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A series of fluorinated-phosphonic acid methacrylates were synthesized by free radical polymerization
using heptadecafluorodecyl methacrylate (HDFDMA) and (dimethoxyphosphoryl) methyl methacrylate
(DMPMM) monomers for potential application as anti-corrosion coatings. The dimethyl protecting
groups were then hydrolyzed, giving phosphonic acid groups that are able to stably bind onto metal

oxide surfaces. The copolymers were then immobilized as a monolayer film to the surface of 316L
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stainless steel by treatment of dilute solutions in trifluoroacetic acid for 30 minutes followed by rinsing.

The surfaces were analyzed using various techniques and contact angles as high as 128° were recorded
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Introduction

Fluoropolymers are widely used because of their exceptional
properties, including high thermal, and weather resistance,
excellent stability towards solvents and aggressive chemicals,
and low surface energy. They also possess low values of dielec-
tric constant, flammability, refractive index, and moisture
absorption. As a result, they have found applications in many
industries including construction, automotive, petrochemical,
aerospace, chemical engineering, optics, textile treatment, and
microelectronics.?

Phosphorus-containing monomers and polymers have also
attracted the interest of the materials community due to their
useful properties such as metal chelation and fire retardancy.’>”
The resulting polymers have been employed in a wide range of
applications including biomedicine,”® metal complexation,’
fuel cell membranes,® superlubricity coatings,” and anti-
corrosion coatings.'®* Any anticorrosion coating must stick
to the substrate well in the presence of high humidity or water
(wet adhesion).'® Of particular interest here is the strong affinity
of the phosphate/phosphonate group for metal ions and metal
oxide surfaces.” Results from our previous work have shown
that phosphonate based copolymers have shown stable mono-
layer binding to 316L stainless steel substrate under aqueous
conditions.'* As stainless steel is widely used in industry and
medicine, the modification of its surface properties is of great
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for some copolymer functionalized surfaces. Results also demonstrated that the polymer films proved
stable to hydrolysis over several weeks of immersion in water.

interest. The formation of ultrathin stable monolayers has an
added attraction of being able to allow heat and light transfer
while affecting the binding properties of molecules such as
proteins. The copolymerization of fluorinated monomers with
other co-monomers has gained a lot of interest.">'® The co-
monomers can possess functional groups such as hydroxyl,
ester, ether,'” acetoxy,'® or carboxylic acid.” Because the pres-
ence of fluorine atoms on the backbones of polymers or on
a spacer connecting to this backbone can change the electron
density of nearby functional groups, thus improving certain
properties of the resulting copolymers'**® such as proton
conductivity,® thermal stability,”® or hydrophobicity*> as
compared to the pristine homopolymer.

To incorporate phosphorus-containing functionality into
polymers, two main methods have been used. The first involves
the chemical modification of existing polymers by processes
such as phosphorylation.”® Alternatively, phosphorus-
containing vinyl monomers can be polymerized and copoly-
merized,* including methacrylates,” methacrylamides,* vinyl
phosphonic acid, and styrenic and allylic monomers.***® A wide
range of phosphonated fluorinated polymers are known.'**° For
instance, Timperley et al* synthesized polymers with bis(-
fluoroalkyl)acrylic and methacrylic phosphate functionalities
for flame retardant applications. Tayouo et al.** prepared fluo-
rinated copolymers with phosphonic acid side functionalities
for new membranes that could be used in fuel cells. Banerjee
et al® has used poly(vinylidene fluoride) containing phos-
phonic acids as thick anticorrosion coatings for steel. Labalme
et al** prepared a series of membranes made from poly(-
vinylidene fluoride-co-chlorotrifluoroethylene) and a fluori-
nated copolymer containing phosphonic acid to increase
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thermo-chemical stability and mechanical proton exchange
membrane capabilities.

1H,1H,2H,2H-Heptadecafluorodecyl methacrylate
(HDFDMA) is a commercially available monomer that has been
used previously to prepare low surface energy materials.**-** To
copolymerize this HDFDMA directly with phosphonate mono-
mers is challenging because of the great difference in polarities.
To get around this in this work, we use a protected phosphonate
monomer (dimethoxyphosphoryl)methyl methacrylate
(DMPMM), that can be subsequently deprotected after poly-
merization. Furthermore, the polymers were synthesized and
immobilized on stainless steel surfaces. The polymer immobi-
lized surfaces were then analyzed by static water contact angle
measurements, attenuated total reflectance infrared, and X-ray
photoelectron spectroscopy. The overall concept used in this
study is shown in Fig. 1.

Results and discussion
Synthesis

There are a few reports on the homopolymerization of hepta-
decafluorodecyl methacrylate (HDFDMA), using AIBN as an
initiator in supercritical carbon dioxide.***” Canniccioni et al.*®
reported the synthesis of (dimethoxyphosphoryl)methyl meth-
acrylate (DMPMM) homopolymer by RAFT polymerization and
Solimando et al.*® by nitroxide-mediated polymerization. There
are no reports of their copolymerization. In this work, homo-
polymers of 1H,1H,2H,2H-heptadecafluorodecyl methacrylate
(poly(HDFDMA)) and (dimethoxyphosphoryl)methyl methacry-
late (poly(PMM)) were synthesized using free radical
polymerization.

