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ABSTRACT: Three types of PDMS-grafted fluorocopolymers with various branching features were synthesized
based on atom transfer radical polymerization (ATRP) techniques via a “grafting through” approach using
methacryloxypropyl-terminated PDMS (PDMSMA) as macromonomer. Copolyievih a linear fluorinated
backbone and linear PDMS grafts, were prepared by copolymerizations of 2,3,4,5,6-pentafluorostyrene (PFS)
with PDMSMA. Copolymer2, with a hyperbranched fluorinated backbone and linear PDMS-based grafts, were
prepared by self-condensing vinyl copolymerization (SCVCP) of an iniptehloromethylstyrene (CMS), with

PFS and PDMSMA. Copolymef with a hyperbranched fluorinated core and linear PDMS grafts, were prepared

by ATRP of PDMSMA, initiated by benzylic chloride-functionalized hyperbranched fluorocopolymer (obtained

by SCVCP of PFS and CMS). A series of characterization methods, incltdjiéC, and®F NMR spectroscopies,

gel permeation chromatography, elemental analysis, thermogravimetric analysis, and solubility tests, were used
to investigate the reaction kinetics, and the compositions, molecular weights, and properties of these copolymers.

Introduction high gas permeabilit§?—4! With exceptionally good chemical,
thermal, and thermooxidative resistance, fluorosilicones (i.e.,
fluorinated polysiloxanes) have been used as commercial high-
temperature lubricants and elastonf&ér$# Moreover, a variety

Over the past few decades, complex polymers, those com-
posed of multiple types of architectural and/or compositional
?Oulfé?gsblgghj ’qujv;l?rg);ﬁg Slgomgiggégg?nbrl(gd gter;eesrts’, dueof complex polymers consisting of fluoropolymer and polysi-

P prop piex poly loxane building blocks have also been prepared for the develop-
not or_lly POSSess some of the advantageous properties of eac'?hent of new types of polymer materials with excellent
of their polymeric components but also can have new and useful propertiest>4° For instance, Baradie and Shoichet synthesized
properties that emerge from the unique combinations of subumts.graft copolymers with a fluorinated backbone and polydimeth-

Therefore, a broad variety of complex polymers have been = . : :
. . - ylsiloxane (PDMS) grafts by conventional radical copolymer-
developed, and some of them have had important industrial ization via a “grafting through” approach and used the thermo-

applications. ) ] o plastic graft copolymers for the preparation of hydrophobic and
The synthesis of polymers with hybridized macromolecular thermally stable coatings.

architectures and compositions has attracted significant attention
from synthetic polymer chemists!? and atom transfer radical
polymerization (ATRP) has been used broadly as a powerful
living radical polymerization technique for the preparation of
such intricate polymer§14 Many examples exist in the
literature, in which multicomponent polymers with grafted
structures have been synthesized by ATRP via a “grafting
through” approach®2° On the basis of the synthetic methodol-
ogy of self-condensing vinyl (co)polymerization (SC\A2)33
complex polymers with hyperbranched architectures containing

different polymez blocks have also been obtained using the oy ors exhibited enhanced anti-biofouling abiliésnpusual
ATRP techniqué: . . ;
) ) sequestration and release behaviors for a variety of small
Fluoropolymers and polysiloxanes are important types of moelecule guest® and special mechanical performarée.
polymers with useful properties. In general, fluoropolymers have In this paper. we renort our recent svnthesis and characteriza-
low surface energy, low coefficient of friction, excellent . Paper, P Y ;

. . - " . tion of three types of PDMS-grafted fluorocopolymers (Figure
dielectric properties and weatherability, and considerable solu-

VA e Lo e . 1). All these copolymers were prepared based on the ATRP
bilities in supercritical carbon dioxid® 38 Polysiloxanes are technique via a “grafting through” approach using methacry-
thermally stable and elastomeric, with low surface energy and loxypropykterminated PDMS (PDMSMA) as the macromoncfet

The copolymerd, with a linear fluorinated backbone and linear
* Corresponding author. E-mail: klwooley@artsci.wustl.edu. Tele- PDMS grafts, were prepared by atom transfer radical copolym-

Our group has long-term interests in fluoropolymers and
macromolecular architectures constructed with fluoropolymer
building blocks?°-61 Three types of hyperbranched fluoropoly-
mers (HBFP) with different structural features have been
synthesized in our laboratory by either polycondensation of
fluorinated AB monomers or self-condensing vinyl (co)-
polymerization using fluorinated inimers and/or monon¥érg?
Complex cross-linked networks have also been further prepared
from hyperbranched fluoropolymers and linear diamine-
terminated poly(ethylene glycol) (PEG) or PDM&S58 These

phone: (314) 935-7136. Fax: (314) 935-9844. i ati : ;
T Center for Materials Innovation, Department of Chemistry and Depart- erization (ATRCP) of 2’3'4|'5'6 pentafluoros.t);]re.ne.l(PFS)ﬁwlth
ment of Radiology, Washington University in Saint Louis. PDMSMA. In contrast to polymers reported with similar gra |ng
*Unilever Research. features’> 48 1 possesses poly(PFS)-based backbones having
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{ ®: PFS monomer unit; cocooo: PDMSMA macromonomer unit; @ : CMS monomer unit or CMS derived branching unit.)

