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Poly(vinylidene fluoride) (PVDF) is commonly used in membranes, lithium-ion battery binders, and coatings due
to its thermal and chemical robustness. Nevertheless, PVDF-based copolymers can broaden the application scope
and performance capabilities of pristine PVDF. PVDF has been modified via grafting-from reactions. However,
grafting density and graft length, two important properties of graft copolymers, cannot be accurately determined.
Herein, we used grafting-onto thiol-ene reactions as a method to modify PVDF. The molar mass of pre-synthesized,
thiol-terminated polymers were accurately determined, and grafting densities were calculated. Unsaturated sites
were generated through dehydrofluorination and dehydrochlorination in PVDF and P(VDF-co-chlorotrifluoro-
ethylene) (PVDF-CTFE). Various conditions were studied, including the molar mass and chemical structure of
grafts, the degree of thiol substitution, and thiol-ene reaction mechanisms. Base-catalyzed Michael addition with
secondary thiols performed best, with the highest grafting density calculated to be about 4 chains per PVDF
chain. Despite the low grafting density, changes in material properties between the product and starting ma-
terials were observed, validating this controlled method for PVDF modification.

1. Introduction

Fluoropolymers are robust polymers used in various applications.
The strong electron-withdrawing property of the fluorine atoms on the
backbone provides chemically and thermally resistant materials [1].
Poly(vinylidene fluoride) (PVDF) is a commercially available fluo-
ropolymer, second in market value only behind polytetrafluoroethylene
(PTFE) [2]. PVDF is commonly used in coatings [3], water filtration
membranes [4-6], and in lithium-ion batteries as a filler and cathode
binder [7-9]. In addition, PVDF displays very interesting electronic
properties in the form of piezoelectricity, ferroelectricity, and tribo-
electricity [10] However, PVDF on its own is hydrophobic, and its
crystalline nature makes it difficult to process. By functionalizing PVDF
via macromolecular engineering, one can tune its polarity, and me-
chanical and electronic properties. There have been many reports of
attempts to modify PVDF as a block or graft copolymer [5,9,11-13]. In
general, graft copolymers tend to retain more properties of their parent
polymers than statistical copolymers, which would be more optimal for
retaining the chemical robustness and electronic properties of PVDF.
Graft copolymers have been synthesized via three different routes: (i)
grafting from a backbone containing initiation sites; (ii) grafting
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well-defined chain-end functionalized polymers onto reactive sites in
the backbone; or (iii) grafting through macromonomers [14,15]. PVDF
was reported to be functionalized via grafting from reactions, using the
C-F bond as an alkyl halide initiator for atom transfer radical poly-
merization (ATRP) [9,11,16]. However, the bond dissociation energy of
a C-F bond is well over 400 kJ/mol. Compared to a C-Cl bond, which
has a bond dissociation energy of around 300 kJ/mol, the cleavage of
the C-F bond by the copper complex needed to generate a radical is
difficult [17]. Additionally, the copper-fluoride complex formed in this
activation has a very low rate constant of deactivation [18]. The factors
stated above make it challenging to accurately determine the grafting
density and graft length, two parameters that determine the properties
of grafted materials.

Dehydrofluorination of PVDF introduces unsaturation [19-21],
which may be targeted by radical addition as well as thiol-ene reactions.
In the most common strategy, solid dehydrofluorinated PVDF (e.g., a
membrane) was exposed to a mixture of (meth)acrylic monomers and a
radical initiator [22-28]. In this process, propagating macroradicals are
grafted through unsaturations of PVDF. In thiol-ene strategy, thiols and
radical initiators were used, and the generated thiol radical reacted via
addition reaction [29-36]. While both strategies are similar, the
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thiol-ene reaction is less effective because the unsaturation sites of PVDF
are deactivated by strong electron withdrawing fluorine groups [33]. In
fact, a specially designed variant of PVDF bearing CH=CH (dehydro-
fluorinated P(VDF-co-TrFE)) proved to be much more active than typical
PVDF with CH=CF groups. Unless this variant was used, a much better
solution was to use thiol-ene reaction under basic conditions [32], i.e.,
Michael addition, which is known to react with electron-deficient al-
kenes [37,38]. This chemistry was rarely used in the context of graft
copolymers, despite the rich literature on crosslinking of PVDF with
similar chemistries [39]. Radical curing was typically used on iodinated
or brominated PVDF (e.g., a copolymer of VDF with bromotrifluoro-
ethylene) that is susceptible to peroxide radicals [2,40]. Usually,
crosslinking of PVDF-based polymers was carried out via nucleophilic
reactions, i.e., with diamines (predominant until the late 1960s) and
bisphenols (current method) [39]. The addition of thiol species onto
PVDF remains relatively unexplored, and to the best of our knowledge,
there are no grafting-onto examples that use thiol chain-end function-
alized polymers.

