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Abstract

This work aims to obtain the dispersions based on polyethylene glycols (PEGs)
of various molecular masses (MM) and perfluorodecalin (PFD) for subsequent
direct fluorination. The solubility of the components was estimated using laser
interferometry and differential scanning calorimetry, and it was shown that PEGs
with different MM are not highly compatible with PFD. The dispersions were
prepared during sonication. Gel permeation chromatography (GPC) analysis
indicated that MMs almost did not change in this process. While the sonication of
PEG-PFD, there is a formation of dispersion with the particle sizes distribution in
a range of 0.4-2 um depending on the MM of PEG. The dispersion is metastable
for several hours, even though its stability was significantly affected by additional
bubbling with the gas flow. Moreover, the dispersions with a solid PEG phase
(MM > 600 Da) were subjected to a smaller change compared to a liquid one
(MM < 600 Da). The results of this research shed light on the applicability of the
ultrasonic preparation of PEGs in PFD for liquid-phase fluorination with obtaining
perfluorinated polyether of target MM.

1. Introduction

By now, there are two strategies to obtain perflu-
oropolyethers — the monomeric pathway and direct

Perfluorinated polyethers and their derivatives
with functional end groups are widely used in
chemical synthesis to obtain modern materials due
to their unique properties [1, 2]. Thus, materials
based on perfluoroethylene glycol (PEG) ethers
have excellent viscosity indices and low-tem-
perature properties, very low evaporative losses,
and sufficient thermal stability. These properties
make them attractive candidates for low-tempera-
ture lubricants [3—7]. Perfluoropolyethers are now
considered to be a promising alternative to hydro-
fluorocarbons because of their low atmospheric
lifetimes [8—17].
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fluorination. The first one involves the polymeriza-
tion of perfluorinated monomers and is suffering
from the complexity of the structure and properties
control of the products obtained, and the inevita-
bility of the formation of residual peroxide groups
[15], which upon reduction leads to a decrease in
the molecular masses (MM) of oligomers. At the
same time, direct fluorination of commercially
available polymers using gaseous fluorine is get-
ting more widespread [18-23].

Liquid-phase fluorination provides a reduction
in local heat generation during exothermic pro-
cesses and can be carried out at a higher rate. Liq-
uid-phase fluorination is performed by dissolving
the starting substance, or otherwise, suspensions
and emulsions are fluorinated.

© 2022 The Author(s). Published by al-Farabi Kazakh National University.
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It has been shown that fluorination of PEG solu-
tions is taking place without the carbon backbone
of the polymer changing [22, 24], but the use of ex-
pensive, toxic, ozone-depleting liquids as the lig-
uid phase [25-27] limits its industrial applications.

Fluorination of polymers in a perfluorinated
liquid medium, such as perfluorodecalin (PFD),
is a promising method to obtain fluorinated poly-
mers [28-30] due to the high chemical resistance
of perfluorocarbons and the solubility of gases in
them. It was shown in [28] that surface fluorination
is accompanied by the dissolution of a fluorinat-
ed polymer in PFD, which means that providing a
high interface for liquid-phase fluorination in PFD
significantly affects the rate of the process.

This work investigates a system of PEG and
PFD for subsequent fluorination. In this study,
there is a demonstration of the compatibility of
PEGs and PFD, as well as the determination of the
sonication aspects that contribute to obtaining the
emulsions of PEGs in PFD. There is also a discus-
sion of the sonication effect on the changes in the
molecular mass distribution of PEGs with different
molecular masses. The research results will make
it possible to establish the feasibility and determine
the parameters of fluorination of PEGs in PFD to
obtain perfluoropolyethers with target MM.

2. Materials and Methods
2.1. Materials

PFD with the main substance content of 99.2%,
and PEG with MM of 200, 300, 400, 600, 1500,
4000, 6000, 10000 were purchased from Fluorine
Salts Chemical Plant LLC. Additionally, PEG
with MM of 40000 Da was obtained from Forward
Group LLC. Chloroform of spectrophotometric
grade for gel permeation chromatography (GPC)
analysis was obtained from Sigma Aldrich.

For GPC system calibration InfinityLab Eas-
iVial PEG/PEO standards (Agilent Technologies)
were used.

