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ABSTRACT: We report a first example of thiol—trifluorovinyl
ether (thiol-TFVE) photopolymerization as a facile, cure-on-
demand synthetic route to semifluorinated polymer networks. The
thiol -TFVE reaction—which proceeds via anti-Markovnikov
addition of a thiyl radial to the TFVE group—was elucidated
using model small molecule reactions between phenyl trifluorovinyl
ether and thiols with varying reactivity. These model reactions,
characterized by 'F NMR, 'H NMR, and FTIR, also provided
evidence of an oxygen-induced degradation pathway that may be
circumvented by performing the reactions under an inert gas
atmosphere. Photopolymerization of difunctional TFVE monomers
with multifunctional thiols occurred with rapid kinetics and high

SH
L §
LA
O)S(S“R"' HS SH
FF $
T4
O/S(SNR"
FF $

conversions as observed with real-time FTIR and provided homogeneous semifluorinated polymer networks with narrow glass
transitions as observed with dynamic mechanical analysis. The semifluorinated ether/thioether linkage incorporated into the
polymer network yielded hydrophobic materials with increased and tunable T, a 2-fold increase in strain at break, 4-fold increase
in stress at break, and more than S-fold increase in toughness relative to a thiol—ene material composed of a structurally similar
hydrogenated ether/thioether linkage. The increased T, and mechanical toughness are attributed to the higher rigidity, hydrogen-
bonding capacity, and stronger carbon—carbon bonds of the semifluorinated ether/thioether relative to the hydrogenated ether/

thioether.

1. INTRODUCTION

Fluorinated polymers have found prolific use in many high
performance applications owing to their mechanical strength,
high thermal stability, unique optical and electronic properties,
low surface energy, and chemical stability.' > While desirable,
tully fluorinated polymers are often limited in their application
due to their high crystallinity and difficult processing
conditions. Hence, many contemporary synthetic efforts are
focused on synthesizing amorphous semifluorinated polymers
that exhibit analogous properties to fully fluorinated polymers
but with improved processability. Of the reported approaches,
the use of the trifluorovinyl ether (TFVE) group to synthesize
perfluorocyclobutane polymers has provided an effective route
to high-performance semifluorinated polymers and polymer
networks.”"” The TFVE group undergoes a thermally induced
[2 + 2] cyclodimerization reaction to form fully amorphous
step-growth polymers with improved processability while
maintaining the advantageous properties of fluoropolymers.
Further, owing to the unique mechanism of TFVE synthesis
from phenolic species, a broad library of TFVE-containing
monomers can be synthesized under mild conditions with
diverse chemical structure.'”'' With a host of potential
monomers available, the TFVE group provides a unique
opportunity to synthesize semifluorinated polymers with
tunable and distinct macromolecular properties.”'*™*" Albeit
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successful in the design and synthesis of semifluorinated
polymers, the TFVE cyclodimerization reaction requires high
temperatures, long reaction times, and, in some instances,
solvent and postpolymerization purification.”*'*'® By contrast,
light-mediated polymerizations offer several advantages over
thermal polymerizations including shorter reaction times,
solvent-free polymerization conditions, lower energy consump-
tion, and both spatial and temporal control over polymer-
ization; however, photopolymerization routes involving TFVE
monomers have not been reported. As such, we sought a
method to synergistically combine the structural diversity
provided by TFVE monomers with the benefits of photo-
polymerization. In this direction, we were inspired by the early
work of Harris and Stacey that reported the eflicient addition of
the trifluoromethanethiyl radical across a trifluorovinyl methyl
ether in the presence of UV irradiation.”’ It is particularly
noteworthy that the addition of trifluoromethanethiol pro-
ceeded in 15 min (compared to hours or days for other
fluorinated olefins) and occurred at the difluorinated, or “tail”,
carbon only (eg, anti-Markovnikov addition). Subsequent
work demonstrated that hydrogen sulfide, in the presence of X-
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ray or UV irradiation, also undergoes radical addition to a
trifluorovinyl methyl ether, and while a 2:1 SH:vinyl ether
adduct could be formed, only anti-Markovnikov addition was
observed.”” These results suggest that the TFVE group may be
an ideal candidate for photopolymerization, where our interests
are specifically the thiol—ene photopolymerization.

