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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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Annoranusi: [lepdropupoBannsie mnommdduper  (IIGIID) HaxomsT mnpUMEHEHHME B KauyecTBE KOMIIOHEHTOB
BBICOKOA((PEKTHUBHBIX CMa30K W Macel, padOTarolIMX B YCJIOBUSX BBICOKOM M HH3KOHM TeMIlepaTypbl, B TOM YHCIIE
B U3JENUAX CIICHUAIBHOIO HA3HAYEHMS, WCIONB3YeMBIX B KOCMOCE M apKTHUECKMX ycioBusx. CylecTByromye
KoMMepueckn goctynHele [IDIID  sBusrorcss MpomyKTamMM MOHOMEPHOTO CHHTE3a, YTO HEHW30€KHO MNPUBOIMT
K HEOJHOPOIHOH CTPYKTYpe KOHEYHOTro NpOAyKTa. B CBsI3M ¢ 3TMM, HCCIEZOBaHME HOBBIX IIOAXO/0B MOITYyYCHHUS
n3oraktudeckux [IPIID — akryanpHas 3agava. OZHUM M3 MEPCHEKTUBHBIX MOAXOAOB K MOIYyYCHHIO M30TAKTUYECKUX
[IOIID sensercst xuakodasnoe ¢GpropupoBanue. Ha ceromusmHuii aeHb B XKUAKO(Da3HOM (HTOPHPOBAHHUU HPUMEHSIOT
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TOKCHYHBIE, O30HOPA3pyMIAONINe PAaCTBOPUTENH, YTO OTPAaHWYMBACT INPOMBIIUICHHYIO peanm3anuio. Mcmomb3oBaHue
neppTOPUPOBAHHBIX KUIKOCTEH, Hanmpumep nepdropaekanuna (I1P/]), mO3BOIUT CHU3UTH IKOJOTHIESCKUE PUCKH CHHTE3a
[I®IID. VuuteBas HepacTBOpuUMOCTh monunponmwieHrnukonerd (I B TIDJ], npematokeHO HCMOJIb30BaHUE
YJIBTPa3BYKOBOT'O AMCHEPTUPOBaHMS JUIA IIOJy4eHUS OMyJbcHH W xuakodaszHoro ¢ropupoBanus. I[lpuBeneHs
uccienoBanus cBoiicts aMyiscuid IIIIN B IID/], onpeneneHsl KOHUEHTpaLUs, CPEJHUM pa3Mep 4acTULl U MOJIEKYJISPHO-
MaccoBoe pacnpeaeneHue. CrenaH BBIBOA O MPUMEHHUMOCTH YJIbTPa3BYKOBOTO JWCHEPTUPOBAHUS A oOecrnedeHus
BBICOKOI yJeNnbHOM Iutomany mnoBepxHocTH paznena (a3 B cucreme [T —TIIdD, a Tawke wnenecoodpazHOCTH
MPOBEACHUS YIbTPA3ByKOBOIO AMCHEPrHMPOBAHUS B HENPEPHIBHOM WM MNEPUOAUYECKOM pEeXHMME IpHU peaau3aliu
skukodasznoro gpropuposanus [T B TID/I.

KaioueBble c10Ba: MOJUIIPOIHICHTIIMKOIB; TEP(TOPICKAINH; 3MYJIbCHS; YIBTPa3ByKOBOE TUCIIEPIHPOBAHNE.
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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 um 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
Evaporation rates, mg-min

Substance
60 °C 120 °C 180 °C
PFD 210 247 492
PPG425 0.14 0.3 1
PPG2000 0.11 0.16 0.67
PPG4000 0.07 0.12 0.4

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 CTO-
20A/AC column furnace (Shimadzu, Japan),
a refractive index detector RID-20A (Shimadzu,
Japan) and an Agilent Technologies 7.5 x 300 mm
column (PLgel 5 pum MIXED-C), providing an
effective molar mass determination range from 200 to
4x10° Da. The injection volume was 20 pL.
Chloroform was used as the eluent at a flow rate
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 pm.

The weight average (M,,) and number weight

(M) were evaluated using Shimadzu LC Solution
software. The polydispersity index (PDI) was
calculated as the ratio between M,, and M,,.
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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.

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 M,,, M,, 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)

(©)

Fig. 1. Interferograms of systems PPG — PFD at (a) 45 °C,
(b) 95 °C and (¢) 62 °C

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. M,,, M,, and PDI before and after sonification

Before sonification

After sonification

Substance

M,, Da M, Da PDI M,, Da M, Da 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. 2. The gel-penetrating chromatography of the PPG
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Fig. 3. Dependence of average particles radius in emulsions on time PPG 425 (7), 2000 (2), 4000 (3)

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

Concentrations of PPG in PPG — PFD
emulsions, wt. %

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 um
[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.
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