2.2. Laser interferometry

The compatibility of PFD with PEGs was stud-
ied by laser interferometry [31, 32]. For that, PEG
was placed between the two glass slides with a
gap thickness of 60 pm controlled by the spacers.
In the case of solid PEG, the diffusion cell was
formed at a temperature of 60 °C. Then PFD was
poured into the cells. The moment of contact of
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Fig. 1. Thermal dependences of refractive indices for
PFD (1), PEG 300 (2), PEG 1500 (3), PEG 10000 (4)
and PEG 40000 (5).

the components was an indicator of the beginning
of the diffusion process. The measurements were
carried out in the mode of a stepwise increase and
decrease of temperature from 20 to 120 °C. A mod-
ular KLM-AS532-15-5 laser with a wavelength of
532 nm was used as a light source. The interfer-
ence patterns were recorded using a digital camera
with the image transferred to PC.

Thermal dependences of individual components
refractive indexes were previously determined us-
ing refractometry (Fig. 1). The measurements were
carried out with the refractometer IRF-22 con-
nected to the Huber CC304 thermostat. For all the
components, linear dependencies were observed.
The differences in refractive indices between PFD
and PEGs were 0.14-0.15, which corresponds to
the formation of 32-35 interference bands in the
diffusion zone.

2.3. Differential scanning calorimetry

The preparation of PEG and PFD mixtures was
carried out directly in crucibles. For this purpose,
the required amounts were placed in a crucible
located on the balance (Mettler Toledo XPR205)
with an accuracy of 0.01 mg. In general, the total
weight of each mixture was about 10 mg, but for
every case, it was weight with a high accuracy for
future calculations. Then the crucible was hermet-
ically sealed to ensure a constant composition of
the mixture in the entire temperature range of mea-
surements.

A homogeneous mixture was forming after
20 min at a temperature 30 °C above the melting
point of the most high-melting component. Then
the mixture was cooled down to the temperature
30 °C below the phase transition temperature of
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the most low-melting component at the rate of
10 °C/min and was held at this point for 10 min.
After that, the final heating at a rate of 10 °C/min
was done. Schematically, the procedure of this heat
treatment is shown in Fig. S1. The melting points
and enthalpies of fusion for the initial crystalline
PEGs were calculated based on the results of the
second heating.

2.4. The dispersion formation by sonication

PEG dispersion was carried out using the ultra-
sonic disperser UZDN-0.3 manufactured by Kri-
amid LLC (Moscow, Russia). The unit consists of
the following components: ultrasonic generator
GU-22-800 with a maximum power of 800 W, ad-
justable pulse voltage from 200 to 500 V, and fre-
quency from 22 to 23 kHz to adjust the resonance
of the system; oscillation system, representing an
assembly of the magnetostrictive transducer with
water cooling; and submersible titanium acoustic
waveguide with a diameter of 5 mm.

PEGs and PFD weights of the required ratio
were placed into a 50 ml glass beaker, then the
acoustic waveguide of the ultrasonic dispersant
was immersed into 2—5 mm of the initial reagents
layer. After that, the dispersant was turned on, and
the frequency was adjusted to the resonance of the
system for maximum cavitation in the reaction vol-
ume. The ultrasonic treatment time was 3 min. In
the case of GPC experiments, the treatment time
was prolonged to 45 min. The samples of high
molecular mass PEGs were preheated until they
were completely melted in PFD. Melting points
for PEGs with MM of 600, 1500, 4000, 6000 Da
were equal to 30 °C, 52.3 °C, 65.6 °C, and 73.1 °C,
respectively, according to TGA-DSC analysis.

Due to the sonication, the temperature of 25 ml
emulsion increased from 20 to 80 °C in 30 min.

