discussions
3.1. Compatibility of components
in the PPG – PFD system
Typical interferograms of zones of mutual
diffusion of the PPG – PFD system are shown in Fig.1.
It can be seen that the interference fringes on
both sides of the interface did not change at all
temperatures and PPG molecular weights. There is no
penetration of components into each other, i.e. PPG
and PFD are mutually insoluble.

(a)

3.2. The effect of sonification
on the molecular weight distribution of PPG
Due to the insolubility of PPG in PFD, it was
decided to investigate the process of emulsification of
PPG in PFD using an ultrasonic disperser. It is known
that sonification can lead to a change in the MWD of
polymers [21, 22], which can critically change the
structure and properties of the resulting product.
In this regard, we studied the MWD of PPG by GPC
before and after ultrasonic dispersion. It has been
experimentally established that sonification of the
PPG-PFD system for 3 minutes leads to a visually
homogeneous emulsion throughout the volume.
It is known that fluorination processes can take place
over several hours, which indicates the potential need
for periodic sonification to maintain a high specific
surface area of the PPG – PFD interface. In this
regard, to conduct GPC analysis, the time of
ultrasonic exposure to the PPG – PFD system was
increased 15 times. The values of Mw, Mn and PDI are
given in Table 2 and in Fig. 2.
3.3. Investigation of the PPG emulsion in PFD
It was found that after the cessation of ultrasonic
dispersion, most of the PPG is separated from PFD
within 30 min. After the specified time, the PFD
contains about 0.1 wt. % of dispersed PPG and the
characteristic separation time of this dispersion is tens
and hundreds of hours, it was proposed to call this
system a quasi-stable dispersion.

(b)

(c)
Fig. 1. Interferograms of systems PPG – PFD at (a) 45 °С,
(b) 95 °С and (c) 62 °С

Table 3 shows the concentrations of PPG with
different molecular weights in a quasi-stable
dispersion, immediately after dispersion, 3 hours and
a day after the cessation of ultrasonic exposure
according to gravimetry.
Based on the studies to measure the
concentration of PPG in emulsions, it can be
concluded that the concentration of PPG in emulsions
depends on the molecular weight of PPG and the time
after ultrasonic dispersion. With a decrease in the
molecular weight of PPG from 4000 to 425 Da, the
concentration increases from 0.12 to 0.19 wt. %.

Table 2. Mw, Mn and PDI before and after sonification
Substance

Before sonification

After sonification

Mw, Dа

Mn, Dа

PDI

Mw, Dа

Mn, Dа

PDI

PPG425

355

372

0.95

410

430

0.95

PPG2000

1374

1461

0.94

1417

1511

0.94

PPG4000

3388

3554

0.95

3461

3652

0.95
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Fig. 3. Dependence of average particles radius in emulsions on time PPG 425 (1), 2000 (2), 4000 (3)

Table 3. Concentrations of PPG in emulsions
of PPG – PFD over time

WT

Concentrations of PPG in PPG – PFD
emulsions, wt. %
PPG 425

PPG 2000

PPG 4000

0.5

0.19

0.14

0.12

3

0.06

0.04

0.03

24

0.015

0.013

0.012

It was found that the concentration of PPG in
a quasi-stable dispersion decreases over time by
a factor of 3–4 in 3 hours after dispersion, the rate of
change in concentration does not depend on the
molecular weight of PPG.
Figure 3 shows the dependence of the average
particle radius of dispersed PPG in PFD on the
emulsion holding time. One hour after the end of the
ultrasonic exposure, the characteristic particle radius
is 350–650 nm, and after 24 hours – 800–1100 nm.
It is known that the characteristic depth of
surface fluorination of polymers is about 0.1–10 μm
[6]. Since the liquid-phase fluorination of PPG in the
system under study will occur at the interface, it is
required to maintain the maximum area of the
interface.
To carry out fluorination, it is advisable to use
periodic ultrasonic dispersion of PPG in PFD at
intervals of no more than 30 minutes to maintain the
optimal concentration and surface area of the phase
separation.