Figure 1. Schematic representations of PDMS-grafted fluorocopolyméssgith a linear fluorinated backbon2 with a hyperbranched fluorinated
backbone, an@ with a hyperbranched fluorinated core.

reactive pentafluorophenyl functionalities that allow for further Materials. All chemicals were purchased from Aldrich unless
derivatization, chain growth, and cross-linkifig?®57 The otherwise noted. CuCl (99.9986), CuC}, (99.999%), (1-bromo-
copolymers2, with a hyperbranched fluorinated backbone and €thyl)benzene (PhE-Br; 98%), 2&ipyridine (Bipy; 99+%), 1,4-

linear PDMS grafts, were prepared by atom transfer radical self- dimethoxybenzene (DMB), and fluorobenzene (PhF) were used as
condensing vinyl copolymerization (ATRSCVCP) of an received.p-Chloromethylstyrene (CMS) and 2,3,4,5,6-pentafluo-

inimer, p-chloromethylstyrene (CMS), with PFS and PDMSMA. rostyrene (PFS) were distilled over Cabind stored under argon

: . at4°C.
The copolymers, having HBFP-based cores and linear PDMS ™ 15 methacryloxypropyl-terminated PDMS macromonomers

chains, were prepared by ATRP of PDMSMA initiated by HBFP (PDMSMA-870,M, = 0.87 kDa; PDMSMA-4400M, = 4.40 kDa)
Containing benzylic chloride functionaliti€To the best of our were purchased from Gelest, Inc. and used as received. Wheir
knowledge,2 and 3 are the first examples of PDMS-grafted values were determined b{H NMR analysis based upon the
copolymers with hyperbranched fluorinated backbones or cores.resonance of a methacrylic vinylic proton at 5.58 ppm. For
PDMSMA-870, TGA in N: 25—-155°C, 1% mass loss; 155
Experimental Section 250°C, 14% mass loss; 2570, 77% mass loss; 37325 °C,
. . 5% mass loss. For PDMSMA-4400, TGA in,N25—-385°C, 1%
Methods. Infrared spectra were obtained on a Perkin-Elmer | -<o|0ss: 385415 °C. 4% mass loss: 41550 °C. 86% mass
Spectrum BX FT-IR system as neat samples on NaCl plakes. _ ' ' ' '
NMR spectra were recorded at 300 or 500 MHz on solutions in 1,5 samples of HBFPs with benzylic chloride functionalities
CDCl; on a Varian Unity-plus 300 or Varian Inova 500 spectrom- (HBFP-8600,M,5PC = 8.60 kDa, PD#PC = 2.23; HBFP-258000
eter, respectively, with the solvent proton signal as stand&ed. M,GPC= 258 i(Drl':l Pmpé: 2 70)’Were prepa.red’ by AT—FSCVCP’
NMR spectra were recorded at 125.7 MHz on solutions in GDCI of PES with CMS, as described in a recent publicasfdFor HBFP-
on a Varian Inova 500 spectrometer with the solvent carbon signal 8600 and HBFP’-258000 the molar fractions of PES units were
as standard. QuantitativéC NMR analyses were performed with 4404 anq 6296, respectively, according to elemental analysis data
collection of spectra using a pre-delay of 151%: NMR spectra for their percentages of F. For HBFP-8600, TGA in: N25—

were recorded at 282.2 MHz on solutions in CBGh a Unity- 250°C. 1% mass loss: 256350°C. 9% mass loss: 350440 39%
plus 300 spectrometer, using Ck@s an external standard. mass foss; 440550 oé’ 6% masé loss. For HBlfP-258060, TGA
Gel permeation chromatography (GPC) was conducted on ajy N,: 25-270°C, 1% mass loss: 276850 °C, 11% mass loss;
Waters 1515 HPLC (Waters Chromatography, Inc.) equipped with 350440 °C, 41% mass loss: 44650 °C, 12% mass loss.
a Waters 2414 differential refractometer, a PD2026 dual-angle  general Procedure for the Preparation of Poly(PFSeo-
(15 and 90) light scattering detector (Precision detectors, Inc.), PDMSMA), 1. To a round-bottom flask with a magnetic stir bar
and a three-column series PLgekB Mixed C, 500 A, and 19 was added PFS, PDMSMA, PhE-Br, Bipy, DMB, and PhF. The
A, 300 x 7.5 mm columns (Polymer Laboratories Inc.). The system fjask was sealed with a rubber septum, and the mixture was frozen
was equilibrated at 35C in anhydrous THF, which served as the \yith a liquid nitrogen bath. After the flask was pumped and refilled
polymer solvent and eluent with a flow rate of 1.0 mL/min. Polymer yith nitrogen, it was opened, and CuCl was added. After the flask
solutions were prepared at a known concentratan § mg/mL) was sealed again, the reaction mixture was degassed by at least
and an injection volume of 206L was used. Data collection and  {ree freeze pump-thaw cycles and then heated at &1 with an
analysis were performed, respectively, with Precision Acquire i path. Aliquots (0.2 mL) of the reaction mixture were
software and Discovery 32 software (Precision Detectors, Inc.). withdrawn from the flask with a degassed dry syringe at time
Interdetector delay volume and the light scattering detector calibra- jnieryvals during polymerization. A portion of each aliquot was
tion constant were determined by calibration using a nearly gnalyzed directly byH NMR spectroscopy to determine the extents
monodispersed polystyrene standard (Pressure ChemicaMgo.,  of conversions of PFS and PDMSMA, based on comparisons of
= 90 kDa, My/M, < 1.04). The differential refractometer was he reference DMB methoxy proton intensity at 3.80 ppm with the
calibrated with standard polystyrene reference material (SRM 706 jntensities of the signals for Avinylic proton of PFS resonating
NIST), of known specific refractive index increment/dc (0.184 at 5.75 ppm and for a methacrylic vinyl proton of PDMSMA
mL/g). The dvdc values of the analyzed polymers were then regonating at 5.58 ppm. A portion of each aliquot was passed
determined from the differential refractometer response. through neutral alumina, concentrated in vacuo, and analyzed by
Thermogravimetric analysis (TGA) was performed on a TGA/ GPC to monitor the formation of copolymer. After the polymeri-
SDTAB85F instrument (Mettler-Toledo, Inc.) measuring the total  zation time of 30 h (for trials using PDMSMA-870) or 45 h (for
mass loss on approximately 10 mg samples from 25 to*&5@t trials using PDMSMA-4400) was reached, the remainder of the
a heating rate of 10C/min in a nitrogen flow of 50 mL/min. reaction mixture was allowed to cool to room temperature, diluted
Solubility tests were performed by dissolving 5 mg polymer with THF, passed through a neutral alumina column, concentrated
samples in solvents (1.0 mL per 10 mg sample) at room temperaturein vacuo, and precipitated-2 times in 1:9, THF:methanol (for
overnight. trials using PDMSMA-870) or 1:2, THF:methanol (for trials using
Elemental analyses were conducted by Galbraith Laboratories PDMSMA-4400). The polymer recovered by filtration was dried
(Knoxville, TN) as a typical commercial service. in vacuo for -2 days: IR (NaCl) 31562800, 1732, 1652, 1520,
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1504, 1456, 1417, 1367, 1303, 1258, 1046, 792, 702, 666;cm
I1H NMR (500 MHz, CDC}, ppm)d —0.40-0.60 (m, SiGi; and
SiCH, from PDMSMA), 0.66-3.15 (m, all protons from PFS,
protons from PDMSMA except Sid;, SiCH, and COOC1,, CH
and CH; from PhE-Br), 3.26-3.70 (m, COOEI, from PDMSMA),
6.80—7.25 (m, AH from PhE-Br);33C NMR (125.7 MHz, CDGJ,
ppm) o —0.5-2.2, 14.0, 18.2, 22.6, 25.7, 26.6, 29.9, 32.3 34.9
40.5, 44.8, 65.9, 68.0, 113:917.4, 126.8, 136:0146.3, 175.1;
19F NMR (282.2 MHz, CDCJ, ppm)d —143.5 (m, 2F ortho-F),
—154.4 (m, 1Fpara-F), —161.4 (m, 2FmetaF).
Poly(PFS<o-PDMSMA), 1a. Samplelawas prepared from the
polymerization mixture of PFS (3.60 g, 18.5 mmol), PDMSMA-
870 (1.80 g, 2.07 mmol), PhE-Br (69.4 mg, 0.375 mmol), CuCl
(37.0 mg, 0.375 mmol), Bipy (117 mg, 0.749 mmol), DMB
(1.42 g, 10.3 mmol), and PhF (6.0 mL, 50 vol %) at°®l Finally,
the polymerization{10.2 mL of reaction mixture remained) was
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refilled with nitrogen, it was opened, and CuCl (and also GuiC|
some trials) was added. After the flask was sealed again, the reaction
mixture was degassed by at least three fregmamp—thaw cycles