2.5. Gravimetric method to determine the concen-
tration of PEG emulsions in PFD

It was experimentally confirmed that the evap-
oration rates of PEGs are 100-1000 times lower
than that of PFD at temperatures of 50-140 °C
(Table 1). The gravimetric method is required to
determine the mass of PEG in the emulsion, taking
into account that at a given temperature, all PFD
volume will evaporate, and all PEG will remain in
a condensed state. For this purpose, crucibles with
emulsion weights of about 20 g were placed in a
drying cabinet, which provided a stable tempera-

Table 1
Evaporation rates of PEGs and PFD
at different temperatures

Substance Evaporation rates, mg/min
50 °C 100 °C 140 °C
PFD 200 244 480
PEG200 0.35 0.57 4.78
PEG400 0.11 0.13 0.4
PEG600 0.09 0.1 0.3
PEG1500 0.1 0.11 0.22
PEG4000 0.1 0.12 0.27
PEG6000 0.1 0.11 0.24

ture control mode. The mass measurements were
carried out using an Acculab ALC-210d4 analyt-
ical balance.

2.6. Particle size determination

To estimate the emulsified PEGs particle sizes
in the obtained suspensions (emulsions), the parti-
cle size analyzer DelsaMax Pro (Beckman Coulter)
was used. The dispersity was measured at the 589
nm wavelength; the thermostat temperature of the
measuring cell was 21 °C. To evaluate the error
bar, there were 10 dispersity measurements with
a duration of 5 s. The procedure was repeated 5
times for each sample. In the end, an aliquot was
taken from the volume of the emulsion and put into
a dry purified polymer 1.5 ml cuvette.

The average radius of particles was measured
0.5—6 hours after ultrasonic exposure of the emul-
sions of PFD and PEGs with MM of 200, 400,
600, 1500, 4000, 6000. The average radius of par-
ticles after bubbling with a duration from 0 to 40
min was also determined. The bubbling was car-
ried out through a layer of emulsion placed into a
10 ml tube made of HANNA borosilicate glass. To
do this, the air was supplied with a flow rate of
5 L/hour through a siphon lowered to the bottom
of the tube.

2.7. Gel permeation chromatography

The GPC LC-20 Prominence (Shimadzu, Ja-
pan) system consists of a LC-20 AD HPLC pump
(Shimadzu, Japan), DGU-203R Prominence De-
gasser (Shimadzu, Japan), CTO-20A/AC column
oven (Shimadzu, Japan), RID-20A (Shimad-
zu, Japan) refractive index detector and 7.5%300
mm Agilent Technologies column (PLgel 5 um

Eurasian Chemico-Technological Journal 24 (2022) 259-265



262 Dispersion of Polyethylene Glycol in Perfluorodecalin for Liquid Phase Fluorination

MIXED-C, providing an effective molecular mass
range of 200 to 4x105 Da). The volume of injec-
tion was 20 pL. Chloroform with a flow rate of
1 mL/min at 40 °C was used as an eluent.

The samples of the original PEGs as well as ref-
erence samples were dissolved in chloroform be-
fore the analysis. In the case of the PEGs study,
after sonication PFD was first evaporated from the
emulsion under a vacuum at 60 °C, and the residue
was dissolved in chloroform. Before the analysis,
all the samples were filtered through PTFE filters
with a pore size of 0.75 um.

The GPC system was calibrated with PEG stan-
dards in the molecular mass range from 194 to
34520 g/mol (regression equation of the calibra-
tion curve is y = 32986-x - 8.22; R?=0.9998, where
x —time, min; y — LogMM). Weight (M,,) and num-
ber (M,) of average molecular masses were eval-
uated using Shimadzu LC Solution software. The
polydispersity index (PDI) was calculated as the
ratio between M,, and M,,.

3. Results and discussion
3.1. Compatibility of PEG-PFD

Figure 2 shows typical interferograms of the in-
terdiffusion zones formed in the contact of PEG and
PFD phases. The interference bands on both sides
of the interface did not change at any temperature
regardless of the molecular mass from the molecu-
lar mass of PEG. These results indicate that there is
no penetration of the components into each other,
and show the incompatibility of PFD with PEG.

(a) EXEET

(b) [FAEFE

'OYPEG 10000

() PEG 40000

Fig. 2. Interferograms of the PEG-PFD systems at (a) —
54 °C, (b) — 70 °C, (c) — 110 °C and (d) — 60 °C.