Thiol—ene photopolymerizations proceed via a radical step-
growth mechanism, where a thiyl radical, formed by hydrogen
abstraction from a photoinitiator, adds across a double bond to
form a carbon-centered radical. The carbon-centered radical
then undergoes an efficient and rapid chain transfer reaction
with an additional thiol to generate the thiol—ene product and
regenerate the propagating thiyl radical species. The radical
step-growth nature of the polymerization mechanism imparts
several unique advantages to the synthesis of polymer networks
including rapid polymerization times, high conversions,
insensitivity to oxygen, and homogeneous network structure
characterized by uniform and tailorable thermal and mechanical
properties.””** Few examples of semifluorinated thiol—ene
materials have been reported in the literature,”>™>” and these
examples all employ monomers containing semifluorinated
pendent groups. Herein, we demonstrate a first example of
thiol—trifluorovinyl ether (thiol-TFVE) photopolymerization
as a facile, cure-on-demand synthetic route to semifluorinated
polymer networks. The thiol-TFVE reaction was initially
elucidated using model small molecule reactions between
phenyl trifluorovinyl ether and thiols with varying reactivity.
Photopolymerization of difunctional TFVE monomers with
multifunctional thiols was assessed in terms of polymerization
kinetics, while the mechanical and thermomechanical proper-
ties of the resulting semifluorinated networks were systemati-
cally characterized as a function of TFVE concentration.

2. RESULTS AND DISCUSSION

2.1. Model Thiol-TFVE Reactions. The thiol-TFVE
reaction was initially investigated using model reactions
between phenyl trifluorovinyl ether (Ph—TFVE) and a series
of thiols of increasing reactivity (methyl 3-mercaptopropionate
[M3MP] > 1-propanethiol [PrSH] > benzyl mercaptan
[BnSH]),” as shown in Figure 1. TFVE, thiol, and photo-
initiator were combined without solvent and exposed to UV
light (100 mW/cm?) in air. The structure of the thiol-TFVE
adduct was characterized using 'H and 'F NMR. Figure 2
shows the 'H and "’F NMR spectra for the M3MP/Ph—TFVE
adduct (see Figures S1—S9 for NMR of other adducts). In each
reaction, the thiol successfully added across the TFVE
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Figure 1. Model reaction between Ph—TFVE and a series of thiol
monomers with increasing reactivity in the order M3MP > PrSH >
BnSH.
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Figure 2. '"H NMR (top) and "’F NMR (bottom) of M3MP/Ph—
TFVE addition adduct.

functional group to afford a semifluorinated ether/thioether
linkage. Control experiments conducted with M3MP/Ph—
TFVE in the absence of photoinitiator and UV light revealed no
reaction after S days (Figure S10), suggesting the thiol addition
does not proceed through charge transfer or co-oxidation
reactions.”® The appearance of a single proton peak, d, centered
around 6.50 ppm represents the hydrogen on the carbon alpha
to the ether linkage, previously a part of the thiol functional
group. Additionally, '’F NMR reveals the disappearance of the
TFVE group and the formation of two doublets of doublets of
doublets (ddd) and a doublet of triplets (dt), representing
fluorines 1 and 2, and 3, respectively. The anti-Markovnikov
addition product was confirmed by the close inspection of the
fluorine peak splitting patterns. The ddd peaks have splitting
patterns with J values of approximately 225, 13, and 3 Hz
corresponding to geminal F—F splitting, vicinal F—F splitting,
and vicinal H—F splitting, respectively (see Figure S11). The dt
peak has splitting patterns with ] values of approximately 59
and 14 Hz corresponding to geminal H—F splitting, and vicinal
F—F splitting, respectively. The splitting patterns and
associated integration values confirm the anti-Markovnikov
addition of thiols to the TFVE.

Thiol—ene reactions are typically characterized by rapid
reaction rates, high conversions, and an insensitivity to oxygen.
Figure 3a shows the reaction kinetics between small molecule
thiols and Ph—TFVE in air under UV light (1 wt %
photoinitiator, 100 mW/cm?). As expected, the reaction rates
follow the order of thiol reactivity with M3MP, PrSH, and
BnSH reaching 92%, 70%, and 15% conversion, respectively,
within 1 min. TFVE conversion values at 30 min follow a
similar trend with M3MP reaching 99% conversion, while PrSH
and BnSH reach 87% and 70%, respectively. The thiol-TFVE
reactions, when conducted in air, also exhibit a change in color
from clear to orange, as shown in inset of Figure 3a. The thiol—
TFVE reactions were further investigated under an inert
nitrogen atmosphere (1 wt % photoinitiator, 100 mW/cm?),
and the conversion versus time plots are presented in Figure 3b.
In all cases, increases in both the initial reaction rates and final
conversion values under nitrogen were observed. M3MP and
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Figure 3. TFVE conversion kinetics for thiol/Ph—TFVE reactions
conducted at 1 wt % photoinitiator and 100 mW/cm?* UV light in (a)

air and (b) N,. Data points represent the average of multiple runs;
error bars represent +1 std dev.