Poly(HDFDMA) synthesis

The homopolymer was synthesized in 1,4-dioxane by using
AIBN as an initiator (Fig. S1 and S27). In a typical polymeriza-
tion, all the reactants were mixed, degassed, and heated at 85 °C
for 24 h. The conversion of monomers to polymer was measured
by '"H NMR spectroscopy and the resultant polymer was purified
by precipitation into hexane. A fluffy solid was obtained in good
yield (86%), which was soluble in hexafluoroisopropanol (HFIP)
and trifluoroacetic acid (TFA), but not in normal organic
solvents. To confirm the chemical structure of the polymer, a 'H
NMR spectrum was measured in deuterated trifluoroacetic acid
(CF5CO,D) as shown in Fig. S1.T No sign of residual monomer
was observed in the spectrum.

‘Wn
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{OHOH OH OH OH OH (ﬁi)lcﬁl

Poly(HDFDMA-co-PMM)

Fig. 1 Adsorption of poly(HDFDMA-co-PMM) copolymer onto the
metal (hydr)oxide surface layer of stainless steel.
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Poly(PMM) synthesis

The reaction consists of two stages. In the first stage, a homo-
polymer of protected polymer (phosphonate ester) was prepared
in good yield (86%). In the second stage, the obtained phos-
phonate ester is reacted with trimethylsilyl bromide and then
methanol to deprotect the phosphonate ester into a phosphonic
acid group. The '"H NMR spectra of the monomer, and the
protected and deprotected polymer are shown in Fig. S3.7 Broad
peaks at 2.2-1.9 and 1.2-0.8 ppm were attributed to protons of
the polymer backbone (CH, and CHj; groups, respectively) of the
protected polymer (Fig. S3(b and c)),T whereas signals at 4.2-
4.4 ppm corresponding to the methylene in a-position of the
phosphorus atom.

After deprotection, the signals corresponding to the methyl
ester groups disappeared, as shown in Fig. S3(c). Protons of the
methylene in the a-position of the phosphorus atom were found
to shift to 4.25-4.0 ppm in the deprotected polymer. To further
confirm the deprotection, a *'P NMR spectrum was taken for
both protected and deprotected polymers as shown in Fig. S4.7
The spectrum showed a signal at 21.0 ppm, characteristic of
a phosphonate ester group (Fig. S4(a)t). In the deprotected
poly(PMM) polymer spectrum as shown in Fig. S4(b),T the
phosphorous signal showed a shift of the signal from 21.0 to
15.4 ppm.

Poly(HDFDMA-co-PMM) synthesis

Next, copolymers of these two monomers were prepared simi-
larly in five ratios (HDFDMA : DMPMM as3:1,1:1,1:2,1:3,
and 1:4 (Scheme 1c)). These will be denoted in the text as
poly(HDFDMA-co-PMM)-[3 : 1] or simply as [3 : 1] etc. The 'H
NMR analysis of the [1: 1] copolymer before and after depro-
tection is shown in (Fig. 2). The formation of poly(HDFDMA-co-
DMPMM) copolymer with mol ratio [1 : 1] was confirmed by 'H
NMR analysis in deuterated trifluoroacetic acid (Fig. 2(a)) by
comparing the signals of the reactive double bond to the signals
of the methylene in a-position of the phosphonated ester group
at 4.14-4.78 ppm. Successful polymerization was confirmed
with the disappearance of the double bond signals (5.62 and
6.13 ppm) and the appearance of broad signals of the methac-
rylate backbone 2.0-2.5 and 0.80-1.45 in the "H NMR (Fig. S57).
A doublet present at 4.0-4.2 ppm corresponds to the two
(CH;30),-P groups from the DMPMM phosphonate (Fig. 2(a)). It
is presumed that the copolymerization is statistical in nature
and samples of polymer isolation at early stages had very similar
NMR spectra to the final material and so showed little obvious
composition drift.

Deprotection of phosphonated ester groups

The phosphonate ester groups were silylated using TMS-Br and
then hydrolyzed with methanol to obtain the desired phos-
phonic acid groups. The resulting hydrolyzed poly(HDFDMA-co-
PMM) was characterized by "H NMR spectroscopy in deuterated
TFA, which showed the disappearance of the signal corre-
sponding to the protons of the methyl ester groups as shown in
Fig. 2(b), with the rest of the spectra remaining similar.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The preparation of (a) poly(HDFDMA) homopolymer, (b) poly(PMM) homopolymer, and (c) fluorinated poly(HDFDMA-co-PMM)

copolymer.

The deprotection was also validated using *'P NMR (Fig. 3),
spectroscopy which showed a shift in the signal from 31.9 to
28.0 ppm. Additionally, no residual signal of unprotected or
mono-deprotected phosphonic acid (usually observed between
the signals of protected and deprotected groups) was observed.

*'P NMR spectra were taken for all molar ratios and no differ-
ence in the peak position and distribution was noticed. *°F
NMR spectra further support the successful copolymerization. A
broadening of the fluorine resonances was observed in the
poly(HDFDMA-co-PMM) copolymer spectrum (Fig. S6(b)t) as
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Fig.2 (a) 'H NMR (400 MHz) spectra in CFsCO,D of poly(HDFDMA-co-DMPMM,) protected copolymer with mol ratio [1 :

deprotected poly(HDFDMA-co-PMM) copolymer.
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Fig. 3 (a) *'P NMR (400 MHz) spectra of poly(HDFDMA-co-DMPMM) protected copolymer, and (b) the resulting hydrolyzed (deprotected)
poly(HDFDMA-co-PMM) copolymer for mol ratio [1 : 1]. Both spectra were taken in deuterated trifluoroacetic acid (CF;CO,D).

compared to the monomer (Fig. S6(a)f), which corresponds to
the CH,-CF, functional group, together with a small shift.