The phase transitions of the individual compo-
nents were observed for all of the studied PEG—
PFD compositions (Fig. S2.A-C). However, there
are minor shifts in the temperature transitions. The
drop in phase transition temperatures with an in-
crease in PEG concentration according to DSC data
can be explained by the cryoscopic effect. Howev-
er, in this case, the components are not able to form
a homogeneous solution in the liquid phase and are
separated due to high differences in density. In ad-
dition, there is a decrease in the heat of the PFD
phase transition (compared to the expected value
based on the loading of the components), which is
usually about 1% of the normalized value. At the
same time, the enthalpies of fusion of the PEG1500
and PEG40000 crystalline phases remain close to
the expected value. Unlike the others, in a mixture
with PFD, PEG300 significantly loses a fraction of
the crystallizing phase (Fig. S2.A), however, it ini-
tially tends to overcooling and, in the case of the
shortest chain, has a defective crystal structure.

The PEG1500-PFD system was studied in more
detail. The dependences of the temperature chang-
es of the PEG1500 and PFD phase transitions are
shown in Fig. 3. The effect of the change in T,,,, for
the entire phase diagram (Fig. 3) fits in an interval
of 1 degree, which indicates extremely low com-
patibility of the components in the isotropic phase.
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Fig. 3. PFD (a) and PEG1500 (b) melting points (T,,) in
PEG1500-PFD systems.
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Fig. 4. PEG1500 heat capacity at T, range in the
PEG1500-PFD systems.

Figure 4 shows the correlation between the
calculated and experimental data (Fig. 2C) on the
change in heat capacity (AC,) for the PEG1500-
PFD system in the glass transition (T,) range. At the
same time, it was found that T, remains in the same
range, although the magnitude of the jump in heat
capacity is slightly less than the expected value.
This fact can be associated with the cryoscopic ef-
fect when the accessibility for interaction increases
in comparison with the densely packed crystalline
phase. However, this effect is negligible.

3.2. Effect of PEG-PFD dispersion sonication on
MM of PEG

Due to the close to none solubility of PEG in
PFD, it was decided to investigate the process of
dispersion of PEG in PFD using an ultrasonic dis-
persant. It is known [33, 34] that ultrasonic treat-
ment may lead to a change in the molecular mass
distribution (MMD) of polymers, which could crit-
ically change the structure and properties of the
resulting product. In this regard, we conducted a
study of PEGs MMD before and after sonication
using the GPC method. The optimal sonication
time of 3 min was determined experimentally.
The fluorination processes may occur within a few
hours, which indicates the potential need for peri-
odic ultrasonic treatment to maintain a high surface
area of the PEG-PFD interface. In this regard, the
sonication time was increased 15 times to conduct
GPC analysis. M,, and M,, average MM as well as
PDI as a measure of molecular mass distribution
are shown in Table 2 and Figs. S3.A-F.

As one can see, the M,, M, and PDI of the
original PEGs and PEGs after sonication are not
that different. It means that the selected dispersion
mode does not affect the structure of the initial
polymer significantly, which helps to predict the

Table 2
M,,, M, and PDI before and after ultrasonic treatment

Substance Before ultrasonic After ultrasonic

M, Da M,,Da PDI M, Da M,,Da PDI
PEG200 180 206 144 175 190 1.09
PEG400 333 405 122 342 419 123
PEG600 496 600 121 514 610 1.19
PEGI500 919 1330 144 929 1918 142
PEG4000 2203 3633 1.65 2261 3567 1.58
PEG6000 4952 5565 121 4402 5651 1.8

molecular mass of the final product with greater
accuracy. Also, the selected dispersion mode can
be used during the fluorination process to maintain
a high interface area in the PEG-PFD system.

3.3. Investigation of PEG dispersions in PFD
after sonication

Most of PEG is getting separated from PFD
within 30 min after the termination of the ultrason-
ic dispersion as was shown with the measurements.
After 30 min, PFD contains about 0.1 wt.% of the
dispersed PEG. The characteristic breakdown time
of this dispersion is tens and hundreds of hours.
Thus, this system was proposed to be called a
metastable dispersion.

Table 3 shows the concentrations of PEGs with
different molecular masses in a metastable disper-
sion 1 h after the termination of sonication, accord-
ing to gravimetric method data.