and then heated at 72 or 8L with an oil bath. Aliquots
(~0.2 mL) of the reaction mixture were withdrawn from the flask
with a degassed dry syringe at time intervals during polymerization.
A portion of each of these aliquots was analyzed directly*tdy
NMR spectroscopy to determine the extents of conversions of PFS,
PDMSMA, and CMS, based on comparisons of the reference DMB
methoxy proton intensity at 3.80 ppm with the intensities of the
signals forg-vinylic protons at 5.69-5.85 (1 H for PFS, overlapped
with 1 H for CMS), 5.58 (1 H for PDMSMA), and 5.31 ppm (1 H
for CMS). A portion of each of these aliquots was passed through
neutral alumina, concentrated in vacuo, and analyzed by GPC to
monitor the formation of copolymer. After the polymerization time
of 24 h (for trials using PDMSMA-870) or 30 h (for trials using

quenched at 30 h, and the isolated yield was 3.26 g (87%; basedPDMSMA-4400) was reached, the reminder of reaction mixture
on the relative amount of remaining reaction mixture and 78% was allowed to cool to room temperature, diluted with THF, passed
conversion of PFS and 85% conversion of PDMSMA as measured through a neutral alumina column, concentrated in vacuo, and

by 'H NMR spectroscopy)M,°F¢ = 28.9 kDa, PDFFC = 1.32.
Anal. Calcd for GioH1100010F480Si11Cl: C, 46.72; H, 4.16; F,
31.56; Si, 10.69. Found: C, 47.28; H, 3.97; F, 29.41; Si, 10.66.
TGA in Ny: 25—330°C, 1% mass loss; 33475 °C, 97% mass
loss.

Poly(PFSco-PDMSMA), 1b. Samplelb was prepared from the
polymerization mixture of PFS (1.00 g, 5.15 mmol), PDMSMA-
870 (4.50 g, 5.17 mmol), PhE-Br (34.7 mg, 0.187 mmol), CuCl
(18.5 mg, 0.187 mmol), Bipy (58.5 mg, 0.375 mmol), DMB
(712 mg, 5.15 mmol), and PhF (6.0 mL, 50 vol %) at°€l Finally,
the polymerization{10.2 mL of reaction mixture remained) was

precipitated 2-3 times in 1:9, THF:methanol (for trials using
PDMSMA-870) or 1:2, THF:methanol (for trials using PDMSMA-
4400). The polymer recovered by filtration was dried in vacuo for
1-2 days: IR (NaCl) 31562800, 1732, 1652, 1614, 1520, 1504,
1455, 1416, 1258, 1015, 791, 702, 681 ¢nptH NMR (500 MHz,
CDCl, ppm) 6 —0.90-4.10 (m, all aliphatic protons from PFS,
PDMSMA, and CMS, except benzylic protons), 4-2090 (br, all
benzylic protons), 6.207.55 (m, AH from CMS); 13C NMR
(125.7 MHz, CDC4, ppm)d —1.7—2.5, 14.0, 18.2, 22.5, 25.7, 26.6,
30.0, 32.0 37.346.2, 67.3, 114.6119.8, 128.6, 135:2147.2,
176.0;*°F NMR (282.2 MHz, CDCJ, ppm)d —141.8 (m, 2Fprtho-

quenched at 30 h, and the isolated yield was 3.75 g (97%; basedF), —157.0 (m, 1Fpara-F), —162.6 (m, 2FmetaF).

on the relative amount of remaining reaction mixture and 86%

Poly(PFS€o-PDMSMA-co-CMS), 2a. Sample2awas prepared

conversion of PFS and 81% conversion of PDMSMA as measured from the polymerization mixture of PFS (971 mg, 5.00 mmol),

by 'H NMR spectroscopy)M.°FC¢ = 49.2 kDa, PD¥FC = 1.68.
Anal. Calcd for Q75d‘|3557047d:2418i432(:|: C, 42.92; H, 7.49; F,
9.31; Si, 24.66. Found: C, 42.97; H, 7.64; F, 9.14; Si, 25.22. TGA
in No: 25—300°C, 1% mass loss; 36850 °C, 10% mass loss;
350-460°C, 87% mass loss.