Solubility

The deprotected poly(PMM) was soluble in polar solvents such
as water, methanol, ethanol, acetonitrile, DMSO, and DMF, but
insoluble in TFA and hexafluoroisopropanol (HFIP). The poly(-
HDFDMA) homopolymer was soluble in chloroform and TFA.
The poly(HDFDMA-co-DMPMM) deprotected copolymers in
all mol ratios were soluble in TFA, and they were found to swell
in DMF and DMSO at room temperature, and appeared slightly
soluble. In NaOH solution, these copolymers formed stable and
cloudy dispersions.

Gel permeation chromatography

In the case of typical fluorinated copolymers, it is often diffi-
cult to determine a molecular weight using GPC because of
their poor solubility by suitable solvents. So molecular
weights were measured on the protected polymers which were
soluble in CHCI; as given in Table 1. The obtained degrees of
polymerization are reasonable for such hindered monomers,
with about 20-40 monomers per chain. No obvious trend
could be observed on changing the relative amounts of each
monomer.

Thermogravimetric analysis

The thermal stabilities of the polymers were evaluated using
TGA under a nitrogen atmosphere. The TGA curves for the
homopolymers and poly(HDFDMA-co-PMM) copolymer
with mol ratio [1 : 1] are shown in Fig. 5, and other mol ratios
in the ESI (Fig. S71). Poly(PMM) exhibits an initial weight loss

38192 | RSC Adv, 2021, 11, 38189-38201

of about 7% at temperatures around 93 °C which probably
reflects a loss of water due to the condensation of two adjacent
phosphonic acid groups leading to a phosphonic anhydride as
reported by other authors® (Fig. 5). The resulting polymer is
still soluble, suggesting that the condensation is mainly
intramolecular. In the case of the fluorinated copolymers,
there was no initial weight loss observed in the TGA curve
before 200 °C. This lack of apparent anhydride formation in
the copolymers probably reflects that the phosphonate groups
are less likely to be adjacent in the chain. Both the homopol-
ymers poly(PMM) and poly(HDFDMA) decomposed in two
steps.

For poly(PMM), the weight loss was relatively steep in the
first step starting from 228 to 298 °C, and more gradual in the
second step (298-633 °C). Poly(HDFDMA) showed the first 55%
weight loss at 167-299 °C, and the second from 299-441 °C with
a 45% loss of polymer.

These types of multi-step thermograms are commonly found
in methacrylate polymers, where the chains that terminate by
combination are much less thermally stable than those that
terminate by disproportionation.** Poly(HDFDMA) showed
complete degradation at high temperatures compared to pol-
y(PMM) which showed a 38% residue. This may be due to the
formation of involatile polyphosphate products in the latter.
The copolymers showed intermediate behavior, with the
residue amount mirroring the proportion of phosphonate in the
polymer.

IR spectroscopy

The homopolymers and copolymers were examined using IR
spectroscopy as shown in Fig. 4. The peak at 1732-1734 cm™ " is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The various polymers as prepared through free-radical polymerization with varying monomer mol ratios®

Mol ratio HDFDMA

S.no.  Polymers to DMPMM Conversion (%) M, (gmol™") M, (gmol™")  Molar mass dispersities
1 Poly(HDFDMA) [1:0] 84 12 912 27 659 1.14

2 Poly(DMPMM) [0:1] 85.4 16 123 46 668 1.8

3 Poly(HDFDMA-co-DMPMM)  [3 : 1] 95.4 6875 8250 1.2

4 Poly(HDFDMA-co-DMPMM)  [1: 1] 96.7 19 502 29 464 1.51

5 Poly(HDFDMA-co-DMPMM)  [1: 2] 96.6 17 780 32 558 1.83

6 Poly(HDFDMA-co-DMPMM)  [1: 3] 94.9 8398 88 874 1.3

7 Poly(HDFDMA-co-DMPMM)  [1: 4] 90.7 8023 66 590 1.6

% The polymerization time for all the polymerization processes was 24 h. AIBN (1 wt%) was used as an initiator, 1,4-dioxane as a solvent, and

polymerization was carried out at 85 °C.
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Fig. 4 (a) ATR-IR spectrum of poly(HDFDMA) homopolymer, (b)

protected poly(DMPMM) homopolymer, (c) deprotected poly(PMM)
homopolymer, (d) protected poly(HDFDMA-co-DMPMM) copolymer
[1:1], and (e) deprotected poly(HDFDMA-co-PMM) copolymer [1 : 1].

associated with C=O0 stretching peaks. Ester groups usually
show two C-O stretches at around 1250 and 1100 cm ™" regions.

For fluorinated polymers, the symmetric and asymmetric
stretching vibrations of C-F (1201 cm™" and 1150 em™" in
Teflon), overlap with the C-O stretches.” Two medium
intensity bands appeared at 656 and 703 cm ™" resulting from
a combination of rocking and wagging vibrations of the CF,
groups.*!

The presence of the dimethyl phosphonate ester groups in
poly(PMM) and poly(HDFDMA-co-PMM) polymers was shown
by the strong absorbances associated with the P-O-CHj;
stretching bands at 1022-1032 cm™'.*>* The peaks near 802-
804 cm™ ' are also associated with P-O-CHj stretching. The
successful complete hydrolysis of such phosphonate esters was
confirmed by the disappearance of the P-O-CH; stretching
bands and the appearance of the P-OH stretch at 946-
941 cm™1.%®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 TGA thermograms of poly(HDFDMA) homopolymer, poly(PMM)
homopolymer, and poly(HDFDMA-co-PMM) copolymer with mol ratio
[1: 1] heated at 10 °C min~ under nitrogen.