Therefore, this chemistry was employed to prepare loosely grafted
PVDF comb polymers using unsaturated PVDF-based materials and thiol
chain-end functionalized polymers. One obstacle was that double bond
formation on dehydrofluorinated PVDF is poorly defined, since it is an
auto-catalyzed reaction [41]. This may lead to the formation of conju-
gated structures, which would explain the color change (red, brown, and
black) observed in the material [24]. Head-head/tail-tail defects present
in PVDF were previously recognized as more reactive sites for grafting.
This effect was rationalized by increased steric strain imposed by F
atoms [42]. However, as F is only 8% larger than H atom, other, such as
electronic, effects may also play an important role. As such, these defect
sites are likely more vulnerable to dehydrofluorination. Dehydro-
chlorinated PVDF-CTFE was also selected as a backbone material.
Dehydrochlorination of PVDF-CTFE with amines was reported to be a
much milder method to modify PVDF-based materials while avoiding
the main chain scission that may occur when dehydrofluorinating PVDF
with stronger bases [29]. It is important to note that there is a range of
reactivity ratios between CTFE and VDF in the literature, including those
close to unity, rypr = 0.73 and rcrpg = 0.75 [43], but also those indi-
cating lower reactivity of VDF than CTFE, rypg = 0.17 or 0.069 and rcrrg
= 0.52 or 0.80, respectively [44,45]. Apparently, industrially, CTFE
could be added as a continuous or semi-continuous feed to the
VDF-containing reactor to provide a more statistical distribution of CTFE
units in copolymer chains. This, however, could also be accompanied by
the presence of PVDF rich fraction at high monomer conversion, which
can impact some material properties discussed later in the text.

Thiol-ene click reactions can occur through two different mecha-
nisms - radical addition and nucleophilic Michael addition [46]. Radical
addition requires the use of a radical source, either thermal- or photo-
initiated, and an oxygen-free environment. Michael additions can occur
under basic conditions with mild heating and was more effective for
fluorinated materials [32]. However, bases in the reaction can further
promote dehydrohalogenation. Besides the addition mechanism, one
must also consider the impact of steric effects on grafting efficiency.
There are several factors that can play a role in thiol-ene grafting-onto
reactions. First, the steric bulkiness of the large macromolecule can
affect the accessibility and contact between the thiol and alkene. Sec-
ond, the substitution of the thiol, which has both a steric and electronic
effect on the thiolate anion/radical, can also affect grafting efficiency.
The effects of these parameters on grafting-onto performance have not
been previously explored. We addressed this by investigating reactions
of well-defined primary, secondary, and tertiary thiol chain-end termi-
nated poly(meth)acrylate polymers with dehydrofluorinated and dehy-
drochlorinated PVDF-based polymers. We evaluated the reaction
performance and its kinetics and characterized the obtained materials to
study the effect of grafts on physicochemical properties.
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2. Experimental
2.1. Materials

Poly(vinylidene fluoride-co-chlorotrifluoroethylene) (P(VDF-CTFE)
copolymer CTFE, (percentage of CTFE units of 10 wt%, i.e., 5.8 mol%, My
of 92,400; PolyK), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pen-
tanoic acid (CDSPA, 97%, Boron Molecular), tributylphosphine (97%),
hydrazine (anhydrous, 98%, Sigma-Aldrich), triethylamine (TEA, 99%,
Sigma-Aldrich), 2-hydroxyethyl disulfide (technical grade, Sigma-
Aldrich), a-bromoisobutyryl bromide (98%, Sigma-Aldrich), 2-hydroxy-
4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 98%,
Sigma-Aldrich), toluene (99.8%, Sigma-Aldrich) were used as received. N,
N-dimethylformamide (DMF, certified), methanol (MeOH, -certified),
tetrahydrofuran (THF, certified), methylene chloride (DCM, certified),
hexanes (certified), and ethyl acetate (certified) were used as received
from Fisher Chemical. Copper (II) bromide (CuBry, 99.99%), tris(2-
pyridylmethyl)amine (TPMA, 97%, AmBeed), tris[2-(dimethylamino)
ethyl]lamine (MegTREN, 97%, Thermo Scientific), tin(II) 2-ethylhexanoate
(Sn(EH),, technical grade, Thermo Scientific), anisole (99%, TCI),
dimethyl sulfoxide-dg (DMSO-dg, 99.96%, CIL), chloroform-d (CDCls,
99.96%, CIL), acetone-dg (99.96%, CIL) were used as received. Poly-
styrene standard (M, = 1,052,000, M,, = 1,119,000, = 1.06) was used
as received from Scientific Polymer Products.

Methyl methacrylate (MMA, 99%, Sigma-Aldrich) and methyl acry-
late (MA, 99%, Sigma-Aldrich) were passed through a basic alumina
plug prior to use to remove inhibitor.

Azobisisobutyronitrile (AIBN, 98%, Sigma-Aldrich) was recrystal-
lized in methanol prior to use.

Dehydrofluorinated PVDF (percentage of dehydrofluorinated VDF
units of 6.4 wt%, i.e., 9 mol%, M, of 121,000) was generously provided
by Professor Henry Sodano from the University of Michigan.