PrSH approached quantitative conversion in approximately 1
min, whereas BnSH showed a 15% increase in overall
conversion (from 70% in air to 85% in nitrogen). Thiol—
TFVE reactions carried out under nitrogen also remained
colorless (Figure 3b, inset). It is worth noting that Ph—TFVE is
difficult to homopolymerize under radical conditions.””
Unsurprisingly, TFVE homopolymerization was not observed
under our reaction conditions (Figure S12), indicating that
TFVE consumption is solely a function of thiol addition.
Changes in photoinitiator concentration improved conversions
in both air and nitrogen atmospheres, but BnSH—TFVE
reactions in air still failed to reach quantitative conversion (see
Figure S13). As a final control experiment, we ran the BnSH—
TFVE reaction under UV exposure in an inert atmosphere and
in the absence of photoinitiator. Under these conditions, the
BnSH—TFVE reaction reached ~40% conversion (Figure S13)
and can be attributed to UV-induced cleavage of thiol into thiyl

radicals, resulting in photoinitiation (a common result for
thiol—ene photoreactions™”). The absence of Irgacure precludes
the possibility of Irgacure serving as a base in the reaction.”"**
The combined results of these experiments suggest that the
SH—TFVE reaction proceeds via a radical addition pathway.
The differences between the kinetic results in nitrogen and
air suggest that the thiol-TFVE reaction shows an increased
sensitivity to oxygen. As such, we propose the oxygen induced
degradation mechanism shown in Figure 4a. Traditionally,
when oxygen interacts with the carbon-centered radical formed
during the propagation step of the radical thiol—ene reaction,
the formed peroxide radical can still participate in polymer-
ization by removing the easily abstractable hydrogen of the
thiol group, regenerating the propagating thiyl radical
(equivalent to steps 1—3 in Figure 4a).””** In the case of the
thiol-TFVE reaction, it appears that oxygen not only inhibits
the reaction but may also provide a pathway for product
degradation (discoloration). Suspecting oxygen-induced degra-
dation, two additional considerations are made. The first is that
the hydroperoxide group formed after the reaction of the
carbon-centered radical intermediate with oxygen can recleave
to generate oxygen centered radicals (step 4 in Figure 4a).**™*
The second is that main chain fluoropolymers, and more
specifically perfluoroethers, can undergo f-scission when the
propagating radical contains an a ether linkage®” as well as
several similar scission pathways when exposed to intense
irradiation (step S in Figure 4a).*¥ Steps 4 and S present a
mechanistic pathway for the decomposition of the formed
hydroperoxide and the subsequent and spontaneous scission of
the addition product to form an acyl fluoride (I) and the stable
phenoxyl radical (II). The phenoxyl radical and acyl fluoride
then hydrolyze in atmosphere (step 6) to yield the final
decomposition products, III, IV, and V. Unfortunately, small
molecule separations and isolations of the degradation products
were difficult and prevented quantitative determination of
degradation product structure. However, spectroscopic techni-
ques provided insight into the presence of the proposed
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Figure 4. (a) Proposed mechanism for oxygen-induced degradation pathway of thiol/TFVE radical reaction. (b) FTIR spectrum presented at 2 min
intervals for the reaction of 1-dodecanethiol/Ph—TFVE 1 wt % photoinitiator upon exposure to 20 mW/cm? UV light in air (top) and N, (bottom).
Radical—radical termination reactions (e.g., disulfide formation and head-to-head coupling of carbon-centered radicals) common to thiol—ene

reactions are not shown in the reaction scheme.
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carbonyl containing degradation products. As such, a reaction
between 1-dodecanethiol and phenyl trifluorovinyl ether in the
presence of 1 wt % photoinitiator and 20 mW/cm* UV light
was conducted over 10 min and monitored in real time using
FTIR under both air and nitrogen atmospheres (1-dodeca-
nethiol was used to limit volatility issues and prevent spectral
overlap of functional groups). The results of the RT-FTIR
study are shown in Figure 4b. From Figure 4b, it is clear that in
air the slow disappearance of the TFVE peak at 1832 cm™" is
accompanied by the appearance of two distinct peaks centered
at 1778 and 1849 cm™'. These peaks are associated with the
products of the oxygen degradation mechanism and are
noticeably absent when the reaction is conducted in a nitrogen
atmosphere. The peak centered at 1778 cm™' is commonly
identified with the carbonyl moiety of a carboxylic acid
functional group and as such is assigned to the formation of
the stable degradation product, IV. The peak at 1849 cm™'
appears in a region associated with acyl fluorides™ and is
assigned to the formation of degradation product, I, in good
agreement with literature values for —SCF,COF IR absorp-
tions." It is also worth noting that the intensity of the —COF
peak quickly increased, before decreasing at longer times. The
quick appearance of —COF followed by its disappearance
coupled with the continuous formation of —COOH can be
explained by the hydrolysis of the acyl fluoride, I, to the
carboxylic acid, IV, as shown in step 6 of Figure 4a.
Furthermore, two distinct singlets at —83.2 and —83.6 ppm
are displayed in the '’F NMR spectrum of the product mixture
in air, in agreement with literature values for the chemical shifts
of CF, fluorines adjacent to carbonyl carbons (Figure S14).""*
The CF, peaks were not observed by '’F NMR for reactions
conducted under N,.