Poly(PFS€o-PDMSMA), 1c. Samplelcwas prepared from the
polymerization mixture of PFS (500 mg, 2.58 mmol), PDMSMA-
870 (6.75 g, 7.76 mmol), PhE-Br (34.7 mg, 0.187 mmol), CuCl
(18.5 mg, 0.187 mmol), Bipy (58.5 mg, 0.375 mmol), DMB
(712 mg, 5.15 mmol), and PhF (8.2 mL, 50 vol %) at°€1 Finally,
the polymerization{14.6 mL of reaction mixture remained) was

PDMSMA-870 (4.35 g, 5.00 mmol), CMS (763 mg, 5.00 mmol),
CuCl (148 mg, 1.50 mmol), Cu€l20.2 mg, 0.15 mmol), Bipy
(515 mg, 3.30 mmol), DMB (230 mg, 16.6 mmol), and PhF
(6.7 mL, 50 vol %) at 72C. Finally, the polymerization~<12.6

mL of reaction mixture remained) was quenched at 24 h, and the
isolated yield was 2.71 g (77%; based on the relative amount of
remaining reaction mixture and 75% conversion of PFS, 54%
conversion of PDMSMA, and 86% conversion of CMS, as
measured byH NMR spectroscopy)M,GP¢ = 59.1 kDa, PDFPC

= 1.89. Anal. Calcd for GggHa0702a7297Sia0sClgs: C, 48.08; H,
6.94; F, 9.25; Si, 19.25; Cl, 4.08. Found: C, 47.30; H, 6.92; F,

qguenched at 30 h, and the isolated yield was 4.53 g (87%; based10.03; Si, 20.45; CI, 3.97. TGA in N 25—-305°C, 1% mass loss;

on the relative amount of remaining reaction mixture and 91%

305—-355°C, 10% mass loss; 35550°C, 73% mass loss; 450

conversion of PFS and 79% conversion of PDMSMA as measured 550 °C, 4% mass loss.

by 'H NMR spectroscopy)M,°F¢ = 52.9 kDa, PDFFC = 1.58.
Anal. Calcd for Qg5d‘|43610585F107Si529C|: C, 42.00; H, 8.31; F,
3.84; Si, 28.09. Found: C, 41.64; H, 8.32; F, 4.57; Si, 28.05. TGA
in No: 25—290 °C, 1% mass loss; 298340 °C, 9% mass loss;
340-450°C, 88% mass loss.

Poly(PFS€o-PDMSMA), 1d. Sampleld was prepared from the
polymerization mixture of PFS (1.75 g, 9.02 mmol), PDMSMA-
4400 (4.44 g, 1.01 mmol), PhE-Br (33.7 mg, 0.182 mmol), CuCl
(18.0 mg, 0.182 mmol), Bipy (56.9 mg, 0.364 mmol), DMB
(691 mg, 5.00 mmol), and PhF (6.2 mL, 50 vol %) at°€l Finally,
the polymerization{10.8 mL of reaction mixture remained) was

Poly(PFS€0-PDMSMA-co-CMS), 2b. Sample2b was prepared
from the polymerization mixture of PFS (1.94 g, 10.0 mmol),
PDMSMA-870 (4.35 g, 5.00 mmol), CMS (763 mg, 5.00 mmol),
CuCl (148 mg, 1.50 mmol), Cugl20.2 mg, 0.15 mmol), Bipy
(515 mg, 3.30 mmol), DMB (230 mg, 1.66 mmol), and PhF
(7.4 mL, 50 vol %) at 72°C. Finally, the polymerization
(~14.2 mL of reaction mixture remained) was quenched at 24 h,
and the isolated yield was 3.02 g (75%; based on the relative amount
of remaining reaction mixture and 61% conversion of PFS, 55%
conversion of PDMSMA, and 84% conversion of CMS, as
measured byH NMR spectroscopy)M,cP¢ = 63.8 kDa, PDFFC

guenched at 45 h, and the isolated yield was 1.83 g (57%; based= 1.98. Anal. Calcd for GsdH03/043F46351302Clea: C, 48.09; H,

on the relative amount of remaining reaction mixture and 54%

6.38; F, 13.78; Si, 17.30; Cl, 3.56. Found: C, 47.74; H, 6.36; F,

conversion of PFS and 61% conversion of PDMSMA as measured 13.46; Si, 19.10; Cl, 3.86. TGA in N 25—-305°C, 1% mass loss;

by 'H NMR spectroscopy)M,®P¢ = 46.7 kDa, PDFPC = 1.11.
Anal. Calcd for Q48d-|30400459F3098i449C|: C, 38.14; H, 6.55; F,
12.55; Si, 26.97. Found: C, 36.73; H, 6.48; F, 12.52; Si, 27.52.
TGA in No: 25—365°C, 1% mass loss; 369550 °C, 96% mass
loss.

General Procedure for the Preparation of Poly(PFSeo-
PDMSMA-co-CMS), 2. To a round-bottom flask with a magnetic
stir bar was added PFS, PDMSMA, CMS, Bipy, DMB, and PhF.

305-355°C, 7% mass loss; 355450 °C, 77% mass loss; 450
550°C, 3% mass loss.