2.2. Synthesis of bis 2-(a-bromoisobutyryloxy)ethyl disulfide (BIBOED)

The synthesis of bis 2-(a-bromoisobutyryloxy)ethyl disulfide
(Scheme 1) was performed following the literature procedure [47].
2-Hydroxyethyl disulfide (5g, 1 eq.), a-bromoisobutyryl bromide (10
mlL, 2.5 eq.), triethylamine (11 mL, 2.5 eq.), and 45 mL DCM were added
to a dry round bottom flask under an inert atmosphere. The reaction
mixture was left to stir overnight at room temperature. The product was
purified by filtration to remove salts formed during the reaction, then
washed with HCl, sodium bicarbonate, water, and brine (100 mL x 2
each), dried with magnesium sulfate, and concentrated under vacuum.
The concentrated crude product was then purified using flash
chromatography.

2.3. Synthesis disulfide bridged poly(methyl methacrylate) (PMMA)

MMA was polymerized from BIBOED initiator using activators re-
generated by electron transfer (ARGET) ATRP. Stock solutions of CuBrs
(1.78 mg, 8 umol, 0.04 eq.) and TPMA (9.28 mg, 32 pmol, 0.16 eq.) were
prepared in DMF. Into a 25 mL Schlenk flask was added MMA (4 g, 40
mmol, 200 eq.), BIBOED (90 mg, 0.2 mmol, 1 eq.), CuBry and TPMA
stock solutions, and 60 vol% of anisole relative to the reaction mixture.
The flask was sealed and purged with nitrogen for 20 min. A stock so-
lution of Sn(EH)2 (40 mg, 0.1 mmol, 0.5 eq.) in anisole was purged with
nitrogen and added to the reaction mixture. The reaction was heated in a
60 °C oil bath to begin the reaction. After 3 h, the reaction was purged by
opening the flask to the atmosphere. 'H NMR showed roughly a 50%
conversion. The mixture was then passed through a basic alumina plug
to remove copper salts, precipitated into methanol, filtered under vac-
uum, and dried.
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Scheme 1. Reaction scheme of bis 2-(a-bromoisobutyryloxy)ethyl disulfide (BIBOED).

2.4. Reduction of disulfide bridged PMMA

In a 25 mL round bottom flask, disulfide bridged PMMA (1 g, 0.1
mmol, 1 eq.) was dissolved in 10 mL of THF, and the reduction was
initiated by the addition of tributylphosphine (207 mg, 1 mmol, 10 eq.)
(Scheme 2). The reaction was monitored by GPC and stopped after 5 h.
The reaction mixture was precipitated in methanol, filtered, and dried.

2.5. Synthesis of polymers via reversible addition-fragmentation chain-
transfer (RAFT) polymerization

In general, monomer, AIBN, and CDSPA were added into a 25 mL
Schlenk flask. The reaction mixture was then subjected to three freeze-
pump-thaw cycles and finally filled with nitrogen. The reaction was
then heated in a 60 °C oil bath to start the reaction. The reactions were
stopped once a degree of polymerization of 80, determined by 'H NMR
of the crude reaction mixture, had been reached. The reaction was
quenched by opening the flask to atmospheric oxygen, then precipitated
in methanol, filtered, and dried under vacuum overnight.

2.6. Aminolysis of RAFT chain ends

In general, the polymer made by RAFT polymerization and 10
equivalents of hydrazine are added into a 25 mL round bottom flask,
along with 2x the mass of DMF. The reaction proceeds for an hour at
room temperature, upon which the solution will change from a yellow
color to mostly transparent. The reaction is then precipitated in a 5% v/v
methanol solution, redissolved, precipitated in methanol, filtered, and
dried.

2.7. Synthesis of dehydrochlorinated (DHC) PVDF-CTFE

The synthesis of DHC-PVDF-CTFE was adapted from the literature
procedure [29]. Into a 100 mL round bottom flask was added
PVDF-CTFE (2 g, 1 eq.), TEA (174 mg, 1.7 mmol, 1 eq.), and 60 mL DMF.
The reaction is heated at 50 °C for 24 h. The product is purified by
precipitation in a 5% v/v HCl in methanol solution, redissolved,
precipitated in regular methanol, then filtered and dried.

2.8. Grafting onto unsaturated PVDF materials — base catalyzed

In general, into a 25 mL round bottom flask is added PVDF material
(1 g, 1 eq.), thiol-terminated polymer (0.5 g), TEA (1-2.2 eq.), and 10
mL DMF. The reaction mixture is heated in a 50 °C oil bath for 24 h. The
aliquots were withdrawn at pre-determined time intervals. The product
is purified by precipitation in a 5% v/v HCI in methanol solution,
redissolved, precipitated in chloroform, then filtered and dried.