Immobilization of polymers

The idealized process of showing the adsorption and interac-
tion of phosphonates with stainless steel has been studied in
our previous work."** The adhesion was determined to be via
covalent metal-phosphonate linkages, and it assumed that the
same binding is found here. The thickness could not be deter-
mined directly as in previous work as QCM-D measurements
were not possible in the aggressive solvents used here. Ellips-
ometry gave unreliable results, probably due to the large surface
roughness and heterogeneity of the SS surface. However, the
stability of the films suggests covalent binding, which is only
possible for a polymer monolayer.

The surface properties of the polymer films formed on
stainless steel coupon surfaces were examined by static water
contact angle (SCA) measurements. Results revealed that the as-
received uncleaned SS (AR-SS) coupon surface showed a CA of
87 £ 4° which is comparable to that reported in the literature.*
In contrast, the sulfochromic acid cleaned SS coupon surface
was much more hydrophilic, exhibiting a high CA value of 18 &
4°. Exposure of the cleaned SS coupon surface to TFA solution
for 30 minutes did not change the contact angle (17 + 4°),

RSC Adv, 2021, 11, 38189-38201 | 38193
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Fig. 6 Contact angles of uncoated and polymer coated SS coupon
surfaces cleaned with sulfochromic acid solution. The polymers were
deposited from TFA at a concentration of 1 wt% of the polymer
solution. Data are presented as mean =+ standard deviation (N = 3).

showing that the solvent for the polymers was not influencing
the results (see Fig. S8 and Table S17).

The cleaned SS coupon surfaces were treated with dilute
(10 mg mL ") solutions of the polymers in TFA (except pol-
y(PMM) in water at pH 3.0). Exposure to poly(PMM) phosphonic
acid homopolymer gave a CA of 55 £+ 5° on SS surface, sug-
gesting some adsorption. A higher CA of about 72 + 2° was
observed for the fluorinated homopolymer poly(HDFDMA).
However, a significant increase in CA was observed for the
poly(HDFDMA-co-PMM) copolymers, which indicates a higher
degree of adsorption due to the presence of the phosphate
coordinating ligands. The [1:1] copolymer gave the most
hydrophilic surface with a CA of 128 + 2° as shown in Fig. 6. As
the ratio of fluorinated monomers decreased in the copolymers,
so did the measured contact angle. The CA value for the [1: 1]
polymer on SS is very high for a non-textured polymer film. For
instance, Teflon (PTFE) with a smooth surface has an advancing
contact angle in the range of 108°-112° (ref. 46-48) but for
a rough surface, the values are higher with advancing and
receding contact angles, of 128°/78°.*° This suggests that the
steel roughness (0.8 um as stated by the supplier) is helping to
increase the CA in the adsorbed polymer films. Nevertheless,
this high contact angle suggests complete coverage of the steel
surface by the fluorinated copolymers. Copolymers with mol
ratios [1:2], [1:3], and [1:4] were also deposited on SS
surfaces from dilute dimethylsulfoxide (DMSO) and comparable
contact angles were observed despite their low solubility
compared to TFA (see Fig. S10(a)t). We showed in previous
work," that a PEO-phosphonate copolymer film deposited from
water only formed a monolayer on stainless steel as measured
by QCM-D.

We assume in this case that the same is true as these films
are invisible to the eye. Unfortunately, QCM-D was not practical
with the organic solvent used here (TFA) and we have found that

38194 | RSC Adv, 2021, 11, 38189-38201
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our stainless steel surfaces are too rough to give reliable results
by ellipsometry.

Instead, we carried out IR to give some indication (Fig. S111).
Very faint signals resulting from C-F and C-O stretches between
1100-1250 cm ™ * could be seen on coated steel surfaces, though
the carbonyl stretch appeared shifted to ca. 1650 cm™?, indi-
cation some coordination to the surface. The intensity is similar
to that observed with the previous PEG-phosphonate polymers,
suggesting a polymer monolayer. This very thin coating might
be advantageous in many applications such as food processing,
as it can allow ready heat transfer to occur, while still modifying
the surface characteristics.

X-ray photoelectron spectroscopy

XPS was used to further analyze the bonding motif, the chem-
ical states, and composition of elements of clean uncoated and
polymer coated SS coupon surfaces. A typical XPS survey spec-
trum of uncoated SS coupon is presented in Fig. S12 (a) in the
ESI,T which exhibits intense C, O, and Cr peaks, and shows the
absence of fluorine and phosphorus, as expected. The large C
percentage is typically ascribed to adventitious surface
contamination that is very difficult to avoid. For all the polymer-
coated SS coupons, the spectra (Fig. S12(b-d)t) showed the
presence of carbon, oxygen, and chromium. However, the
presence of fluorine, in poly(HDFDMA)-coated samples and
phosphorus in poly(PMM)-coated samples were detected. The
results for the copolymers showed that both fluorine and
phosphorus were present.

