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Abstract

The radical polymerization of 2,3,4,5,6-pentafluorostyrene (PFS) and 2-hydroxyethyl
methacrylate (HEMA) in the presence of chain transfer agent - 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid was studied. It was shown that PFS polymerization
proceeds through a reversible addition-fragmentation chain transfer polymerization mechanism,
and that of HEMA polymerization is more complicated. The conditions of preparation of diblock
copolymers (DBC) which do not contained the by-products of uncontrolled radical
polymerization of PFS were found. Comparative study of contact angles versus water (6;°) and
diiodomethane (6°™.'2) of nylon fabric samples, treated with DBC containing 37 mol. % PFS-
units, and poly-2,3,4,5,6-pentafluorostyrene (PPFS) was conducted. It is shown that the nylon
fabric treated with DBC has higher 6,° = 125 + 3° and §°t,'; = 101+5° than PPFS films (07,° =
102 + 2° ufHyl; = 74+1°).
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Introduction

To create omniphobic coatings, compounds containing long-chain fluorinated
alkyl fragments with terminal -CF; groups, which are capable of self-organization
with dense packing of -CF; groups, are commonly used. Dense packaging provides
low values of the surface energy of the coatings and gives them the ability to not
be wetted by both polar and non-polar liquids. However, long fluorinated
fragments do not decompose in nature, and the destruction of coatings is
accompanied by the release of toxic and bioaccumulative perfluorooctane sulfonic
and perfluorooctanoic acids. In this regard, the urgent task is the creation of
omniphobic coatings without the use of compounds with long-chain fluorinated
alkyl fragments.

In this work, we propose to use amphiphilic diblock copolymers (DBC)
consisting of fluorine-containing and hydroxyl-containing polymer blocks to create
omniphobic coatings. Amphiphilic DBC as a result of microphase separation and
effective self-organization are able to create dense packing of fluorine-containing
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polymer blocks on substrates and impart repellent properties to coatings, while
hydroxyl-containing polymer blocks ensure crosslinking of DBC with porous
substrates [1-3].

The aim of the work is to obtain fluorine-containing DBC by two-stage
radical polymerization with reversible chain transfer by the addition-fragmentation
mechanism (RAFT-polymerization) of 2,3,4,5,6-pentafluorstyrene (PFS) with 2-
hydroxyethyl methacrylate (HEMA) in the presence of a chain transfer agent
(CTA) - 4-cyano-4- (thiobenzoylthio) pentanoic acid (CPDTB), and study of the
repellent properties of coatings from synthesized DCB.

Experimental part

We used PFS monomers (PIM-INVEST, Russia) and HEMA (98% ZL
Chemical, China). PFS and HEMA were distilled under vacuum before use (P =
0.1 mbar, T = 63°C and 105°C for PFS and HEMA, respectively). CPDTB (> 97%,
Sigma-Aldrich, Germany) was used as a CTA without prior purification. The
polymerization initiator a-bis-isobutyric acid dinitrile (AIBN) (98%, Sigma-
Aldrich, Germany) was recrystallized twice from methanol. Hexamethylene
diisocyanate (HMDI) (> 99%, Sigma-Aldrich, Germany) was used as a crosslinker
for polymer films with a nylon fabric surface. The solvents used were purified
according to conventional techniques.

Poly-2,3,4,5,6-pentafluorostyrene  (PPFS-CTA) and poly-2-hydroxyethyl
methacrylate (PHEMA-CTA) were synthesized by RAFT-polymerization of the
corresponding monomers in DMF at 60 ° C in Schlenk tubes with a volume of 15-
20 cm?® in vacuum (residual pressure 0.1 mbar) in the presence of AIBN and
CPDTB. RAFT-polymerization of PFS ([PFS] = 2.0 mol / ) was carried out at a
molar ratio of [CPDTB] / [AIBN] = 1.9 and initiator concentration [AIBN] =2.7 x
10° mol / I. PHEMA-CTA’s were synthesized by polymerization of HEMA
([HEMA] = 2 mol / 1) with [CPDTB] =2 x 102 mol / | and [AIBN] = 8 x 10~ mol
/ 1. Before polymerization, the reaction mixture was freed from air by repeated
repetition of freeze-thaw cycles in vacuum, then transfered the Schlenk tube to a
thermostat heated to 60 ° C. The resulting PPFS-CTA’s were isolated from the
reaction mixture by twice precipitation in excess of methanol, PHEMA-CTA’s
were precipitated in excess of chloroform, followed by centrifugation for 10 min at
11000 rpm (Rotina R38, Germany). The isolated polymers were dried at room
temperature under vacuum to constant weight. Conversion was determined
gravimetrically.