2.9. Grafting onto unsaturated PVDF materials — radical catalyzed
In general, in a 25 mL round bottom flask, PVDF material (1 g, 1 eq.

of double bonds), thiol-terminated polymer (0.5 g), Irgacure 2959 (1
eq.), and 10 mL DMF are added. The reaction mixture is sparged with

Br
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nitrogen for 15 min, then irradiated with a UV lamp (A = 365 nm, 4.32
mW/cm?). The product is purified by precipitation in methanol, redis-
solved, precipitated in chloroform, then filtered and dried.

2.10. Nuclear magnetic resonance

All 'H and °F NMR spectra were acquired using a Bruker Avance III
500 MHz spectrometer with DMSO-dg, CDCl3, and acetone-dg used as
the solvents.

2.11. Gel permeation chromatography (GPC)

Molar mass and molar mass distribution were determined using GPC.
All samples were dissolved in the corresponding solvents, then filtered
through alumina and a 0.45 pm PTFE filter. For samples containing TEA,
the reaction was stopped by adding two drops of concentrated HCI
before filtration. An Agilent GPC was equipped with a RI detector and
PSS columns (Styrogel 10°, 10%, and 10? A) with DMF as an eluent at
50 °C and a flow rate of 1 mL/min. The analogous GPC device using THF
as an eluent at 35 °C and a flow rate of 1 mL/min was employed as well.
Analysis of polymer signals was based on PSS WinGPC software (build
9666) for molar mass analysis. Both instruments used linear poly(methyl
methacrylate) (PMMA) standards for calibration.

2.12. Monitoring grafting onto kinetics by GPC

Kinetic experiments were conducted using the same procedure as
described in section 2.8, using DHC-PVDF-CTFE and PMA-SH (second-
ary thiol-terminated side chain). The reaction mixture was diluted twice
to ensure homogeneity in the solution. Then, 15.6 mg of polystyrene
standard was added. Aliquots were taken at specified time intervals and
immediately quenched with HCl and passed through basic alumina
before injecting into GPC. The GPC signals were deconvoluted by fitting
with Gaussian distribution functions. Deconvolution is provided in the
SI (Fig. S16).

2.13. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of the grafted PVDF products was
conducted on a TGA550 (TA Instruments, Delaware, USA) under nitro-
gen atmosphere with a purge rate of 60 mL/min. The sample (10-15 mg)
was placed onto a platinum pan (100 pL) and subjected to a defined
thermal program. First, the temperature was increased to 120 °C at a
rate of 30 °C/min, followed by the isothermal hold for 10 min to remove
the volatile compounds. Afterwards, the temperature was increased at a
rate of 10 °C/min until reaching 800 °C.

2.14. Differential scanning calorimetry (DSC)
DSC was conducted on the PerkinElmer DSC 4000 under nitrogen
atmosphere with a flow rate of 20 mL/min. The sample (3-8 mg) was

sealed in an aluminum pan and then subjected to two heating and
cooling cycles. The temperature range scanned was —60 °C to 220 °C,

Br
HS/\/OM
-
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Scheme 2. Reduction of disulfide bridged PMMA using tributylphosphine.
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with a rate of heat flow of 10 °C/min. An empty sample pan was used as
a reference.

3. Results and discussion

Grafting-from macromolecules typically allows for the generation of
grafts of high grafting density because of the low steric hindrance of
reacting small monomer molecules. Controlled radical polymerizations
produce grafts of desired chain lengths and narrow molar mass distri-
butions. Generated polymers are exclusively grafted, and no free poly-
mers should be removed, which simplifies purification procedures.
However, grafting-from PVDF is not straightforward due to the slow
initiation from its reactive sites. Moreover, the grafts cannot be easily
cleaved, and the grafting density as well as the molar mass of the grafts
are not accessible. To overcome these limitations, there have been ef-
forts to use sacrificial initiators to control and monitor the polymeriza-
tion from PVDF [48,49]. The initiators, however, are not a perfect match
for the activity of the PVDF initiating sites. This can lead to faster growth
from the sacrificial initiators, resulting in an inaccurate determination of
side chain molar mass.

Since grafting from PVDF had many challenges and uncertainties,
grafting onto PVDF was herein explored as an alternative method.
Grafting-onto is rather straightforward, comparatively, as the grafts
were analyzed prior to the grafting [50]. Additionally, purified grafted
copolymers were analyzed by NMR to estimate the content of the grafted
chains. DHF-PVDF was initially chosen as the starting material.
Thiol-terminated polymers can react with the double bonds generated
on the backbones using thiol-ene click reactions. The locations of
unsaturation on DHF-PVDF are not well defined due to the
auto-catalyzing nature of dehydrofluorination along the PVDF backbone
[41]. DHC-PVDF-CTFE was also selected as a starting material for its
milder dehydrochlorination conditions. This unsaturated material was
synthesized using PVDF-CTFE with 10 wt% CTFE following a literature
procedure [29].

3.1. Synthesis of thiol-terminated side chain polymers

Three different types of polymers were synthesized, each terminated
by primary, secondary, and tertiary substituted thiols. PMMA was cho-
sen for primary and tertiary thiols, and PMA for secondary thiols to keep
structures as consistent as possible and easy to process (Scheme 3).