A significant increase in the atomic percentage of carbon was
observed on the polymer coated coupon surfaces relative to
uncoated SS due to the carbon content of the polymers. As ex-
pected, the maximum phosphorus adsorption was observed
from the poly(PMM) homopolymer and the least from the
[3 : 1] mol ratio copolymer. The F 1s signal was detected in all
fluorinated polymers but its concentration was lower in poly(-
HDFDMA) homopolymer compared to the copolymers, showing
its poorer overall adsorption without the phosphonate linker.
The fluorine signal was noticed to increase as the mol ratio
increased from [1 : 4] to [1 : 1] copolymer as would be expected.
The measured intensity of Cr and other metals such as Fe were
decreased after the deposition of polymers, as the technique
only measures the top nm or so of the metal which is now
composed mainly of polymer. To investigate closely the possible
speciation of coated SS surfaces, core level scans for C 1s, F 1s, P
2p, and O 1s were carried out.

C 1s core level scan

The core level scans for C 1s species of uncoated SS, poly(PMM),
and poly(HDFDMA) homopolymers, and poly(HDFDMA-co-
PMM) copolymer with mol ratio [1 : 1] coated SS coupons are
shown in Fig. 7, and in Fig. S131 for other mol ratios of
copolymers.

Usually, the carbon component signal is regarded as the
combination of the carbon alloy in stainless steel and surface
contaminants formed in the air.*® To accurately determine the
functional groups, the C 1s peak is deconvoluted into various

© 2021 The Author(s). Published by the Royal Society of Chemistry
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possible components and their estimated fractions are listed in
Table S2. The C 1s spectrum of the uncoated SS with no surface
coating (Fig. 7(a)) was deconvoluted into three distinct
components.

The first major component, C 1s located at 285.0 eV corre-
sponds to the carbon atom of C-C or C-H groups. The second
one located at 285.8 €V is attributed to C-O or C-O-C groups
and the third one located at 288.67 eV is ascribed to C=0.* The
same deconvolution of the peaks was observed for the pol-
y(PMM) homopolymer coated SS coupons. However, the C-C,
C-H peak percentage composition decreases appreciably
compared to the C-O and C=O (Fig. 7(c)) due to the ester
groups of the methacrylates (Table S2+).

For fluorinated-polymer coated surfaces (poly(HDFDMA)
and poly(HDFDMA-co-PMM)), the raw data were fitted into five
peaks as shown in (Fig. 7(b and d)), with two new peaks for C 1s
at 292 and 294 eV,* corresponding to ~CF,-CF, and -CF,-CF;
groups, respectively.>

These peaks are from the fluorinated components of the
HDFDMA in the copolymer. The binding energies of the curve
fittings result from the C 1s spectra of the uncoated and poly-
mer coated surfaces are given in Table S3.f These peak
assignments agreed well with previously reported values.***

The F/C atomic ratio and especially the concentration of the
CF; groups of the copolymer with a mol ratio [1 : 1] was higher
compared to other mol ratios and least for the homopolymer

© 2021 The Author(s). Published by the Royal Society of Chemistry

(poly(HDFDMA)) as can be seen from (Tables S2 and S31). These
data indicate that the lower surface free energy of the coatings
from this mol ratio is attributed to the preferential enrichment
of the surface with the CF; groups. As expected, a decrease in
the elemental composition of CF, and CF; was observed with
a decrease in fluorine contents as the mol ratio of fluorinated
monomer decreased.

P 2p and F 1s core level scan

Further confirmation of the SS surface functionalization with
the synthesized polymers was carried out by taking a close look
into P 2p and F 1s spectra. The peak fitted high-resolution P 2p
and F 1s spectra are shown in Fig. 8. The peak at around 133 eV,
which can be deconvoluted of two peak components at
a binding energy of 133.1-133.3 and 134.02-134.5 eV corre-
spond to P 2p;/, and P 2p,,, respectively.

Similar peak assignments have been observed for
1H,1H,2H,2H-perfluorodecyl phosphonic acid on copper oxide
surfaces.*® However, Ishizaki et al.>® assigned these two peaks to
P-O-M and O=P-OH for magnesium alloy surfaces modified
with n-octyl, n-dodecyl, n-octadecyl phosphonic acid, and 2-
(perfluorohexyl)ethyl phosphonic acid. In this study, the peak
for all other mol ratios of the copolymer is virtually unchanged
and appears at similar binding energy regardless of the modi-
fier, indicating similar binding modes and the formation of

RSC Adv, 2021, 11, 38189-38201 | 38195
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homopolymer coated, and poly(HDFDMA-co-PMM) copolymer with mol ratio [1 : 1] coated SS coupon surfaces.

stable covalent bonds between the oxide surface and the
deprotonated phosphonic acid headgroup®”*® (Fig. S14(a)t).

On the other hand, no corresponding peak can be seen on
the uncoated SS and poly(HDFDMA) fluorinated homopolymer
coated surface. The binding energies (BE) that were obtained
from the fitted peaks are presented in Table S3 in the ESIL.{ F 1s
peak at 688 eV was attributed to C-F functional group which was
observed in fluorinated polymers and absent in uncoated and
poly(PMM) coated SS surfaces as expected (Fig. S14(b)7).