DBC'’s synthesized by RAFT polymerization of PFS in the presence of the
PHEMA-CTA’s. RAFT polymerization of PFS ([PFS] = 2 mol/l) carried out at
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60°C to DMF under the influence of thermal disintegration of AIBN (JAIBN] =1 x
10 mol/l) at [PHEMA] / [AIBN] = 2 and 5. Upon termination of reaction the
product was precipitated at 10-15 multiple excess of chloroform with the
subsequent centrifugation within 10 min. at 11000 rpm (Rotina R38, Germany) and
dried in a vacuum to constant weight. The composition of DBC was determined by
the element analysis. Conversion was estimated gravimetrically.
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Molecular-mass (MM) characteristics (M,, M,, and M,/M,) Molecular-mass
(MM) characteristics (M,, M,, and M\/M,) determined by gel-penetrating
chromatography (GPC) on the liquid Agilent 1200 chromatograph supplied with
the refractometric detector in the GPC mode and the system of recording and data
processing of ChemStation 1200 (Agilent). For the analysis of PPFS used the
column PLmIixC (Agilent) in THF at a temperature of 25°C and the flow rate of 1
ml/min. For the analysis of PHEMA and DBC used the G-gel column (a spherical
macroporous sorbent on the basis of the hydrolyzed glycidylmethacrylate
copolymer with ethylendimethacrilate [4, 5]) at a temperature of 30°C and flow
rate of eluent of 0.5 ml/min. As eluent for PHEMA used 0.03 M LiBr in DMF, for
the analysis of DBC and comparison with an initial mCTA by used mix THF: 0.03
M LiBr in DMF (50: 50 about. %). Calibration of the device was carried out
according to the polystyrene Waters and Merk standards.

The PMR spectra were recorded on an AvanceTM 600 spectrometer by
Bruker (Germany), the proton operating frequency of 600.22 MHz. Chemical shifts
are determined relative to the residual signal of CHCI; in the deuterium solvent
(7.28 ppm) and are converted to TMS. Accuracy of determination of chemical
shifts is not worse than 0.001 ppm.

Films from PPFS and PHEMA were prepared by immersing nylon fabric
samples (1.5 cm x 1.5 ¢cm) in PPFS solutions in THF or PHEMA in DMF (solution
volume 2 ml, polymer concentration 50 mg / ml) for 3 hours, followed by drying at
room temperature for 6 h and annealing in a vacuum oven (LabTech, Russia, Pres =
6 x 102 Pa)at 110 ° C for 1 h.

Films from DBC were applied on nylon fabric in the presence of HMDI.
Concentration of HMDI was calculated, believing what each OH-group of HEMA
from PHEMA-block contacts the surface of fabric. Films were prepared by the
technique described in [1]. Samples of nylon fabric (1.5 cm x 1.5 cm) immersed in
2 ml of DBC solution in DMF with HMDI ([DBC] = 50 mg/ml, [HMDI] = 45
mg/ml) for 3 hours, then dried at room temperature for 6 h with followed annealing
in a vacuum oven (LabTech, Russia, Pres = 6 x 102 Pa) at 110 °C during 1 hour.

The repellent properties of the films on the surface of the nylon fabric were
determined by static edge wetting angle with water (6",°) and diiodomethane
(6°H,15) using the sitting drop method KrussDSA25 (Germany), accuracy 1 °.

Results and discussion

RAFT polymerization of PFS in the presence of CPDTB
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There are not many works dedicated on the RAFT-polymerization of the PFS
[1,6,7]. It was previously shown that the polymerization of PFS according to the
RAFT mechanism of polymerization proceeds in the presence of 2-cyano-2-
propyl-dithiobenzoate (CPDB) [1] and 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT) [6,7]. Since the controlled nature of the RAFT
polymerization is determined largely by the nature of the CTA, the search for the
most effective CTA is constantly ongoing. In the present work, the polymerization
of PFS was studied for the first time in the presence of CPDTB and AIBN in DMF.
The conditions of polymerization and MM characteristics of the synthesized PPAS
are shown in Tab. 1.