After identifying the oxygen-sensitive nature of the thiol—
TFVE photoreaction, subsequent experiments were conducted
under nitrogen. Given the electron deficiency of the TFVE
group, the kinetics and efficiency of the thiol-TFVE reaction
were somewhat unexpected. To provide a point of reference,
we ran the thiol -TFVE reaction parallel to thiol—ene reactions
that employ more traditional electron-rich alkenes, such as
norbornene, vinyl ether, allyl ether, and allyl groups, and the
results are shown in Figure S. BnSH, as the least reactive thiol
of the series, was chosen for the alkene comparison experiment
to enable facile capture of the kinetics. In each case, BnSH and
the alkene were combined in the absence of solvent with 1 wt %
photoinitiator and reacted in an inert N, atmosphere for 30
min under 100 mW/cm? UV light intensity. As shown in Figure
S, the TFVE group is less reactive and exhibits slower reaction
kinetics with BnSH than norbornene, vinyl ether, and allyl
ether. However, TFVE reaction rates with BnSH are
comparable to allyl reaction rates, though these reactions do
not reach the same final conversions after 30 min. It is
noteworthy that the kinetics of thiol-TFVE and thiol—ene
reactions are indistinguishable (e.g, quantitative conversions
within 1 min) when employing more reactive thiols, such as
M3MP and PrSH. The unexpected reactivity of the TFVE
group is a function of both the carbon-centered radical
intermediate and the lability of the thiol hydrogen. Following
the propagation step, the carbon-centered radical sits alpha to
the ether linkage which can inductively stabilize the radical,”
lowering the energy barrier to addition. Following radical
addition, the easily abstractable thiol hydrogen facilitates the
chain-transfer step and the reaction proceeds as previously
described. Encouraged by these results, we next explored the
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Figure S. Alkene monomer structures and conversion kinetics for
BnSH/alkene reactions conducted at 1 wt % photoinitiator and 100
mW/cm? UV light in N,

thiol-TFVE reaction for synthesis of semifluorinated polymer
networks.

2.2. Semifluorinated Networks. The rapid and efficient
reaction kinetics between the TFVE and a variety of thiols
make the thiol-TFVE photoreaction an ideal candidate to
rapidly synthesize semifluorinated polymer networks with
highly tunable properties. Therefore, a difunctional TFVE
monomer based on bisphenol A (TFVE-BPA) was synthesized
and formulated with di- and trifunctional thiol monomers, as
shown Figure 6 (see Figures S15—S22 for NMR spectrum of
synthesized difunctional monomers; a 75:25 SH mole ratio of
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Figure 6. Thiol/TFVE multifunctional network monomers and
network preparation. Hydrogenated and semifluorinated ether/
thioether linkages are shown in purple.
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HexSH,:TMPMP was used to ensure monomer mixture
homogeneity). TFEVE—BPA was copolymerized with allyl—
BPA to tailor the amount of semifluorinated linkages in the
network and determine the effect of the TFVE group on the
photopolymerization process. The structural similarity of allyl—
BPA serves as a control to determine the influence of the
semifluorinated linkage on polymer network properties. All
formulations contained 1 wt % Irgacure 1173 and were
polymerized with 20 mW/cm? UV light under an inert N,
atmosphere. The mol % of TFVE groups was systematically
varied from 0 to 100 mol %. The polymerization kinetics as a
function of TFVE—BPA concentration are shown in Figure 7.
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Figure 7. Real-time FTIR conversion plots of thiol/TFVE networks
formulated with 0—100 mol % TFVE—BPA.

After 30 s, the 0% TFVE—BPA and 100% TFVE—BPA
formulations respectively approached 95% and 85% functional
group conversions, while maintaining a 1:1 thiol:alkene
stoichiometry throughout the photopolymerization. In copoly-
merizations of TEVE—BPA and allyl-BPA, the difference in
polymerization rate between the allyl ether and the TFVE
groups can be observed early in the reaction, with the allyl ether
groups reaching an approximately 6% higher conversion than
the TFVE groups at 30 s for the 50% and 75% TFVE—BPA
formulations. The lower reactivity of the TFVE group in the
thiol—ene copolymerization is consistent with the small
molecule kinetics presented in Figure S, as the allyl ether
group is a more reactive alkene under the current reaction
conditions. However, after 2 min of UV exposure, all network
formulations reached near quantitative conversion with
stoichiometric conversion of all functional groups. These
results confirm that under inert atmosphere semifluorinated
networks can be rapidly synthesized and that the TFVE group
exerts little to no influence on final conversion values.