Poly(PFSco-PDMSMA-co-CMS), 2c. Sample2c was prepared
from the polymerization mixture of PFS (3.49 g, 18.0 mmol),
PDMSMA-870 (1.74 g, 2.00 mmol), CMS (305 mg, 2.00 mmol),
CuCl (59.4 mg, 0.60 mmol), Cu€l8.1 mg, 0.06 mmol), Bipy
(206 mg, 1.32 mmol), DMB (91.2 mg, 0.66 mmol), and PhF
(4.9 mL, 50 vol %) at 72°C. Finally, the polymerization

The flask was sealed with a rubber septum, and the mixture was(~9.2 mL of reaction mixture remained) was quenched at 24 h,

frozen with liquid nitrogen bath. After the flask was pumped and

and the isolated yield was 2.66 g (90%; based on the relative amount
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of remaining reaction mixture and 53% conversion of PFS, 59%
conversion of PDMSMA, and 92% conversion of CMS, as
measured byH NMR spectroscopy)M,CP¢ = 84.1 kDa, PD?"C

= 3.59. Anal. Calcd for @1154361@329':127()8&9&'49: C,48.72; H,
4.33; F, 28.68; Si, 9.95; Cl, 2.07. Found: C, 48.82; H, 4.32; F,
31.63; Si, 8.57; Cl, 2.01. TGA in Nl 25—330°C, 1% mass loss;
330-370°C, 8% mass loss; 37450 °C, 75% mass loss; 450
550°C, 3% mass loss.

Poly(PFS€0-PDMSMA-co-CMS), 2d. Sample2d was prepared
from the polymerization mixture of PFS (1.75 g, 9.02 mmol),
PDMSMA-870 (7.83 g, 9.00 mmol), CMS (153 mg, 1.00 mmol),
CuCl (29.7 mg, 0.30 mmol), Bipy (103 mg, 0.66 mmol), DMB
(45.6 mg, 0.33 mmol), and PhF (9.6 mL, 50 vol %) at 82
Finally, the polymerization 418.6 mL of reaction mixture re-
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NMR (282.2 MHz, CDC}, ppm) 6 —143.5 (m, 2F,ortho-F),
—154.4 (m, 1FparaF), —161.3 (m, 2F metaF).

HBFP—PDMS, 3a.Sample3awas prepared from the reaction
mixture of HBFP-8600 (2.28 g, 0.266 mmol; containing 7.42 mmol
of benzylic chlorides), PDMSMA-870 (8.70 g, 10.0 mmol), CuClI
(297 mg, 3.0 mmol), CuGl(40.3 mg, 0.30 mmol), Bipy (1.03 g,
6.6 mmol), DMB (456 mg, 3.3 mmol), and PhF (21 mL, 60 vol
%) at 65°C. Finally, the reaction+{33.8 mL of reaction mixture
remained) was quenched at 10 h, and the isolated yield was 3.10 g
(51%; based on the relative amount of remaining reaction mixture
and 46% conversion of PDMSMA as measured iy NMR
spectroscopyM,°F¢= 61.8 kDa, PDFPC= 2.18. Anal. Calcd for
02475)4431@475F2878i430(3|73: C, 48.11; H, 7.04; F, 8.82; Sl, 19.54;
Cl, 4.19. Found: C, 47.80; H, 6.88; F, 9.39; Si, 18.90; CI: 4.29.

mained) was quenched at 24 h, and the isolated yield was 4.88 gTGA in N 25—270°C, 1% mass loss; 27840 °C, 10% mass
(82%; based on the relative amount of remaining reaction mixture loss; 340-440 °C, 69% mass loss; 446550 °C, 4% mass loss.

and 65% conversion of PFS, 62% conversion of PDMSMA, and
93% conversion of CMS, as measured'byNMR spectroscopy).
MnGPC= 207 kDa, PD$PC=3.06. Anal. Calcd for €19 153301971 08
Sii7eLlsr: C, 43.50; H, 7.47; F, 9.08; Si, 24.19; Cl, 0.53. Found:
C, 44.00; H, 7.14; F, 10.31; Si: 24.40, Cl, 0.6. TGA in:\N25—
305°C, 1% mass loss; 305355 °C, 7% mass loss; 355450 °C,
88% mass loss; 456650 °C, 1% mass loss.
Poly(PFSco-PDMSMA-co-CMS), 2e.Sample2ewas prepared
from the polymerization mixture of PFS (3.49 g, 18.0 mmol),
PDMSMA-4400 (8.80 g, 2.00 mmol), CMS (305 mg, 2.00 mmol),
CuCl (59.4 mg, 0.60 mmol), Cugl8.0 mg, 0.06 mmol), Bipy
(207 mg, 1.32 mmol), DMB (91.2 mg, 0.66 mmol), and PhF
(12.3 mL, 50 vol %) at 82°C. Finally, the polymerization
(~24.0 mL of reaction mixture remained) was quenched at 30 h,

and the isolated yield was 5.86 g (79%; based on the relative amount

of remaining reaction mixture and 55% conversion of PFS, 62%
conversion of PDMSMA, and 96% conversion of CMS, as
measured byH NMR spectroscopy)M,°F¢ = 132 kDa, PDFC
= 1.68. Anal. Calcd for @27!4854501241&438&22(0332 C, 39.38;
H, 6.53; F, 12.21; Si, 25.97; Cl, 0.89. Found: C, 38.45; H, 6.84;
F, 11.77; Si, 25.90; CI, 0.7. TGA in N 25-360 °C, 1% mass
loss; 360-525 °C, 94% mass loss.