4. Conclusion
Using laser microinterferometry, it was shown
that PPGs of various molecular weights are insoluble
in PFD, which was the reason for the need
for dispersion using ultrasound. The absence of
a statistically significant effect of ultrasonic dispersion
on the change in the MWD of PPG was established.
The dependences of changes in concentrations
and size of PPG particles on time were studied:
– the concentration of PPG in the emulsion
decreases over time, and the particle size increases;
– the higher the PPG molecular weight, the
lower the PPG concentration in quasi-stable
emulsions, but the larger the average particle radius.
Since ultrasonic dispersion does not change the
molecular weight of PPG, this process is applicable to
provide a high specific interfacial area in the PPG –
PFD system. The implementation of liquid-phase
fluorination of PPG is advisable to carry out with
continuous or periodic dispersion.
5. Funding
This study was funded by the Ministry of
Science and Higher Education of the Russian
Federation, project FSWW-2020-0020
6. Conflict of interests
The authors declare no conflicts of interest.
References
1. Guarda PA, Petricci S, Fontana G, Marchionni G.
Synthesis and characterization of poly(tetrafluoroethyleneperoxides). Journal of Fluorine Chemistry. 2009;
130(11):1011-1016. DOI:10.1016/j.jfluchem.2009.07.021

Andreev A.A., Yakhina D.N., Bryankin D.V., Makarova V.V.

33

Journal of Advanced Materials and Technologies. 2022. Vol. 7, No. 1

2. Wu M, Navarrini W, Spataro G, Venturini F,
Sansotera M. An environmentally friendly class of
fluoropolyether: α,ω-dialkoxyfluoropolyethers. Applied
Sciences. 2012;2(2):351-367. DOI:10.3390/app2020351
3. Allison JAC, Cady GH. Reactions of
trifluoromethyl hypofluorite with organic compounds.
Journal of the American Chemical Society. 1959;81(5):
1089-1091. DOI:10.1021/ja01514a018
4. Kharitonov AP, Simbirtseva GV, Bouznik VM,
Chepezubov MG, Dubois M, Guérin K, et al.
Modification
of
ultra-high-molecular
weight
polyethylene by various fluorinating routes. Journal of
Polymer Science, Part A: Polymer Chemistry.
2011;49(16):3559-3573. DOI:10.1002/pola.24793
5. Kharitonov AP, Kharitonova LN. Surface
modification of polymers by direct fluorination:
A convenient approach to improve commercial properties
of polymeric articles. Pure and Applied Chemistry.
2009;81(3):451-471. DOI:10.1351/PAC-CON-08-06-02
6. Kharitonov AP. Direct fluorination of
polymers – From fundamental research to industrial
applications. Progress in Organic Coatings. 2008;61(2-4):
192-204. DOI:10.1016/j.porgcoat.2007.09.027
7. Okazoe T. Development of the “PERFECT”
direct fluorination method and its industrial applications.
Journal of Fluorine Chemistry. 2015;174:120-131.
DOI:10.1016/j.jfluchem.2014.09.020
8. Belov NA, Alentiev AY, Bogdanova YG,
Vdovichenko AY, Pashkevich DS. Direct fluorination
as method of improvement of operational properties
of polymeric materials. Polymers. 2020;12(12):
2836(1-24). DOI:10.3390/polym12122836
9. Gerhardt GE, Lagow RJ. Synthesis of
perfluoropolyethers by direct fluorination; a novel
preparation for perfluoro(polypropylene oxide) ethers
and perfluoro(polymethylene oxide) ethers. Journal of
the Chemical Society. 1981;1:1321-1328. DOI:10.1039/
P19810001321
10. Lagow RJ, Margrave JL. The controlled
reaction of hydrocarbon polymers with elemental
fluorine. Journal of Polymer Science Part B Polymer
Physics. 1974;12(4):177-184. DOI:10.1002/pol.1974.
130120401
11. Adcock JL, Inoue S, Lagow RJ. Simultaneous
fluorination and functionalization of hydrocarbon
polymers. Journal of the American Chemical Society.
1978;100(6):1948-1950. DOI:10.1021/ja00474a062
12. Gerhardt GE, Lagow RJ. Synthesis of the
perfluoropoly(ethylene glycol) ethers by direct
fluorination. Journal of Organic Chemistry. 1978;
43(23):4505-4509. DOI:10.1021/Jo00417A026
13. Lagow RJ, Margrave JL. Direct fluorination:
A “new” approach to fluorine chemistry. Progress in
34