The influence of the semifluorinated ether/thioether linkage
on the thermomechanical properties of the thiol-TFVE
networks was investigated using dynamic mechanical analysis
(strain film mode, heating rate 2 °C/min). The glass transition
was taken as the peak maximum of the tan  curves. Figure 8a
shows the tan 0 curves of the thiol-TFVE networks as a
function of TFVE—BPA concentration. At all loadings of
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TFVE—BPA polymer networks. (a) Tan § vs temperature. (b) Storage
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TEVE—BPA, the tan 6 curves exhibit a narrow full width at half-
maximum (<13 °C) and are characteristic of homogeneous
polymer networks formed via a thiol—ene radical step-growth
mechanism.** Significant increases in T, were observed as a
function of the semifluorinated ether/thioether linkage, with
the Tg increasing from 7.1 + 1.3 °C, at 0% TFVE, to 29.2 + 2.3
°C, at 100% TFVE—an increase of more than 20 °C.
Interestingly, cross-link densities calculated from the rubbery
plateau regions (Tg + 40 °C) of the storage modulus curves
(Figure 8b and Table 1) remain relatively constant. Therefore,

Table 1. Thermomechanical Properties of 0—100 mol %
TFVE—BPA Thiol/TFVE Polymer Networks

mol % TFVE—BPA T, (°C) fwhm® (°C)  p.” (mol cm™ 10%)
0 71+ 13 112 + 0.6 0.620 + 0.023
25 13.8 + 0.6 1.1 + 13 0.641 + 0.028
50 18.1 + 0.9 123+ 05 0.664 + 0.039
75 250 + 1.7 123 + 09 0.603 + 0.071
100 292 + 2.3 10.6 + 0.2 0.544 + 0.033

“Fwhm obtained from the tan & curve. "Cross-link density.

the observed increases in T, are a function of the changes in the
nature of the cross-links within the backbone of the polymer
network. At 0% TFVE—BPA, the radical addition of the thiol to
the allyl-BPA results in the flexible ether/thioether linkage
(Figure 6). As the allyl-BPA is replaced with TFVE—BPA, the
majority of chemical linkages formed within the polymer
network are semifluorinated ether/thioethers (Figure 6). The
increase in T, as a function of semifluorinated linkage can be
attributed to a combination of factors. The incorporation of
fluorine has been shown to increase the rigidity of polymers*>*°
as well as prevent certain modes of rotation through steric and
electronic effects.”” Additionally, the strong electron-with-
drawing nature of fluorine is capable of increasing the acidity
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of adjacent hydrogen atoms to facilitate hydrogen bond-
ing.**~*° The incorporation of large amounts of semifluorinated
linkages therefore not only stiffens the ether/thioether linkage
but also provides a large number of hydrogen bonding sites,
which effectively act as physical cross-links.”" The result is most
dramatic when all alkenes are fluorinated, with the T, of the
material transitioning from a flexible rubber (0% TFVE) to a
semi-glass-like state (100% TFVE) at room temperature.

The influence of the semifluorinated ether/thioether linkage
is also evident in the mechanical properties of the thiol-TFVE
networks. Representative stress—strain curves are shown in
Figure 9a and summarized in Figure 9b. In general, both stress

BPA. Simultaneously, the semifluorinated linkage provides
hydrogen bonding sites as physical cross-links that are capable
of absorbing the energy of mechanical deformation and
rupturing before the covalent cross-links.”” Ultimately,
incorporating semifluorinated ether—thioether linkages via
thiol-TFVE photopolymerization provides a facile route to
enhance the mechanical properties of thiol—ene polymer
networks.

Thermogravimetric analysis was used to characterize the
thermal stability of the thiol-TFVE polymer networks.
Samples were subjected to a 10 °C/min ramp rate from 30
to 800 °C under a nitrogen atmosphere. Figure 10 shows the
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Figure 9. (a) Representative stress/strain curves of 0—100 mol %
TEVE—BPA thiol/TFVE networks. (b) Summation of thiol/TFVE
polymer network tensile properties as a function of mol % TFVE—
BPA. Results indicate a peak in mechanical properties at 75 mol %
TFVE—BPA.

at break and strain at break values increased with increasing
TFVE—BPA concentration, with the 50—75% TFVE—BPA
networks exhibiting a 2-fold increase in strain at break relative
to the 0% TFVE—BPA sample. It is also clear that increasing
the concentration of semifluorinated linkage within the network
results in a S-fold increase in toughness, peaking at 75 mol %
TFVE, relative to the nonfluorinated network (0% TFVE). The
100% TFVE network showed a significant increase in initial
modulus; however, a decrease in toughness was observed
relative to the 50—75% TFVE samples. The decrease is
toughness can be attributed to the more glass-like behavior of
the 100% TFVE, as tensile testing was conducted at a
temperature (25 °C) just below T,. The increase in toughness
with increasing semifluorinated linkage is attributed to an
increase in the bond strength of the chemical cross-links and to
the contribution of hydrogen bonding to the absorption of
mechanical deformation energy. Because of the inductive effect
of fluorine on the skeletal carbon—carbon bonds, the
semifluorinated ether—thioether linkage (HFC—CF,) is ex-
pected to be stronger than the carbon—carbon bond of the
hydrogenated ether—thioether linkage (H,C—CH,), which
likely translates into an increase in mechanical toughness of
the thiol-TFVE network at higher concentrations of TFVE—
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Figure 10. Representative thermal degradation behavior of thiol/
TFVE networks in a N, atmosphere. The inset shows a more detailed
view of the onset region.