Figure 1 shows the PMR spectra of PPFS synthesized by radical
polymerization (Fig. 1, 1) and RAFT polymerization (Fig. 1, 2), as well as the
CPDTB (Fig. 1, 3). Signals at 2.05, 2.35 and 2.8 ppm refer to the protons —CH-
and —CHa-groups of the main polymer chain in PPFS (Fig. 1, 1 and 2). In the PMR
spectrum of the CPDTB, signals of the protons of the phenyl group are observed,
manifested as a doublet at 7.94 ppm (two ortho-protons), a pseudotriplet at 7.42
ppm. (two meta-protons) and triplet at 7.59 ppm (one para-proton). In the PMR
spectrum of PPFS synthesized by the RAFT polymerization, broadened signals of
the phenyl protons of the stabilizing group of the CPDTB is appear. The inset
shows an enlarged fragment of the spectrum with an ortho-proton signal at 7.96
ppm, which is absent in the PMR spectrum of PPFS synthesized by free radical
polymerization. Multiplets in the region of 2.82 - 2.43 ppm referring to the four
methyl protons —CHj,, the singlet at 1.97 ppm to the three protons —CH3 of the
leaving group of the CPDTB, in the PMR spectrum of the PPFS (Fig. 1, 2), is
overlapped by the —CHj-groups of the main polymer chain in the PPFS and
therefore not separately detected.

From the ratio of the integral intensities of proton signals —CH groups of the
main polymer chain at 2.35 and 2.8 ppm and signals of the ortho-protons of the
phenyl group of the mCTA at 7.96 ppm in the PMR PMPR spectra (Fig. 1, 2)
synthesized by the RAFT polymerization, the M, value was determined by
equation (1)

HcMpps
M, = 2Hy

where Hc and He are the integral intensities of the —CH-group signals of the
main polymer chain of PPFS and the signals of the ortho-protons of the phenyl
group of the CTA, the Megs is the molecular weight of the PFS. In this case, it was
assumed that all polymer chains contain terminal phenyl groups of CPDTB.

In Fig. 2 shows the MWD curves for PPFS obtained by polymerizing PFS
under the action of the thermal decomposition of AIBN in the presence of the
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CPDTB at 60 ° C for different periods of time. For all PPFS, the MWD curves are
symmetric and unimodal and, with increasing conversion, are successively shifted
toward higher molecular weights. From Table 1 it can be seen that the values of M,
(PMR) and M, (GPC) are in satisfactory agreement with each other, although M,
(GPC) are not absolute values, but are calculated relative to polystyrene.

The dependences of theoretical and experimental M, synthesized PPFS on the
monomer conversion are presented in Tab. 1 and Fig. 3. Theoretical values of M,
(theor) were calculated, assuming that one molecule of a CPDTB leads to the
growth of a single polymer chain, according to equation (2):
q[PFS]o Mprs

[CPDTB],

where Mcppts and Mprs — molecular masses of the CTA and PFS, [CPDTB]o
and [PFS]o — their initial concentration, g — conversion of PFS.

It can be seen that the experimental values of M, (GPC) PPFS are close to the
theoretical values of M, (theor) and linearly increase with conversion. Higher
experimental values of M, (PMR) at g <20% compared with both M, (theor) and
M, (GPC) are most likely due to the incomplete expenditure of the CTA. The
polydispersity coefficients of all PPFS are much lower than in the classical radical
polymerization, and decrease with a monomer conversion from 1.42 to 1.19 (Table
1). The observed change in M, and M,, / M, with PFS conversion indicates the
pseudo-living nature of the PFS polymerization reaction in the presence of the
CPDTB.

Thus, it was established that the polymerization of PFS in the presence of a
CPDTB proceeds according to the RAFT-polymerization mechanism with the
formation of narrowly dispersed polymers with a sufficiently high MM.