Based on the studies to determine the concen-
tration of PEG in the emulsions, the concentration
of PEG in the emulsions depends on the molecular
mass of PEG and the time passed after sonication.
A decrease in the molecular mass of PEG from
6000 to 200 Da leads to an increase in concentra-
tion from 0.08 to 0.7 wt.%.

Table 3
Concentrations of PEGs in metastable emulsions
of PEG-PFD
Substance Concentration Concentration
of PEG in the of PEG in the
emulsion, % emulsion, g/L
PEG200 0.6-0.7 3.1-3.6
PEG400 0.25-0.3 1.4-1.55
PEG600 0.1-0.13 0.6-0.68
PEG1500 0.09-0.13 0.48-0.69
PEG4000 0.08-0.09 0.3-04
PEG6000 0.08-0.09 0.3-0.38
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To increase the concentration of emulsified
PEG in PFD, it is required to take the shortest pos-
sible time from sonication to the beginning of flu-
orination.

The concentration of PEG in a metastable dis-
persion decreases over time by 5£1% per hour in
the range from 1 to 6 h after dispersion, while the
rate of concentration change does not depend ei-
ther on the molecular mass of PEG or on the tem-
perature values.

Figure 5 demonstrates the dependence of the
radius of PEG particles in PFD on the dispersion
hold time. After 30 min from the end of ultrasonic
treatment, the characteristic radius of the particles
is equal to 200—-500 nm, while after 6 h it increases
to 600-950 nm. 2 hours after sonication the radi-
us of the PEG particles increases by 50+10 nm/h
for low molecular mass PEGs (PEG200, PEG 400,
PEG600) and by 25+5 nm/h for high molecular
mass PEGs (PEG1500, PEG 4000, PEG6000) at
21 °C.

To determine the effect of dispersion mixing
and the presence of a gas phase in it on the rate of
particle size increase, there was a nitrogen stream
introduction into the dispersion. Figure 6 shows
the dependence of the average radius of PEGs with
different molecular masses particles at the time of
the process. During 40 min of bubbling, the char-
acteristic radius of the particles increased from
200-500 to 1500—4000 nm.

The average radius of PEG particles increased
by 40+4 nm/min for PEG200 and PEG400, 20+4
nm/min for PEG600, 145+10 nm/min for PEG1500,
125+£10 nm/min for PEG4000, and 10510 nm/
min for PEG6000 after 20 min from the start of
bubbling. The greater stability of the emulsion is
observed for PEGs with MM of 600-6000, which
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Fig. 6. PEG average particle radius in the emulsions
over time (with bubbling).

could be explained by the solid state of PEG in
these dispersions.

Since the fluorination of PEG in the investigat-
ed system is the surface process, fluorination under
mild conditions requires maintaining the size of
the emulsified PEG particles at an optimal level.
Taking into account the depth of surface fluorina-
tion of polymers, which is about 0.1-10 um [21],
the optimal average radius of PEG particles should
not be exceeded.

4. Conclusions

Laser microinterferometry and DSC methods
showed that PEGs of various molecular masses are
interinsoluble, which justified the need for ultra-
sonic dispersion. The effect of sonication on the
chemical structure of the dispersed PEGs of vari-
ous MMs was tested in separate experiments, and
no significant changes were found.

The concentrations of PEG in the emulsions with
PFD were gravimetrically determined for PEGs of
various molecular masses, as well as over time, and
the change in PEG concentrations in metastable
emulsions was shown. The average concentration
of PEG in a metastable emulsion with PFD was
0.08-0.7 wt.%. The average radius of PEG parti-
cles in the emulsions increased depending on the
aging time of the dispersion. Particle size growth
acceleration was observed for gas bubbling.

Since ultrasonic emulsification is not accompa-
nied by a change in MM of PEGs, ultrasonic emul-
sification of PEG in PFD allows one to obtain and,
if necessary, maintain the size of PEG particles
and the interface area at an optimal level, which is
useful to predict MM of perfluoropolyether upon
liquid-phase fluorination of PEG in PFD.

Altogether, the results of the conducted studies
allow one to conclude that it is advisable to carry
out liquid-phase fluorination of PEGs of various
MM using ultrasonic emulsification in PFD.
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