TGA thermograms for the thiol-TFVE samples as a function
of TEVE—BPA concentration. The data are summarized in
Table 2. As illustrated by the 5% weight loss values (T3s%), the

Table 2. Summary of Thermal Degradation Temperatures of
Thiol/TFVE Polymer Networks

mol % 1st deriv char yield
TFVE—-BPA Ty (°C) Ty (°C) wt % (°C) (%)

0 3499 + 3.7 3594 = 4.0 378.6 + 4.6 0.7 £ 0.5

25 3326 £35 3469+ 42 3657+ 5.0 79 + 04

NY 332.6 £ 2.9 345.6 + 4.1 3629 + 3.0 162 £ 2.6

75 3252 + 4.2 3422 + 3.7 3614 + 3.6 23.6 £ 0.8

100 3232 + 32 3421 £ 3.5 359.1 + 3.6 289 + 14

onset of thermal degradation depends on the concentration of
semifluorinated ether—thioether in the network, where the
highest T % was observed for the 0% TFVE—BPA sample.
Thiol-TFVE networks containing 25, 50, 75, and 100%
TFVE—BPA showed T % values respectively at 332.6 + 3.5,
332.6 +£ 2.9, 3252 + 4.2, and 323.2 + 3.2 °C. The decrease in
onset of degradation, though minimal between the semi-
fluorinated polymer networks, is significant from the 0%
TFVE—BPA network to the 100% TFVE—BPA network (T4s%
values shifted ~30 °C and the first derivative of weight percent
values shifted ~20 °C). The change in thermal degradation
behavior for the semifluorinated networks is rationalized by an
increase in abstractable hydrogens as more semifluorinated
linkage is incorporated into the polymer.*® Hydrogen
abstraction is a common fluoropolymer degradation pathway
and may result in the formation of HF, along with the initiation
of several radical scission pathways.”*>* HF thermally released
from the polymer has the potential to form inorganic salts
leading to an increase in char yield (an advantageous property
for fire-resistant materials), as illustrated by the increase from
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0.7 + 0.5% at 0% TFVE—BPA to 28.9 + 1.4% at 100% TFVE—
BPA.

Finally, contact angle measurements show the static water
contact angle increases from 95.6 + 1.6° at 0% TFVE to 101.6
+ 1.6° at 100% TFVE (see Figure S23). The increased
hydrophobicity of the networks with increasing TFVE—BPA
concentration is attributed to the contribution of the
semifluorinated ether/thioether linkage to lower the surface
energy—an advantageous property for applications necessitat-
ing moisture resistance. The observed contact angles are
consistent with other materials reported in the literature that
are derived from TFVE-based monomers."”

3. CONCLUSIONS

In summary, we have demonstrated the first example of thiol—
trifluorovinyl ether photopolymerization as a facile synthetic
route to semifluorinated polymer networks. The thiol-TFVE
reaction—including anti-Markovnikov addition product and
reaction kinetics with various thiols—was elucidated using
small molecule model reactions. An oxygen-induced degrada-
tion pathway was identified, and a mechanism, supported by
NMR and FTIR spectroscopy, was proposed; however, this side
reaction was circumvented by performing the reactions under a
nitrogen atmosphere. Photopolymerization of difunctional
TFVE monomers with multifunctional thiols occurred with
rapid kinetics and high conversions and provided homogeneous
semifluorinated polymer networks with narrow glass tran-
sitions—all hallmark characteristics of the radical step-addition
process. Directly incorporating the semifluorinated ether/
thioether linkage into the polymer network yielded hydro-
phobic materials with increased T, a 2-fold increase in strain at
break, 4-fold increase in stress at break, and more than 5-fold
increase in toughness relative to a thiol—ene material composed
of a structurally similar hydrogenated ether/thioether linkage.
We anticipate that the simplicity and rapid cure kinetics of the
thiol-TFVE photopolymerization coupled with on-demand
access to tunable and enhanced materials properties will
provide a framework for the design of new semifluorinated
polymer thermosets for a range of applications.

4. EXPERIMENTAL SECTION

4.1. Materials. All reagents and solvents were purchased from
Sigma-Aldrich and used without additional purification unless
otherwise specified. Petroleum ether and dichloromethane were
purchased from Fisher Scientific; Irgacure 1173 was purchased from
BASF; trimethylolpropane tris(3-mercaptopropionate) was purchased
from Bruno Bock; and 1,2-dibromotetrafluoroethane and phenyl
trifluorovinyl ether (Ph—TFVE) were purchased from SynQuest. Ph—
TFVE was further purified by silica gel chromatography prior to use.