My (theor) = Mcpprp +

RAFT polymerization of HEMA in the presence of CPDTB

From the literature it is known that the HEMA polymerized by RAFT-
mechanism in the presence of CPDB [1, 8] cumil dithiobenzoate [9], 4-cyano-4-
(butylsulfanylthiocarbonyl) sulfanyl pentanoic acid and ethylene glycol di((1-
butyl)sulfanylthiocarbonylsulfanyl-4-cyanopentanoate) [10]. In this paper, we first
performed the polymerization of HEMA in the presence of a CPDTB. In Tab. 2
shows the conditions for the synthesis and MM characteristics of PHEMA. In Fig.
4 shows the MWD curves for PHEMA synthesized over different periods of time.
It can be seen that all the MWD curves are unimodal and with increasing and
shifting towards higher masses. The linear growth of M, from 21,400 to 30,700
and low values of the polydispersity coefficient (1.25 - 1.20) indicate the pseudo-
living nature of the polymerization (Fig. 5), however, the observed mismatch of M,
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(theor) and M, (GPC) (Table 2) indicates that that the mechanism of the
polymerization reaction is possibly more complex.

Synthesis of DBC

DBC can be synthesized by polymerization of HEMA in the presence of
PPFS-CTA's or by polymerization of PFS in the presence of PHEMA-CTA's. Our
experiments showed that the polymerization of HEMA, initiated by AIBN, is
inhibited in the presence of PPFS-CTA. The inability of the PPFS-CTA to re-
initiate the polymerization of HEMA is probably due to the fragmentation of PPFS
intermediates [11]. It should be noted that amphiphilic DBC PFS with HEMA [1],
with methacrylate derivatives, 4-hydroxy styrene and 4-vinylpyridine [7], as well
as with glycidyl methacrylate [12], were obtained starting from hydrophilic blocks
and not from PPFS blocks.

Polymerization of PFS in the presence of the PHEMA-CTA's
The scheme of the two-stage synthesis of DBC by polymerizing PFS in the
presence of a PHEMA-CTA with a dithiobenzoate terminal group is shown below..
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Scheme of synthesis of PHEMA-CTA (1) and DBC (1) by RAFT polymerization

Conditions for obtaining DBC and their MM characteristics are collected in
Tab. 3

A comparison of the MWD curves for PHEMA4 and the products of
polymerization of the PFS is shown in Fig. 6. On the MWD curves of PFS
polymerization products with [PHEMAA4] / [AIBN] = 2 for 18 and 24 hours, one
can see a shoulder (Fig. 6, curves 3 and 4), the appearance of which may be due to
the formation of PPFS as a result of radical polymerization, moreover, with an
increase in the duration of the reaction, both the main peak and the shoulder of the
MWD curves shift towards higher molecular weights. The polydispersity
coefficients calculated from these curves exceed the values characteristic of RAFT
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polymerization. The MWD curve for DBC3, synthesized with [PHEMA4] /
[AIBN] = 5, is unimodal, symmetrical and shifts from the original PHEMAA4
towards higher molecular weights, which indicates that PFS polymerization
proceeds through the RAFT polymerization without the formation of radical
polymerization by-products of PFS (Fig. 6, curve 2). From Tab. 3 it follows that
DBC3 is characterized by a low polydispersity characteristic of pseudo-living
polymerization products M, / M,, = 1.29.
Research of repellent properties of films from PPFS, PHEMA and DBC3

The repellent properties of samples of nylon fabric treated with PPFS,
PHEMA and DBC3 are presented in Table. 4. Fabric treated with PHEMA absorbs
both water and DI due to capillary effects. After applying PPFS and DS3, the
samples become hydrophobic (Fig. 7), with the 6%,° value of the fabric treated
with DS3 being 125 + 3°, which is 23° higher than 6",° for the fabric impregnated
with PPPS (0",° = 102 + 2°) despite that DBC contains only 37 mol. %
hydrophobic units of the PFS. Static contact angles of wetting DI (drop volume 1.5
ul) for fabrics treated with PPFS and DBC3 are 80 + 2° and 101 + 5°, respectively.
The observed improvement in the repellent properties of the surface of DBC3 films
compared with the corresponding parameters for PPFS films can be due to both the
induced surface curvature and the perpendicular orientation of PPFS blocks to the
substrate surface and their dense packing as a result of self-organization of
amphiphilic DBC [1-3].