General Procedure for the Preparation of HBFP—PDMS,
3. To a round-bottom flask with a magnetic stirring bar were added
HBFP, PDMSMA, Bipy, DMB, and PhF. The flask was sealed with
a rubber septum, and the mixture was frozen with liquid nitrogen
bath. After the flask was pumped and refilled with nitrogen, it was
opened, and CuCl and CuQtere added. After the flask was sealed
again, the reaction mixture was degassed by at least three freeze
pump-thaw cycles and then heated at 85 with an oil bath.
Aliquots (~0.2 mL) of the reaction mixture were withdrawn from
the flask with a degassed dry syringe at time intervals during
polymerization. A portion of each of these aliquots was analyzed
directly by 'H NMR spectroscopy to determine the extent of
conversion of PDMSMA based on comparison of the reference
DMB methoxy proton intensity at 3.80 ppm with the intensity of
the signal for a methacrylic vinylic proton of PDMSMA resonating

HBFP—PDMS, 3b.Sample3b was prepared from the reaction
mixture of HBFP-8600 (2.28 g, 0.266 mmol; containing 7.44 mmol
of benzylic chlorides), PDMSMA-870 (6.70 g, 7.70 mmol), CuCl
(297 mg, 3.0 mmol), CuGl(40.3 mg, 0.30 mmol), Bipy (1.03 g,
6.6 mmol), DMB (456 mg, 3.3 mmol), and PhF (23 mL, 66 vol
%) at 65°C. Finally, the reaction~+{33.8 mL of reaction mixture
remained) was quenched at 10 h, and the isolated yield was 2.57 g
(70%; based on the relative amount of remaining reaction mixture
and 23% conversion of PDMSMA as measured iy NMR
spectroscopyM,®P¢= 29.3 kDa, PDFP¢= 2.12. Anal. Calcd for
C127d'|170@145F221Si1310|57: C, 52.55; H,5.83; F, 14.57; Si, 12.34;
Cl, 6.93. Found: C, 54.53; H, 5.30; F, 16.38; Si, 11.70; ClI, 6.89.
TGA in N,: 25—240°C, 1% mass loss; 246820 °C, 10% mass
loss; 326-450 °C, 57% mass loss; 45650 °C, 5% mass loss.
HBFP—PDMS, 3c.Sample3c was prepared from the reaction
mixture of HBFP-8600 (2.28 g, 0.266 mmol; containing 7.44 mmol
of benzylic chlorides), PDMSMA-870 (1.67 g, 1.92 mmol), CuCl
(297 mg, 3.0 mmol), CuGl(40.3 mg, 0.30 mmol), Bipy (1.03 g,
6.6 mmol), DMB (456 mg, 3.3 mmol), and PhF (28 mL, 80 vol
%) at 65°C. Finally, the reaction+{33.8 mL of reaction mixture
remained) was quenched at 10 h, and the isolated yield was 1.87 g
(75%; based on the relative amount of remaining reaction mixture
and 18% conversion of PDMSMA as measured iy NMR
spectroscopyM,°FP¢= 19.3 kDa, PD?FPC= 2.03. Anal. Calcd for
0931H835028F2198i25CI55: C, 57.88; H, 4.36; F, 21.54; Sl, 3.63; C|,
10.28. Found: C, 57.50; H, 3.94; F, 23.62; Si, 3.06; Cl, 9.55. TGA
in N,: 25—-265 °C, 1% mass loss; 265335 °C, 6% mass loss;
335-450°C, 50% mass loss; 45650 °C, 7% mass loss.

HBFP—PDMS, 3d.Sample3d was prepared from the reaction
mixture of HBFP-258000 (3.47 g, 0.0134 mmol; containing
7.40 mmol of benzylic chlorides), PDMSMA-870 (8.70 g,
10.0 mmol), CuCl (297 mg, 3.0 mmol), CuC40.3 mg,
0.30 mmol), Bipy (1.03 g, 6.6 mmol), DMB (456 mg, 3.3 mmol),
and PhF (20 mL, 60 vol %) at 68C. Finally, the reaction
(~32.8 mL of reaction mixture remained) was quenched at 10 h,
and the isolated yield was 6.85 g (84%; based on the relative amount
of remaining reaction mixture and 57% conversion of PDMSMA

at 5.58 ppm. A portion of each of these aliquots was passed throughas measured by4 NMR spectroscopyM,°P¢= 1560 kDa, PDF"®
neutral alumina, concentrated in vacuo, and analyzed by GPC to= 2.21. Anal. Calcd for €i73H100130110#11085h001Clhs7 C, 47.53;

monitor the formation of copolymer. After the reaction time of
8—10 h (for trials using PDMSMA-870), the reaction mixture was
allowed to cool to room temperature, diluted with THF, passed

H, 6.47; F, 13.51; Si, 18.02; Cl, 4.20. Found: C, 47.39; H, 6.12;
F, 15.74; Si: 17.70, Cl, 3.17. TGA inN 25—270°C, 1% mass
loss; 270-335 °C, 8% mass loss; 33950 °C, 74% mass loss;

through a neutral alumina column, concentrated in vacuo, followed 450-550 °C, 3% mass loss.

by precipitation 2-3 times in 1:9, THF:methanol (for trials using
PDMSMA-870). The polymer recovered by filtration was dried in
vacuo for -2 days: IR (NaCl) 31562800, 1732, 1652, 1520,
1504, 1455, 1418, 1298, 1260, 1091, 964, 800, 681'cthi NMR
(300 MHz, CDC}, ppm)d —0.40-0.65 (m, SiG3 and SiGH, from
PDMSMA), 0.76-3.40 (m, all aliphatic protons from HBFP except
benzylic protons, all protons from PDMSMA except 8i§; SiCH,
and COO®,), 3.60-4.20 (s, COOEl, from PDMSMA), 4.26-
4.80 (br, benzylic protons from HBFP), 6.20.45 (br m, all
aromatic protons from HBFP)C NMR (125.7 MHz, CDJ, ppm)

0 —0.5-2.2, 14.0, 18.1, 22.3, 25.6, 26.6, 29.6, 32.1 33.7, 41.2,
45.9, 67.6, 1157117.5, 126.5129.5, 136.6-147.1, 178.1]°F