Furthermore, the carbon-to-phosphorus (C/P) and fluorine-
to-phosphorus (F/P) ratios were calculated from the relative
intensity of the elements and are summarized in Table 2.
Fig. S15%, shows XPS high resolution O 1s spectra of (a)
uncoated SS, (b) poly(PMM) coated SS, and (c) poly(HDFDMA-
co-PMM) coated SS coupon surfaces. The O 1s spectra obtained
for poly(PMM) show a very similar spectrum to the poly(-
HDFDMA-co-PMM). The O 1s peak at 530.0 eV can be attributed
to surface oxides (uncoated SS = 530.0 eV), and those at 531.8 eV
are attributed to surface hydroxides (uncoated SS = 531.8) and
P-0.%7% A peak at 533.8 eV attributable to P=0 is observed in
the spectra after the deposition of the polymer layer on the
surface, which is inconsistent with tridentate phosphonate-
surface bonding.****

Literature values for P=0 groups are at BE 534.5-535 eV (ref.
60) in phosphonic and phosphoric acids on titania, while this

Table 2 The atomic percentage of elements from the XPS survey scan

BE was reported to be 532.1 eV in octadecylphosphoric acid on
tantalum oxide.®* This difference in BE might be due to different
interactions with the stainless steel substrate with the P=0
group. The O 1s data support that the polymers are covalently
bound to the oxide or hydroxide surface of the SS surface in
a monodentate or bidentate manner. From the above XPS
analysis, it can be inferred that the anchoring of the homo- and
co-polymers is via the phosphonate group.

Long-term stability

The stability of any adsorbed polymer film in water is important
in any potential applications. The polymer coated SS coupons
were tested for their stability by measuring the contact angle as
a function of the immersion time for a period of up to 3 weeks.
The measurements were carried out in triplicate after 4, 10, 15,
and 21 days as shown in Fig. 9. Results revealed that CA drop-
ped the least for poly(PMM),**** and poly(HDFDMA-co-PMM)
with mol ratios of [1:2], and [1: 3] after 3 weeks of rinsing,
indicating a strong binding of the phosphonic acids with the SS
surface. All other polymer coated coupon surfaces dropped
relatively more in CA suggesting a gradual loss of material.
These results are consistent with our previous work*
where phosphonate based polymer layers have shown excellent
stability upon rinsing under different rinsing conditions.
Similar findings were observed in a recent study by Giamblanco

Samples C (%) O (%) P (%) F (%) Cr (%) Fe (%) F/P F/C C/p P/C
SS 35.90 47.89 — — 12.91 3.30 — — —
Poly(HDFDMA) 45.92 35.26 — 8.68 8.79 1.35 — 0.18 —

Poly(PMM) 41.06 45.93 3.86 — 6.76 2.39 — — 10.64 0.094
[3:1] 39.48 38.00 1.53 10.65 9.02 1.32 6.96 0.27 25.80 0.04
[1:1] 42.52 20.92 2.14 30.98 2.34 1.1 14.47 0.74 19.86 0.05
[1:2] 45.53 26.57 3.67 20.13 2.54 1.56 5.48 0.44 12.40 0.08
[1:3] 44.36 28.00 3.32 19.3 3.34 1.68 5.81 0.44 13.36 0.074
[1:4] 46.49 31.36 3.08 14.51 2.85 1.71 4.71 0.32 15.09 0.098
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Fig. 9 Long-term stability study of homo and copolymers coated SS
surfaces as measured by their static water angle (SCA) under the water
rinsing conditions: neutral solution (pure water) along with uncoated
SS (control). The SCA was measured after formation (black), rinsing
after 4 days (blue), 10 days (red), 15 days (yellow), and 21 days (green) in
the pure water. Data are presented as mean =+ standard deviation (N =
3).

et al.*® where they studied the stability of poly(ethylene glycol)
copolymers with phosphonate units as surface tethering groups
on an iron oxide surface in water, and the resultant films
appeared stable. In another study, the stability of phosphonate
based polymers on stainless steel was tested and the results
showed strong covalent binding of phosphonates with stainless
steel surfaces.*”

All measurements were higher than the control SS coupon,
which means that some polymer remained after this period in
all the samples. The amount of polymer that desorbs will be
a function of two main factors; the solubility of the polymer in
water and its bonding to the metal oxide surface. The higher the
fluorinated fraction, the lower the solubility will be in the water.
On the other hand, the higher the phosphonate component, the
stronger the expected binding. This can be observed in the
results shown in Fig. 9. The highly fluorinated polymers lost
a large fraction of their original contact angle due to less strong
binding. The best results were found for the [1 : 2] copolymer
which only lost about 11° in the CA measurements (from 102° to
91°), due to the best balance of binding and solubility. The
layers deposited from DMSO followed the same stability trend
as those from TFA (Fig. S10(b)7).

Experimental

Materials

1H,1H,2H,2H-Heptadecafluorodecyl methacrylate (CAS # 1996-
88-9, catalog # 19226-25) was purchased from PolySciences, Inc
(www.polysciences.com). (Dimethoxyphosphoryl)methyl meth-
acrylate (DMPMM, CAS: 86242-61-7), was purchased from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Specific Polymer, France. 2,2’-Azobis(isobutyronitrile) (AIBN,
CAS: 78-67-1, 98%), trimethylsilyl bromide (TMS-Br, CAS: 2857-
97-8, 97%), methanol (CH3OH, CAS: 67-56-1, 99.8%), chloro-
form (CHCl;, CAS: 67-66-3, 99.8%), trifluoroacetic acid (TTFA,
CAS: 76-05-1, 99%), trifluoroacetic acid-d (CF;CO,D, CAS: 599-
00-8,99% D), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, CAS: 920-
66-1, 95%) and phosphate-buffered saline (PBS; pH 7.4) in
tablets were all purchased from Sigma-Aldrich. 1,4-Dioxane (AR
grade) was purchased from VWR Chemicals. Chloroform-
d (CDCL;, CAS: 865-49-6, D, 99.8%) and deuterium oxide
(DO, CAS: 7789-20-0, D, 99.9%) were purchased from Cam-
bridge Isotope Laboratories, Inc. All pH adjustments were made
with 1.0 mol L™" HCI and NaOH. All starting materials were
used without additional purification or modification. The water
used for all surface experiments was from a water purification
system (Milli-Q system; Millipore, 18.2 Q).