4.2. Thiol-TFVE Model Reactions. The following describes a
typical thiol-TFVE model procedure: A thiol (methyl 3-mercapto-
propionate) (M3MP), 1-propanethiol (PrSH), benzyl mercaptan
(BnSH), and phenyl trifluorovinyl ether were combined in a 1:1
SH:TFVE mole ratio in the presence of a small weight percent of
photoinitiator (1—3 wt %; Irgacure 1173). The resulting mixture was
exposed to 100 mW/cm? UV light and monitored by 'H and '’F NMR
to determine conversion over time. Reactions conducted in inert
atmosphere were subjected to three cycles of freeze—pump—thaw
using high purity nitrogen. NMR spectra of purified compounds can
be found in the Supporting Information (Figures S1—S9). Chemical
shifts of M3MP/Ph—TFVE are reported below: '"H NMR (C,D(SO,
600 MHz): & 7.43—7.31 (2H, Ar—H, t, ] = 7.5 Hz), 7.21-7.18 (3H,
Ar—H, dd, J = 15.3 Hz, 7.8 Hz), 6.65—6.55 (1H, CHF, d, ] = 61.8),
3.64 (3H, CHj, s), 3.16 (2H, CH,, t, ] = 6.9 Hz), 2.77 (2H, CH,, t, ] =
6.9 Hz), X = residual water (3.33) and residual C,HSO (2.50). F
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NMR (C,D¢SO, ref CF,C¢Hs, 565 MHz): § —90.22 to —90.64 (1F,
CF,, ddd, J = 224.8 Hz, 11.7 Hz, 2.0 Hz), —92.00 to —92.42 (1F, CF,,
ddd, J = 225.0 Hz, 14.8 Hz, 5.7 Hz) —138.79 to —138.95 (1F, CHF,
dt, J = 592 Hz, 14.3 Hz), X = CF,C¢H;. *C NMR (C,D,SO, 151
MHz): § 171.3, 154.5, 130.0, 124.5, 116.8, 51.6, 34.5, 22.6.

4.3. Thiol-Alkene Model Reactions. Reactions between benzyl
mercaptan and traditional alkene monomers were conducted in a
similar fashion as the model reactions: benzyl mercaptan and an alkene
monomer (S-norbornene-2-methanol (Norbornene), n-butyl vinyl
ether (Vinyl Ether), allyl phenyl ether (Allyl Ether), methyl eugenol
(Allyl), and phenyl trifluorovinyl ether (TFVE)) were combined in a
1:1 SH:alkene mole ratio along with 1 wt % Irgacure 1173. Reaction
vessels were subjected to three cycles of freeze—pump—thaw and
polymerized under 100 mW/cm? UV light for 30 min. Conversion was
monitored via '"H NMR and integration of the alkene peak.

4.4. Synthesis of Bisphenol a Bisallyl Ether (Allyl-BPA).
Bisphenol A (15.00 g, 65.7 mmol) and potassium carbonate (22.7 g,
164.2 mmol) were dissolved in 75 mL of acetone before the addition
of allyl bromide (19.88 g, 164.3 mmol). The reaction mixture was
stirred overnight, followed by the removal of solvent under reduced
pressure. The crude mixture was redissolved in 100 mL of CH,Cl, and
washed 3 X 100 mL with Na,SO, solution and 1 X 100 mL with DI
H,O. The organic phase was separated and dried over MgSO,, and
solvent was removed via rotary evaporation. The crude oil was purified
over a neutral alumina plug using neat petroleum ether as eluent to
provide the product as a colorless oil. Isolated yield = 77%. '"H NMR
(CDCl,;, 600 MHz): § 7.14 (4H, Ar—H, d, ] = 6.6 Hz), 6.82 (4H, Ar—
H, d, ] = 6.7 Hz), 6.06 (2H, CH=CH,, m), 5.35 (4H, CH=CH,, dd,
J = 80.3 Hz, 13.8 Hz), 4.52 (4H, CH,, s), 1.65 (6H, CH,, s). *C NMR
(CDCl,, 151 MHz): § 1562, 1434, 1337, 127.9, 117.6, 114.2, 68.9,
41.8, 31.2 (Figures S1S and S16).