HBFP—PDMS, 3e.Sample3ewas prepared from the reaction
mixture of HBFP-258000 (3.47 g, 0.0134 mmol; containing
7.40 mmol of benzylic chlorides), PDMSMA-870 (6.70 g,
7.70 mmol), CuCl (297 mg, 3.0 mmol), CuCl40.3 mg,
0.30 mmol), Bipy (1.03 g, 6.6 mmol), DMB (456 mg, 3.3 mmol),
and PhF (22 mL, 66 vol %) at 6%C. Finally, the reaction+{32.6
mL of reaction mixture remained) was quenched at 8 h, and the
isolated yield was 5.97 g (83%; based on the relative amount of
remaining reaction mixture and 60% conversion of PDMSMA as
measured byH NMR spectroscopy)M,®P¢ = 1040 kDa, PD¥PC
= 3.39. Anal. Calcd for G73H100130110#11005100:Clis7 C, 49.19;

H, 5.72; F, 17.83; Si, 13.98; Cl, 3.69. Found: C, 48.21; H, 6.03;
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Scheme 1
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F, 19.22; Si, 15.7; Cl, 3.19. TGA in N 25-250 °C, 1% mass
loss; 250-330 °C, 9% mass loss; 330445 °C, 68% mass loss;
445-550°C, 6% mass loss.

HBFP—PDMS, 3f. Sample3f was prepared from the reaction
mixture of HBFP-258000 (3.47 g, 0.0134 mmol; containing
7.40 mmol of benzylic chlorides), PDMSMA-870 (1.67 g,
1.92 mmol), CuCl (297 mg, 3.0 mmol), CuC(40.3 mg, 0.30
mmol), Bipy (1.03 g, 6.6 mmol), DMB (456 mg, 3.3 mmol), and
PhF (27 mL, 80 vol %) at 65C. Finally, the reaction+432.6 mL

PDMS-Grafted Fluorocopolymers7199

the resulting copolymers had PDMS grafts well distributed along
their backbones. The monomer reactivity ratiag (vere
investigated. For copolymerization systems using PDMSMA-
870, rp|:30f 0.754+ 0.13 and’pDMSMA_gm of 0.58+ 0.07 were
determined by using the KeleTudas method?>% based on
varying feed monomer compositions (Figure 3a). Using the
Alfrey—Price equation&/ with Qprs= 0.87 andeprs = 0.75
that were obtained from the PFS-MMA radical copolymerization
system by Pryor and Huarf§, Qppmsma-s7o of 0.58 and
erpmsma-s70 Of —0.16 were estimated. From the trial with a
high molar feed ratio of PFS to PDMSMA-870 of 9:1y@&s
value of 0.80+ 0.01 was also obtained through the Jaccks
method2%° (Figure 3b). From the trial with high molar feed
ratio of PFS to PDMSMA-4400 of 9:1, s value of 0.85+
0.03 was obtained by using the Jaccks method (Figure 3c). The
results of essentially consisterirs values suggests that the
reactivity of PDMSMA was not significantly influenced by its
chain length, and the low molar concentrations of comonomers
might be among the key factors responsible for the slow
copolymerization rates, in those systems using PDMSMA-4400.
Additionally, the considerable steric hindrance effect of PDMS-
MA-4400 might also entropically disfavor its incorporation into
copolymer structure¥.

For all trials with significant occurrence of polymerization,
copolymersl were obtained by passing the copolymerization

of reaction mixture remained) was quenched at 8 h, and the isolatedS°lutions through alumina columns, followed by removal of

yield was 3.07 g (80%; based on the relative amount of remaining
reaction mixture and 30% conversion of PDMSMA as measured
by 'H NMR spectroscopyM,°F¢= 341 kDa, PDFPC= 4.96. Anal.

Calcd for GazsHi00130110F11085h001Clis7 C, 54.54; H, 3.75; F,
28.68; Si, 2.99; Cl, 6.63. Found: C, 54.74; H, 3.29; F, 28.57; Si,
2.92; Cl, 6.55. TGA in M. 25—-270 °C, 1% mass loss; 270
335°C, 7% mass loss; 335450°C, 55% mass loss; 45650°C,

6% mass loss.

Results and Discussion

Synthesis of Poly(PFS0-PDMSMA), 1. As shown in
Scheme 1, poly(PFS8e-PDMSMA) 1, as PDMS-grafted co-
polymers with linear fluorinated backbones, were prepared by
ATRCP of PFS with PDMSMA, using PhE-Br together with
CuCl and Bipy as initiator/catalyst/ligand system (([P§$]
[PDMSMA]):[PhE-Br:[CuCl]o:[Bipy]o = 55:1.0:1.0:2.0), in
50 vol % of PhF at 8°C. Either PDMSMA-870 I, = 870
Da) or PDMSMA-4400 i, = 4400 Da) was used as mac-
romonomer, and the molar feed ratio of PFS to PDMSMA was
9:1, 1.1, or 1:3. When PDMSMA-870 was used, the polymer-
ization time was 30 h for each trial; when PDMSMA-4400 was
used, the polymerization time was 45 h for each trial.

To monitor the copolymerization process B NMR
spectroscopy, for each trial, DMB ([DMB][PFS} + [PDMS-
MA] o) = 1:2) was also added to allow for the resonance of its

remaining unreacted PDMSMA by precipitatior-2 times in

1:9 THF:methanol (for PDMSMA-870) or 1:2 THF:methanol
(for PDMSMA-4400). Quantitative composition determination

of these copolymers was conducted through elemental analyses,
based on mass percentages of characteristic elements of the
comonomers (PFS has 48.96 mass % of F; PDMSMA-870 has
30.57 mass % of Si, and PDMSMA-4400 has 36.45 mass % of
Si). With different initial feed ratios of comonomers, the
successful synthesis df with different molar fractions of
comonomers was verified. Excellent agreements between theo-
retical and experimental values of molar fractions of comono-
mers were further established, indicating precise composition
control in the ATRCP systems. Because molar fractions of
PDMSMA in copolymers Eppmsma) are also graft densities of
copolymers, accurate control &bpusva correlates also with
accurate control of graft densities in this “grafting through”
system.