Characterization methods

Nuclear magnetic resonance (NMR) spectroscopy. 'H NMR,
*Ip NMR, and "’F NMR spectra were recorded using a Varian
400 MHz and 500 MHz NMR spectrometer at 298 K in either
deuterated chloroform (CDCl;), water (D,0), or trifluoroacetic
acid (CF3;CO,D). The polymerization conversion was measured
by "H NMR spectroscopy by comparing the signals of the reac-
tive double bond (5.62 and 6.13 ppm) to the signals of the
methylene in a-position of the phosphonated ester group at
4.14-4.47 ppm.

Gel permeation chromatography (GPC). The polymerization
degree and molar mass dispersities (M,/M,) for all polymers
were determined by gel permeation chromatography (PL-GPC
50, A Varian, Inc.) integrated GPC system (Chemistry Depart-
ment, University of Otago). The GPC system was calibrated
using narrow poly(ethylene oxide) (PEO) standards (EasyVial-
Agilent). For protected polymers, high performance liquid
chromatography grade CHCI; was used as a solvent. Polymers
were dissolved in CHCI; and filtered through a 0.45 um needle-
type ultrafiltration membrane prior to the injection. The
measurements were carried out at a flow rate of 1 mL min~ " and
the molar masses were determined by refractive index detectors
using a PEO-CHCI; calibration standard (Polymer Laborato-
ries). The column temperature was set to 35 °C and Cirrus GPC
software was used to analyze the data.

Thermogravimetric analysis (TGA). TGA was used to study
the thermal stability of the synthesized homo and copolymers
and was conducted on a Mettler Toledo TGA Q50 (TA Instru-
ments). A sample of =20 mg was placed into a platinum pan
and subjected to thermal degradation. Each sample was ram-
ped from 20 to 700 °C at 5 °C min ™" in a nitrogen atmosphere.
The remaining mass was recorded throughout the experiment
as a function of temperature.

Cleaning of the SS surfaces. The stainless steel 316L
coupons, 50 pm thick with 2B finish purchased from
(www.allfoils.com) were cut in (2 x 2 cm) squares. Before
surface modification, the coupons were cleaned using sulfo-
chromic acid solution (20 mL H,SO,4, 10 mL water, 0.5 g K,Cr,0-
prepared at 40 °C for 5 min) for 2 minutes at room temperature

RSC Adv, 2021, 11, 38189-38201 | 38197
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to remove organic contaminants, rinsed with water, and dried
under a stream of nitrogen. Caution: handling of sulfochromic
acid should be done in a fume hood, wearing gloves and
goggles. Coupons were used immediately after the cleaning
procedure.

Polymer immobilization. All fluorinated polymer solutions
were prepared from 10 g L™" stock solutions in trifluoroacetic
acid (TFA), while poly(PMM) was prepared in pure water (pH
3.0) and dilutions were made at a concentration of 0.1 and
1 wt%. The clean SS coupons were immersed in a polymer
solution. After 30 minutes of immersion, the coupons were
rinsed three times with TFA followed by water to remove any
weakly bound material and dried under a stream of nitrogen.

Static contact angles (SCA). Static contact angles were
measured for all uncoated and polymer coated SS coupons
using an FTA200 Goniometer apparatus (Data-Physics Instru-
ments, University of Otago). Measurements were performed
with water under open-air conditions at room temperature
using the sessile droplet method. A drop of pure water (5 uL)
was released from the Teflon tip of a syringe onto the sample
surface for the static measurements. Digital images of the
droplets were recorded after approximately 15 s. The average
contact angle was calculated from 7 measurements at different
locations on the coupon surface. All measurements were taken
in triplicate for each coupon.

Attenuated total reflectance infrared (ATR-IR) spectroscopy.
ATR-IR analysis of all polymer samples and SS coupon surfaces
(uncoated and polymer coated) was carried out on a Bruker
Alpha ATR-IR based spectrometer. The polymerization and
copolymerization involved in the synthesis of polymers were
primarily assessed using IR spectroscopy in the range of 4000-
650 cm .

X-ray photoelectron spectroscopy (XPS). The elemental
surface composition of SS coupons before and after polymer
coating was determined using XPS. XPS spectra were recorded
on a Kratos Axis UltraDLD X-ray Photoelectron Spectrometer
(Kratos Analytical, Manchester, UK) equipped with a hemi-
spherical electron energy analyzer in ultra-high vacuum (UHV).
Spectra were excited using monochromatic Al Ko X-rays
(1486.69 eV) with the X-ray source operating at 150 W. All
coupon samples were secured to the sample bar using double-
sided carbon tape. This instrument illuminates a large area
on the coupon surface and then using hybrid magnetic and
electrostatic lenses collects photoelectrons from a desired
location on the surface. In this case, the analysis area was a 300
by 700-micron spot obtained using the hybrid magnetic and
electrostatic lens and the slot aperture. The survey scans were
carried out in an energy range of 0-1300 eV with a pass energy of
80 eV, while the core level single spectra were collected using
a pass energy of 20 eV and an acquisition time of 120 s. The
binding energy (BE) was referenced to the C 1s photoelectron
peak at 284.7 eV.*® The deconvolution of high-resolution XPS
peaks has been carried out by mixed Gaussian-Lorentzian fit
after Shirley's background subtraction. Curve fitting and
quantification were carried out using the CASAXPS processing
software (Version 2.1.9).%” XPS spectra of N 1s, was not fitted as
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the low intensities do not allow an accurate fitting. The esti-
mated relative error of the XPS data is £2%.