Inorganic Chemistry. Hoboken, NJ, USA: John Wiley
& Sons, Inc.; 2007. p. 161-210.
14. Banks RE, Smart BE, Tatlow JC.
Organofluorine chemistry: principles and commercial
applications. New York, NY: Springer; 2013.Available
from: https://public.ebookcentral.proquest.com/choice/
publicfullrecord.aspx?p=5590377 [Accessed 16 October
2021].
15. Blanco MB, Rivela C, Teruel MA.
Tropospheric degradation of 2,2,2 trifluoroethyl
butyrate: Kinetic study of their reactions with OH
radicals and Cl atoms at 298 K. Chemical Physics Letters.
2013;578:33-37. DOI:10.1016/j.cplett.2013.06.004
16. Mellouki A, Wallington TJ, Chen J.
Atmospheric chemistry of oxygenated volatile organic
compounds: impacts on air quality and climate. Chemical
Reviews.
2015;115(10):3984-4014.
DOI:10.1021/
cr500549n
17. Blinov IA, Mukhortov DA, Yampolskii YP,
Belov NA, Alentiev AYu, Chirkov SV, et al. Direct
fluorination of poly-2,6-dimethyl-1,4-phenylene oxide
in perfluorinated liquid medium. Journal of Fluorine
Chemistry. 2020;234:109526. DOI:10.1016/j.jfluchem.
2020.109526
18. Belov NA, Blinov IA, Alentiev AYu,
Belokhvostov VM, Mukhortov DA, Chirkov SV, et al.
Direct fluorination of acetyl and ethyl celluloses in
perfluorinated liquid medium. Journal of Polymer
Research. 2020;27(9):290. DOI:10.1007/s10965-02002261-8
19. Blinov IA, Belov NA, Suvorov AV, Chirkov SV,
Kostina YV, Mazur AS, et al. Fluorination of
polystyrene by elemental fluorine in liquid media.
Journal of Fluorine Chemistry. 2021;246:109777.
DOI:10.1016/j.jfluchem.2021.109777
20. Makarova V, Kulichikhi V. Application of
interferometry to analysis of polymer-polymer and
polymer-solvent interactions. Interferometry – Research
and Applications in Science and Technology InTech;
2012. Available from: http://www.intechopen.com/
/books/interferometry-research-and-applications-inscience-and-technology/application-of-interferometryto-analysis-of-polymer-polymer-and-polymer-solventinteractions [Accessed 12 October 2021].
21. Kawasaki H, Takeda Y, Arakawa R. Mass
spectrometric analysis for high molecular weight
synthetic polymers using ultrasonic degradation and the
mechanism of degradation. Analytical Chemistry.
2007;79(11):4182-4187. DOI:10.1021/ac062304v
22. Madras G, Karmore V. Continuous distribution
kinetics for ultrasonic degradation of poly(methyl
methacrylate). Polymer International. 2001;50(6):683687. DOI:10.1002/pi.677

Andreev A.A., Yakhina D.N., Bryankin D.V., Makarova V.V.

Journal of Advanced Materials and Technologies. 2022. Vol. 7, No. 1

Информация об авторах / Information about the authors
Артем Андреевич Андреев, кандидат технических
наук, научный сотрудник, Национальный исследовательский Томский политехнический университет,
Томск, Российская Федерация; ORCID 0000-00032668-2495, e-mail: andreevaa@tpu.ru

Artem A. Andreev, Cand. Sc. (Engineering), Research
Scientist, National Research Tomsk Polytechnic
University, Tomsk, Russian Federation; ORCID 00000003-2668-2495, e-mail: andreevaa@tpu.ru

Дарья Николаевна Яхина, инженер, Национальный исследовательский Томский политехнический
университет, Томск, Российская Федерация; ORCID
0000-0002-7829-0277, e-mail: yahina@tpu.ru

Daria N. Yakhina, Engineer, National Research Tomsk
Polytechnic University, Tomsk, Russian Federation;
ORCID 0000-0002-7829-0277, e-mail: yahina@tpu.ru

Даниил Валерьевич Брянкин, лаборант-исследователь, Национальный исследовательский Томский
политехнический университет, Томск, Российская
Федерация; ORCID 0000-0001-6759-7997, e-mail:
dvb43@tpu.ru

Daniil V. Bryankin, Laboratory Assistant, National
Research Tomsk Polytechnic University, Tomsk,
Russian Federation; ORCID 0000-0001-6759-7997,
e-mail: dvb43@tpu.ru

Вероника Викторовна Макарова, кандидат химических наук, научный сотрудник, ФГБУН «Институт
нефтехимического синтеза им. А. В. Топчиева
РАН», Москва, Российская Федерация; ORCID 00000002-3488-1630, e-mail: vvm@ips.ac.ru

Veronika V. Makarova, Cand. Sc. (Chemistry),
Research Scientist, A. V. Topchiev Institute of
Petrochemical Synthesis of Russian Academy of
Sciences, Moscow, Russian Federation; ORCID 00000002-3488-1630, e-mail: vvm@ips.ac.ru

Received 17 November 2021; Accepted 24 December 2021; Published 14 April 2022
Copyright: © Andreev AA, Yakhina DN, Bryankin DV, Makarova VV, 2022. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

Andreev A.A., Yakhina D.N., Bryankin D.V., Makarova V.V.

35