4.5. Synthesis of 1,1-Bis[4-(2-bromo-1,1,2,2-
tetrafluoroethoxy)lisopropylidene (BrE—BPA). BrE—BPA was
synthesized according to a modified literature procedure.'' BPA
(15.00 g, 65.70 mmol) and Cs,CO; (53.00 g, 162.6 mmol) were
dissolved in 100 mL of DMSO under an inert atmosphere. The
solution was brought to 50 °C, and 1,2-dibromotetrafluoroethane
(43.60 g, 167.9 mmol) was added slowly to the heated mixture. The
reaction was stirred overnight, followed by slow dilution with 100 mL
of DI H,O. The mixture was extracted 5 X 100 mL with petroleum
ether, and the collected organic phase was washed 3 X 200 mL with DI
H,0. Following drying with Na,SO,, the solution was filtered and
concentrated via rotary evaporation. The crude oil was further purified
by silica gel chromatography using a 98:2 (v:v) petroleum
ether:CH,Cl, eluent. Chromatography returned a colorless oil. Yield
= 63%. 'H NMR (CDCl,;, 600 MHz): 6 7.26 (4H, Ar—H, d, ] = 7.5
Hz), 7.16 (4H, Ar—H, d, ] = 6.4 Hz), 1.72 (6H, CH;, s). '’F NMR
(CDCl,, ref CF,C¢Hy, 565 MHz): § —68.9 (2F, OCF,CF,Br, t, ] = 4.8
Hz), —86.9 (2F, OCF,CF,Br, t, J = 4.7 Hz). *C NMR (CDCl,, 151
MHz): 5 149.0, 147.0, 1282, 121.3, 42.75, 31.0 (Figures S17—S19).

4.6. Synthesis of 1,1-Bis(4-trifluorovinyloxy)phenyl)-
isopropylidene (TFVE—BPA). To a reaction flask fixed with a
condenser was charged 100 mL of MeCN and 7.94 g (121.4 mmol) of
zinc dust. The solution was brought to reflux and BrE—-BPA (27.23 g,
46.46 mmol) was added slowly. The reaction was stirred overnight and
cooled, and the mixture was vacuum filtered to remove residual zinc,
followed by removal of MeCN under reduced pressure. The crude
organic phase was dissolved in 50 mL of hexanes and filtered a second
time to remove addition Zn salts. Hexanes was removed under
reduced pressure, and the crude oil was purified by silica gel
chromatography using 95:5 (v:v) petroleum ether:CH,Cl, as an eluent
to afford the pure product as a colorless oil. Isolated yield = 60%. 'H
NMR (CDCl,, 600 MHz): § 7.26 (4H, Ar—H, d, ] = 7.2 Hz), 7.05
(4H, Ar—H, d, ] = 6.9 Hz), 1.71 (6H, CH,, s). °F NMR (CDCl, ref
CF,C(H,, 565 MHz): 5 —121.0 (1F, CE,=CF, dd, ] = 97.6 Hz, 57.9
Hz), —127.8 (1F, CF,=CF, dd, J = 109.7 Hz, 97.6 Hz), —134.6 (1F,
CF,=CF, dd, ] = 109.6 Hz, 58.0 Hz). *C NMR (CDCl,, 151 MHz):
5 1534, 1472, 128.4, 1157, 42.4, 31.0 (Figures $20—522).

4.7. Network Preparation. Trimethylolpropane tris(3-mercapto-
propionate) (TMPMP) and 1,6-hexanedithiol (HexSH,) were
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combined in a 25:75 mol % SH ratio, along with 1 wt % Irgacure 1173.
The alkene ratio was varied from 0:100 to 100:0 mol % TFVE—BPA:
Allyl-BPA maintaining a 1:1 SH:alkene mole ratio. Formulations were
then cast into various molds under air and inert atmosphere and
polymerized for 30 min under a 365 nm centered UV light at an
intensity of 40 mW/ cm?

4.8. Characterization. Structural analysis of synthesized com-
pounds was conducted using a Bruker Ascend 600 MHz spectrometer.
Polymerization kinetic data were collected by real time FTIR (RT-
FTIR) using a Nicolet 8700 spectrometer with a KBr beam splitter and
a MCT/A detector. Samples were sandwiched between two NaCl salt
plates in an N, atmosphere and polymerized under 20 mW/cm* UV
light for S min. Scans were acquired at a rate of approximately 3 scans/
s. Conversions were calculated by measuring the change in area under
the thiol, allyl ether, and TFVE peaks. Dynamic mechanical analysis
was performed using a TA Instruments Q800 dynamic mechanical
analyzer in tension film mode. Samples were heated from —30 to 80
°C at a rate of 3 °C/min with a frequency amplitude of 15 um.
Mechanical testing was performed using a MTS Insight material
testing machine equipped with a 2.5 kN load cell. Dog-bone samples
were synthesized with approximate dimensions of 1.60 mm X 5.00 mm
and a gauge length of 16.70 mm. Materials were deformed at a
constant rate of S0 mm/min. Stress and strain at break were
determined directly from the tensile test. Toughness was calculated by
determining the area under the curve using the Integrate function in
Origin 8.6 software, based on an average of at minimum three samples.
Static contract angle measurements were performed using a Rame-
Hart 200—00 Std.-Tilting B. goniometer. Static angles were measured
using a 6 uL drop, and the average of three measurements is reported.
Thermogravimetric analysis was conducted using a TA Instruments
QS50 thermogravimetric analyzer with a platinum pan. Samples were
equilibrated at 30.00 °C before ramping 10.00 °C/min to 800.00 °C
under a nitrogen atmosphere with a flow rate of 10 mg/mL.
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