Long term stability tests. The stability of the polymer films
formed on SS coupons was investigated in water under rinsing
conditions using a static water contact angle goniometer. The
SS coupons were coated with polymers (see polymer immobili-
zation), rinsed, and dried under a stream of nitrogen. The dried
coupons were transferred into separate vials, immersed in
water, and placed in a shaking bath for the desired time period.
Before each measurement, coupons were taken out from the
solution, rinsed three times with water, and dried under
nitrogen. Static contact angles were measured after 4, 10, 15,
and 23 days by following the same procedure. All measurements
were taken in triplicate for each coupon, and the results were
averaged.

Homopolymerization of 1H,1H,2H,2H-heptadecafluorodecyl
methacrylate

Heptadecafluorodecy methacrylate (HDFDMA) 1 g (1.87 mmol),
and 2,2'-azobisisobutyronitrile (AIBN) 10 mg (0.06 mmol) were
added in a Schlenk tube under argon along with 1,4-dioxane (7
mL). The mixture was degassed by three freeze-pump-thaw
cycles prior to being placed in an oil bath. Afterward, the solu-
tion mixture was heated at 85 °C under argon in a thermostatic
oil bath for an appropriate time. Samples were taken periodi-
cally for the determination of conversion (‘"H NMR) and molar
masses (GPC) analyses. The resultant polymer was isolated by
precipitation into hexane, which was then filtered, and dried
under reduced pressure yielding a fluffy solid (yield 84%).

Homopolymerization of (dimethoxyphosphoryl)methyl
methacrylate

(Dimethoxyphosphoryl)methyl methacrylate (DMPMM, 1 g, 4.8
mmol), and 2,2'-azobisisobutyronitrile (AIBN) (10 mg, 0.06
mmol) were mixed and added to a Schlenk tube under argon
along with 1,4-dioxane (6 mL). The reaction mixture was
degassed by bubbling argon for 45 minutes and then heated at
85 °C under argon in a thermostatic oil bath for 24 h. Polymer
conversions were determined by 'H NMR and GPC analyses.
The resulting poly(DMPMM) was purified by dialyzing in
a membrane (MWCO: 3000-5000 Da) in water for 2 days and
freeze-dried, yielding a colorless solid (85.4%).

Deprotection of phosphonate esters>

In a typical experiment, trimethylsilyl bromide (TMS-Br) (1.4 g,
9.42 mmol) was added to a solution of poly(DMPMM) (1 g,
0.062 mmol, M,,, GPC = 16 123 g mol ') in chloroform (20 mL).
After stirring for 3 hours at room temperature, the mixture was
concentrated under reduced pressure. Methanol (50 mL) was
added and the mixture was stirred again for 1 hour at room
temperature. The solvent was evaporated, and the product was
dried to a constant weight under reduced pressure yielding
a colorless solid (92%).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Copolymerization of HDFDMA and DMPMM

Typical polymerization procedure: HDFDMA (0.5 g, 0.94 mmol),
DMPMM (0.19 g, 0.94 mmol), AIBN (0.005 g, 0.03 mmol) were
added along with 1,4-dioxane (18 mL) in a Schlenk flask. The
mixture was degassed by three freeze—evacuate-thaw cycles and
then heated at 85 °C under argon in a thermostatic oil bath for
24 h. During the reaction, small samples were taken to measure
the conversion. The resultant polymer was purified by adding
water (20 mL) which was stirred for an hour, followed by
filtration and drying under vacuum. The solid was dissolved in
chloroform (50 mL) and stirred for 2 hours, and then re-
precipitated in methanol. The copolymer was filtered and
dried under a vacuum at room temperature overnight. The
poly(HDFDMA-co-DMPMM) synthesized was a white solid with
a 97% yield. This was deprotected into poly(HDFDMA-co-PMM)
by using a similar procedure as used above (see deprotection of
phosphonate esters). All synthesized homo and copolymers
were characterized by 'H, *'P, '°F NMR, GPC, ATR-TIR, and TGA
analysis.

Statistical analysis

All experiments were performed in triplicate. For the sake of
clarity, only one set of data is presented in this study in terms of
graphs. However, very similar results were obtained for the
other two sets of experiments. All data are presented as average
+ standard error unless otherwise stated, and the statistical
significance was assessed using the ANOVA test.

Conclusions

By using phosphonate groups, it is possible to graft fluorinated
polymers onto stainless steel as a monolayer by simple
immersion for 30 minutes from a dilute TFA or DMSO solution.
The presence of the films on the surface was be shown by XPS,
where peaks for both P and F atoms were detected. Initial
contact angles of over 128° were measured for the most highly
fluorinated films. This is higher than most simple fluoropol-
ymers such as Teflon and may be aided by some surface
roughness in the steel. The films showed good stability in water
over a period of weeks, though some small loss of material was
noted as inferred by the contact angle. The most stable films
were from a polymer containing a [1 : 2] ratio of fluorinated to
phosphonated monomers, which was ascribed to a balance
between the number of binding sites in the polymer and its
water solubility. The ease of application and the stability of the
films makes this a promising technology for the synthesis of low
surface energy metal surfaces.
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