It is important to note that PMMA is miscible with PVDF and PVDF-
based materials, which means the crystallinity may be disrupted,
resulting in a loss of piezoelectricity [51,52]. All thiol-terminated
polymers had a number average molar mass, My, of around 8,000-11,
000 g/mol (Table 1). This range was selected to decrease the steric
hindrance of sequentially grafted chains and to potentially analyze chain
ends by NMR. Specific side chains and sample pairings are detailed in
Table S1.

Tertiary and secondary thiol-terminated PMMA and PMA were pre-
pared under similar conditions using reversible addition-fragmentation
chain-transfer (RAFT) polymerization [53]. The trithiocarbonate chain
end was transformed into a thiol via aminolysis. For the primary
thiol-terminated polymers, a bifunctional, disulfide-linked ATRP initi-
ator was synthesized following a previously reported procedure [47].
MMA was then polymerized from both initiation sites using ARGET
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Table 1
Functionality, molar mass, and dispersity of synthesized thiol-terminated
polymers.

Thiol substitution M, (g/mol) My, (g/mol) D
Primary 11,800 16,200 1.37
8,600 10,800 1.24
7,500 9,750 1.30
Secondary 10,500 11,300 1.08
Tertiary 7,640 9,170 1.20
8,890 11,030 1.15
10,000 11,600 1.16

ATRP. The disulfide bond was reduced using tributylphosphine to yield
primary thiols.

3.2. Grafting onto unsaturated PVDF using radical- and base-catalyzed
thiol-ene reactions

One benefit of grafting-onto is that the pre-synthesized side chain
polymers are very well defined, with known molar mass and dispersities.
The molar mass and NMR spectra of the pre-synthesized polymers,
PVDF, and final product were used to determine grafting efficiency and
estimate the composition of copolymers. The general grafting-onto
strategy is shown in Scheme 4.

The reactions were run with 1 g of PVDF starting material, 0.5 g of
thiol-terminated polymer, and 0.1 equivalents of Irgacure 2959 under
UV irradiation or 2.2 equivalents of triethylamine (TEA) at 50 °C.
Equivalents of reagents were in relation to the amount of double bonds
on the PVDF starting material. Initially, experiments were designed to
use a 1:1 M ratio of alkenes to thiols. However, large masses of thiol-
terminated polymers and a very small mass of PVDF were required for
this balance. For experimental convenience, instead of 1:1 M ratio of
alkene to thiol, we employed a ratio closer to 1:0.0356 or 0.148 for DHF-
PVDF and DHC-PVDF-CTFE, respectively. This simplified the removal of
unreacted polymers. At this scale, unreacted thiol-terminated linear
polymers could be isolated from the reaction mixture. Table 2 lists all
the reactions that were performed, as well as the calculated grafting
efficiency.

The fraction of grafted polymers was calculated as follows: the P(M)
MA peaks were integrated against the PVDF peaks (Fig. 1), then divided
by the sum of the two integrations to get the molar fraction. The molar
fraction was converted to a mass fraction using the molar mass of the
linear polymers. Additional calculation details and remaining NMRs are
provided in the supplementary information.

Based on the calculated values (Table 2), the base catalyzed mech-
anism had a grafting efficiency about an order of magnitude greater than
the radical mechanism. In general, using DHF-PVDF as the backbone
resulted in higher grafting efficiency due to conjugated structures hav-
ing higher reactivity. This effect is especially prominent in samples S5-8.
As we move to less reactive systems, such as more sterically hindered
side chains (S5, 6) or radical-catalyzed thiol-ene reactions (S7, 8), we see
enhanced grafting with DHF-PVDF.

3.3. Thermogravimetric determination of grafting efficiency

Thermogravimetric analysis (TGA) was used, besides delineating the

SNOM W WSH
n
CNO o

Primary thiol

Secondary thiol

Tertiary thiol |

Scheme 3. Structures of each type of side chain polymer.
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Scheme 4. Strategies for grafting onto PVDF-based polymers via thiol-ene reactions.

List of reactions performed and calculated grafting efficiency. The weight and mole fraction of grafted materials were calculated by NMR integrations.

SampleID  PVDF P(M)MA thiol chain-end Mechanism  Molar fraction of (M) Mass fraction of grafted P(M) P(M)MA chains per PVDF
backbone substitution” MA MA chain
S1 DHF Primary Base 0.17 0.25 3.24
S2 DHC 0.17 0.25 3.13
S3 DHF Secondary” 0.18 0.23 4.57
S4 DHC 0.21 0.27 3.91
S5 DHF Tertiary 0.12 0.18 3.40
S6 DHC 0.03 0.05 0.43
S7 DHF Primary Radical 0.11 0.17 2.01
S8 DHC 0.03 0.05 0.54
S9 DHF Secondaryh 0.02 0.02 0.36
S10 DHC 0.01 0.01 0.14
S11 DHF Tertiary 0.03 0.04 0.60
S12 DHC 0.02 0.03 0.26