Conclusion

The polymerization of PFS and HEMA in the presence of the CPDTB was
studied. It is established that the polymerization of PFS proceeds by a pseudo-
living radical mechanism. During the polymerization of HEMA in the presence of
CPDTB, with an increase in the duration of the reaction, a linear increase in the
molecular mass of narrowly dispersed polymers with My, / M, = 1.20 - 1.25 is
observed. However, the experimental values of M, (GPC) significantly exceed the
theoretical values, which probably indicates a more complex mechanism of the
reaction. During the polymerization of PFS in the presence of PHEMA-CTA with
[PHEMAA4] / [AIBN] = 2, products are formed containing both DBC and a small
amount of by-product of PPFS resulting from uncontrolled radical polymerization
of PFS. If you increase the content of PHEMA4 to [PHEMA4] / [AIBN] = 5, only
DBC is formed. Films of synthesized DBC with a PFS content of less than 40%,
chemically bonded to the surface of the nylon fabric, give it repellent properties to
both water and diiodomethane, superior to the properties of PPFS films.
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Table 1. Polymerization of PFS and MM characterictics of P(PFS)

Mox 107
0 |\NO i 0
Nele Time.h 1 4% | weor | NMR | gpc | MW/Mn
PPFS1 10 145 10 24 155 1.42
PPFS?2 14 20 13.7 265. | 17.0 1.28
PPFS3 18 35 237 35 305 1.20
PPFS4 24 44 29.7 369 | 330 1.19

*[CPDTB] / [AIBN]=1.9; [PFS]= 2 moms/x; [AIBN] = 2.7 x 10 mol/I; 60°C; DMF

Table 2. Polymerization of HEMA and MM characterictics of P(HEMA)

Mnx 1072
oNo i 0
NeNe Time, h g, % theor GPC Mu/Mp,
PHEMAL1 6 47 6.4 21.4 1.25
PHEMAZ2 8 62 8.4 25.2 1.22
PHEMA3 10 68 9.2 27.1 1.22
PHEMA4 18 93 12.4 30.7 1.20

*[CPDTB] / [AIBN]=2.5; [HEMA]= 2 mons/1; [AIBN] = 8 x 10 mol/l; 60°C;

DMF

Table 3. Synthesis of DBC.

Composition of

NeNe P'E';'G“” Time,h | q,% GPC DBC, mol. %
Mnx 102 | Myw/M, | HEMA PES

DBC1 2 18 17 34.7 1.53 50 50
DBC2 2 24 27 61.6 1.40 35 65
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DBC3 3) 18 38 43.9 1.29 63 37

*[PFS] = 2 mol/l; [AIBN] =1 x 10 mol/l; 60°C; DMF

Table 4. Edge angles of the surface of coatings made of PPFS, PHEMA and DBC3
on nylon fabric

Fabric
I H]/[HMDI I/mol
Sample [OH]/[ ], mol/mo H,0 CHil
PPFS - 102+2 74+1
PHEMA - Absorbed Absorbed
DBC3 236/1 125+3 101+£5
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Fig. 1. Spectrum PMR PPFS, obtained by radical (1) and RAFT polymerization
(2), and CPDTB (3) in CDCls.
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Fig. 2. Comparison of the MWD curves of PPFS1, PPFS2, and PPFS3.
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Fig. 3. Dependences of M, (theor) (1), M, (2) and M, / M,, (3) on the conversion
of PFS during polymerization in DMF. [PFS] = 2.0 mol / |, [AIBN] = 2.7 x 1073
mol /1, [CPDTB]=5.8 x 10° mol /I, T = 60°C.
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Fig. 4. Comparison of MWD curves of PHEMA 1, PHEMA 2, PHEMA 3 and
PHEMA 4.
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Fig. 5. Dependences of M, (1) and M, / M,, (2) on HEMA conversion during
polymerization in DMF. [HEMA] = 2.0 mol / I, [AIBN] = 8.0 x 10° mol / |,
[CPDTB]=2.0 x 102 mol /1, T = 60°C.
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Fig. 6. Comparison of the MWD curves of PHEMAA4 (1) and the products of
polymerization of PFS in the presence of PHEMAA4: DBC3 (2), DBC1 (3) and
DBC2 (4).
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(b)
Fig. 7. Photo image of a water droplet with a volume of 1.5 pl on the surface of a

PPFS film (a) DBC3 (b) on a nylon fabric.