2 The molar masses of the P(M)MA side chains ranged from 8000 to 11,000 g/mol; the details are given in Table 1.
Y The secondary thiols represent PMA-SH instead of PMMA-SH. DHF and DHC refer to the dehydrofluorinated PVDF and dehydrochlorinated PVDF-CTFE,

respectively. NMR calculation equations are listed in the Supplementary Information.

thermal stability, as a complementary technique to NMR to further
determine the mass of the grafted P(M)MA chains onto DHF-PVDF and
DHC-PVDF-CTFE backbones. The onset of thermal degradation is typi-
cally defined as the temperature at which 5% weight loss occurs [54]. In
this sense, the starting materials represented by the DHF-PVDF and
DHC-PVDF-CTFE exhibited the thermal stability of 397 and 388 °C,
respectively. They also showed single-stage degradation processes and
were used as reference materials for the TGA evaluation. The P(M)
MA-grafted analogs generally demonstrated lower thermal stability
(depending on the grafted mass and mechanism) due to the presence of
less stable grafts. In particular, the samples with high fractions of grafted
P(M)MA, mainly achieved by the base-catalyzed reactions (Table 1;
S$1-S6), exhibited TGA curves with two/more distinct degradation
stages. The degradation was therefore evaluated using the differential
thermogravimetry (DTG) technique (Fig. 2A). As demonstrated on a
representative sample (S1), the first weight loss (284-402 °C) was
related to the decomposition of PMMA grafts (determined at Tyax),
while the second weight loss (385-474 °C) was attributed to the
degradation of PVDF backbone. The amounts of grafted PMMA

determined by DTG were in good agreement with those determined by
NMR (Fig. 2B). The amounts of grafted PMA, however, could not be
precisely determined by DTG due to difficulty separating the degrada-
tion of PMA and PVDF, which have overlapping degradation tempera-
tures of 300-450 °C [55] and 422 °C [56] and higher, respectively (DTG
analysis shown in Fig. S15). The DTG quantification of PVDF grafted
products synthesized by the radical-catalyzed reactions was rather
inconclusive due to low amounts of grafted P(M)MA chains (Table 1;
S§7-S12).

3.4. Crystallinity of grafted PVDF copolymers

A deeper insight into the thermal behavior of prepared DHF-PVDF
and DHC-PVDF-CTFE materials and their P(M)MA-grafted analogs was
gained using differential scanning calorimetry (DSC). Previous papers
dealing exclusively with the PVDF/PMMA blends [51,52,57], reported
good miscibility of these polymers, which was attributed to the favor-
able interaction of hydrogens on PVDF with the carbonyl group of
PMMA [58]. Gregorio et al. showed that co-blending of PMMA at
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Fig. 1. 'H NMR of PMA grafted onto DHC-PVDF-CTFE using a base-catalyzed mechanism. Peaks b and b’ represent head-tail and head-head /tail-tail arrangements of
VDF units, respectively.
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Table 3

Overview of the DSC results for the unmodified DHF-PVDF and DHC-PVDF-CTFE, and their P(M)MA grafted products.
Sample ID PVDF backbone Thiol substitution Mechanism AHc (J/8) Tc (°C) AHp, (J/8) Tm (°C) xc (%)
REF-1 DHF N/D N/D 23.7 129.4 34.0 160.5 33
REF-2 DHC 10.7 127.6 16.2 160.2, 167.6 16
S1 DHF Primary Base 12.0 113.2 16.0 160.1 15
S2 DHC 9.3 124.4 16.3 156.6, 163.7 16
S3 DHF Secondary* 18.1 130.1 22.8 159.1 22
S4 DHC 17.0 124.5 20.4 155.7, 163.2 20
S5 DHF Tertiary 27.8 119.9 19.9 159.2 19
S6 DHC 11.1 131.2 16.5 162.1, 168.4 16
S7 DHF Primary Radical 8.6 121.1 11.4 156.1 11
S8 DHC 10.4 132.5 14.1 163.8, 168.2 13
S9 DHF Secondary* 14.9 129.4 24.8 161.9 24
S10 DHC 11.0 129.8 16.7 160.8, 167.6 16
S11 DHF Tertiary 13.1 130.0 16.1 160.1 15
S12 DHC 13.8 131.2 9.9 162.2, 168.2 9

# The secondary thiols represent PMA-SH instead of PMMA-SH. DHF and DHC refer to the dehydrofluorinated PVDF and dehydrochlorinated PVDF-CTFE,

respectively.
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concentrations below 15 wt% favored crystallization of the $ phase, but
the blends became amorphous at PMMA loading above 50 wt%, which
presumably impairs the piezoelectric performance [59]. Considering
these findings and calculated P(M)MA weight fractions (Table 2), the
preserved crystallinity of our PVDF-grafted products was expected
despite using, instead of blending, a grafting onto fabrication strategy.
The degree of crystallinity (yc) was calculated following the formula:

AH,,

g 100% €

X{T:

where AHy, is the enthalpy of melting, and AHS, is the melting enthalpy
of 100% crystalline PVDF (104.5 J/g) [60]. DSC results are summarized
in Table 2. As seen, the y¢ of the DHF-PVDF was around 33%, which is a
similar value compared to that of the conventional PVDF, while the y¢ of
the DHC-CTFE-PVDF was significantly lower, at 16% [61]. The y¢ of the
DHF-PVDF slightly decreased after grafting with P(M)MA via
base-catalyzed reactions (Table 3; S1 and S3), but a more dramatic
decrease in yc was observed when using the radical-catalyzed mecha-
nism (Table 3; S7, S9 and S11). This finding was rather unexpected,
since the radical-catalyzed reactions provided a lower grafting efficiency
and, thus, a lower impact on the crystallinity had been anticipated.
The observation can be explained by the role of unsaturated bonds in
increasing the crystallinity of polymers. For the base-catalyzed grafted
materials, we observe a color change to a darker red/brown of the re-
action solution and resulting polymer material. This is indicative of the
formation of conjugated segments from additional dehydrofluorination
or dehydrochlorination [62]. It has been reported that the unsaturation
of polymers can lead to increased crystallization due to the increased
rotational stiffness of double bonds [62-64]. As such, the exposure of the
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PVDF backbone to TEA can increase the crystallinity of the grafted
polymer, relative to radical-catalyzed products due to the generation of
new double bonds during the reaction.

For the DHC-CTFE-PVDF backbone, the grafting with P(M)MA via a
base-catalyzed mechanism yielded polymers with similar y¢ (16-20%)
compared to their parent PVDF analogue (16%), regardless of the type of
thiol substitution (Table 3; S2, S4 and S6). The grafting via radical-
catalyzed reactions had minimal effect on the y¢ values as well in the
case of DHC-CTFE-PVDF (Table 3; S8, S10 and S12). This could be due to
the higher reactivity ratio for CTFE than for VDF, as discussed earlier
[44,45]. This difference may create polymer chains with lower CTFE
content at higher conversion. These species would be less susceptible to
the generation of unsaturated sites on the backbone; hence, less grafting
would be possible. As such, these species can more easily crystalize,
resulting in minimal change in material crystallinity. Overall, it can be
concluded that a small fraction of P(M)MA grafts did not distort the
alignment of the PVDF during crystallization, yet the grafting-onto via
base-catalyzed mechanism generally yielded a greater crystallinity of
the products.

3.5. Kinetic studies of grafting onto PVDF

Next, we attempted to follow the progress of the base-catalyzed
grafting by GPC. The reactions were carried out under the same condi-
tions as sample S4, but in the presence of a polystyrene standard (molar
mass, M = 1,052,000 g/mol, P = 1.06). For more consistent results, the
reaction was diluted twice to ensure good homogeneity in the medium.
The aliquots were taken for GPC analysis at different reaction times. The
overlapping peaks of PMA-SH and DHC-PVDF-CTFE in the obtained GPC
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Fig. 3. (A) GPC traces of aliquots from reaction between DHC-PVDF-CTFE and secondary PMA-SH in the presence of TEA normalized against the area of a PS peak as
an internal standard (1052 kDa, ® = 1.06). Time zero represents the time of TEA addition; (B) GPC peak areas as a function of reaction time; (C) the area of DHC-
PVDF-CTFE(g-PMA) plotted vs. the area of PMA-SH; (D) a calculated conversion plot of PMA-SH over reaction time.
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traces were deconvoluted and normalized against the area of PS
(Fig. 3A). The signal for PVDF materials appears negative because the
refractive index (1.426 for pristine PVDF) is lower than that of DMF
(1.430). Over the course of the reaction, the area of the PMA-SH peak
gradually decreased, which was attributed to its effective grafting onto
the DHC-PVDF-CTFE backbone. This assumption was corroborated by
the fact that the peak of DHC-PVDF-CTFE became less negative, which is
a consequence of the increasing RI of the grafted product (Fig. 3B). A
correlation analysis was performed to confirm that the decrease of the
PMA-SH peak resulted in the concurrent incorporation onto DHC-PVDF-
CTFE. Fig. 3C shows that using the polystyrene peak as a standard, the
decrease of areas of both peaks correlated within 12 % value (slope
1.1184). Thus, this analysis indicates that the PMA-SH polymers were
incorporated into fluorinated (co)polymers as grafted side chains. The
evolution of the PMA-SH conversion, calculated according to the in-
tegrals of PMA-SH peaks, was plotted as a function of reaction time
(Fig. 3D). As seen, the thiol-ene reaction was rapid (nearly 40% con-
version upon addition of TEA), even though the reactive sites on DHC-
PVDF-CTFE are deactivated by fluorine withdrawing groups. The final
conversion reached about 70% (obtained after 23h).

Simple Gaussian distributions were selected for the fittings as com-
mon practice for deconvoluting polymer GPC peaks in the literature [65,
66]. Using this method, we attempted to estimate the effectiveness of
this grafting procedure. Asymmetry and overlap in the peaks indicate
that this analysis is not fully quantitative but rather shows qualitative
incorporation of PMA to PVDF. Indeed, the changes in the areas of 2
relevant peaks are within 12%: PMA-SH (blue) vs. PVDF (red) (Fig. 3B)
and display a slope of 1.12 with a good correlation coefficient, R? =
0.976. While more complicated distribution models, such as
exponential-Gaussian hybrid function (EGH) [67], exponentially modi-
fied Gaussian (EMG) [68], or multiple components [69], should be more
appropriate for such asymmetric systems, they would necessitate extra
parameters in the fitting. This extra complexity would affect the reli-
ability of comparisons between different samples.

An analogous experiment with half the amount of thiol is displayed
in Fig. 4. Surprisingly, this experiment also did not lead to quantitative
conversion of the thiol, and it stopped at around 70% (normalization by
height) or 74% (normalization by area), which is similar to those pre-
viously observed with higher amounts of thiol. Therefore, there could be
another factor that limited this reaction and should be further
investigated.

We hypothesized that the thiol chain ends could have undergone
oxidation to form disulfides during storage, resulting in less reactive
components. To test this, in-situ reduction of disulfides was performed
using tris(hydroxypropyl)phosphine. A small improvement in the con-
version of thiolated polymers was observed. However, quantitative
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conversion was still not achieved. This can be explained by insufficient
aminolysis/disulfide reduction of the chain ends due to the bulk of the
polymer [70]. Additionally, the oxidation of thiols to disulfides in the
presence of oxygen is catalyzed under basic conditions, which neces-
sarily yields a fraction of disulfides present in the reaction mixture,
lowering grafting efficiency [71-73].

In summary, we have systematically screened the effect of thiol-ene
reaction conditions (radical and basic) and substitution of each thiol
chain-end terminated poly(meth)acrylates (primary, secondary, and
tertiary) on the grafting efficiency. The results indicated an order of
magnitude higher yields under basic conditions. The primary and sec-
ondary thiols were most reactive. This chemistry could be expanded to
other grafted side chains for different applications; they should be sol-
uble in the same solvents as PVDF. One limitation of this method is the
synthesis of densely grafted copolymers. Additionally, it will be inter-
esting to explore the grafting-onto process with surfaces of PVDF under
heterogeneous conditions. Surface grafting would better preserve the
crystallinity of the sample and, in turn, its piezoelectricity, as well as
broaden the scope of side chains.

4. Conclusions

Herein, different reaction conditions for grafting poly(meth)acry-
lates onto PVDF were explored, including the effects of different PVDF
backbones, the steric effects of the side chains, and base-versus radical-
catalyzed thiol-ene reaction mechanisms. The grafting efficiency of the
products was determined by a combination of NMR, TGA, and GPC.
Grafting density was an order of magnitude higher under basic condi-
tions compared to the analogous UV-catalyzed radical reactions. Addi-
tionally, primary and secondary thiols showed the highest grafting
efficiency, which was attributed to their favorably diminished steric
effects. A slightly higher grafting density was observed in DHF-PVDF
than in DHC-PVDF-CTEFE. It was found that up to 4 side chains of P(M)
MA could be grafted onto one PVDF chain. Sparse grafting of the side
chains still allowed the PVDF backbone to crystallize, as determined by
DSC.

5. Future directions

Using the presented chemical strategy, other side chains with various
functionalities could plausibly be grafted onto PVDF-based materials,
expanding and optimizing the application scope of these materials while
preserving favorable PVDF properties such as robustness and crystal-
linity. PVDF is commonly used in water filtration membranes but is
susceptible to biofouling due to its inherent hydrophobicity. Modifica-
tion of PVDF membranes with hydrophilic side chains such as poly(oligo
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Fig. 4. GPC traces of the grafting experiment using half the amount of PMA-SH (secondary thiol). The progress of the reaction was determined as a decrease in the
PMA area after the normalization of curves by (A) PS peak height and (B) its area. The denoted region represents the limits of PMA integration.



T.-C. Lin et al.

(ethylene oxide) methyl ether methacrylate) or poly(N-iso-
propylacrylamide) could enhance their performance without detriment
to the membrane’s stability. PVDF is also used as a lithium-ion battery
binder, due to its aforementioned chemical and thermal stability. PVDF
binders can be modified with poly(acrylic acid) and a charge carrier
such as poly(2-acrylamido-2-methyl-1-propanesulfonic acid) to enhance
performance.

Despite its shortcomings, grafting from PVDF using ATRP is still a
viable option for making PVDF graft copolymers. Different ATRP tech-
niques, such as surface-initiated ATRP and oxygen-tolerant ATRP, are
facile methods to modify a chemically robust material. Grafting from,
and now onto, PVDF are techniques that allow tailoring of materials
through control of grafting density and graft lengths, thus broadening
the application scope of PVDF.
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