Besides elemental analysis, the compositions of copolymers
1 could also be investigated by quantitatif NMR spec-
troscopy, based upon comparisons of the resonance intensities
of five fluorinated aromatic carbons of each PFS unit at-136
148 ppm with the resonance intensities of silicated carbons of
each PDMSMA unit observed from2 to +6 ppm (Figure 4).
For example, the quantitativéC NMR analysis of copolymer

methoxy protons at 3.80 ppm to be used as a reference forla gave a molar fraction ratio of 0.90:0.10 for PFS units and

determination of the conversions of PFS and PDMSMA, based
on the characteristic resonances of thgwinylic protons at
5.75 and 5.58 ppm. No considerable conversion$5%) of
comonomers were observed for the two trials using PDMSMA-
4400 with molar feed ratios of PFS to PDMSMA of 1:1 and
1:3. High comonomer conversions 75%) were obtained for
all the trials using PDMSMA-870, and significant comonomer
conversions ¥50%) were also obtained for the trial using
PDMSMA-4400 with high molar feed ratio of PFS to PDMSMA-
4400 of 9:1 (Table 1).

Kinetic analysis demonstrated that both PFS and PDMSMA

PDMSMA-870 units (with 21 silicated carbons per unit), which
was very close to the calculated value (0.89:0.11) and the
experimental value (0.89:0.11) obtained by elemental analysis.
As a note,'H NMR analysis ofl could not provide accurate
information on copolymer composition, because the resonances
of aliphatic protons from PFS units were severely overlapped
with resonances from PDMSMA unit®F NMR analysis ofl
detected only quantitative resonancesoaho-fluorines (con-
centrated at—143.5 ppm), metafluorines (concentrated at
—161.4 ppm), angara-fluorines (concentrated at154.4 ppm)

on the pentafluorophenyl group of their PFS units but gave no

were consumed almost simultaneously (Figure 2), indicating that information about PDMSMA units that had no fluorine atoms.
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Table 1. Synthesis of Poly(PF$0o-PDMSMA) by ATRCP (M1 = PFS; M2 = PDMSMA)?2

conversion (%) FiF* M (kDa)
entry Mn m2° (D) [M1]p:[M2] o t (h) M1 M2 calcd exptf calcd expte PDI¢
la 870 9:1 30 78 85 0.89:0.11 0.89:0.11 11.6 28.9 1.32
1b 870 11 30 86 81 0.51:0.49 0.50:0.50 24.0 49.2 1.68
1c 870 1:3 30 91 77 0.28:0.72 0.31:0.69 30.2 52.9 1.58
1d 4400 9:1 45 54 61 0.87:0.13 0.89:0.11 20.1 46.7 1.11

a([M1]o + [M2]o):[PhE-Br}:[CuCl]o:[Bipy] o:[DMB] o = 55:1.0:1.0:2.0:27.5; 50 vol % of PhF; 8C. ® By 'H NMR spectroscopyS Molar ratios of PFS
units to PDMSMA units in copolymet Calculated based on the molar feed ratios and conversions of comonéiBgrelemental analyses of F and Si.
fCalculated based on the molar feed ratios of comonomers to initiator and conversions of comoa8ye&&C with multiangle laser light scattering.

2.0+ 1.0
®:PFS a) 0.8 foes =0.75£0.13
- O: PDMSMA 06 Moomsuasro = 0-58 £ 0.07
= 044
2 10 % 02!
=) S
= o -
= 0.5 0.2
0.4
0.0 . . . . . . 06 . . . r s
0 5 10 15 20 25 30 00 02 04 06 08 10
Copolymerization time (h) Fl(o + F)
Figure 2. Representative kinetic plot for ATRCP of PFS and
PDMSMA ([PFS}:[PDMSMA-870L:[PhE-Br}:[CuCllo:[Bipy] o:[DMB] o b) '8
= 27.5:27.5:1.0:1.0:2.0:27.5; 50 vol % of PhF; 8C; for the 1.44 r__=0.80+0.01
preparation of copolymetb). 15 Frs
GPC analysis of copolymersshowed that they haMl,, of ~ 0]
28.9-52.9 kDa, with PDI values of 1.111.68. These experi- >'<“ 0.84
mentalM, values were significantly higher than the calculated T 06
Mp values of 11.6-30.2 kDa. An appreciable occurrence of T 04l
biradical coupling in the ATRCP system was considered as an 02
important reason for the higher-than-expeckégvalues and “]

relatively high PDI values. GPC measurements of aliquots o5 10 15 20
withdrawn from copolymerization systems at different copo- ' ' -|n(1-X ' '
lymerization times showed that, with continuous consumption

of comonomers, copolymers with increasing molecular weights

PDMSMA-870)

were obtained; however, their molecular weight distributions c) 3?  =0.854003 .
became bimodal, suggesting increased occurrence of biradical Y D
coupling (Figure 5). 061

Synthesis of Poly(PFS0-PDMSMA-co-CMS), 2. As shown “» 051
in Scheme 2, PDMS-grafted copolymers with hyperbranched x 041 ]
fluorinated backbones, poly(PE®-PDMSMA-co-CMS) 2, T 0.3
were prepared by ATRSCVCP of CMS, as a inimer, with PFS T 02l
and PDMSMA comonomers, using CuCl and Bipy as the 0.1]
catalyst/ligand system, in 50 vol % of PhF (Table 2). Because
Weimer et al. found that a high catalyst-to-inimer ratio was 0'00.0 02 04 06 08 10
required for the preparation of hyperbranched polymers by An(1-X )
CMS-based ATRSCVCP system& 0.30 equiv of CuCl POMISMA 4400

: i ; _ Figure 3. (a) Kelen—-Tudos plot for ATRCP of PFS and PDMSMA-
relative to the inimer was used for each trial. When PDMSMA 870: (b) Jaccks plot of ATRCP with molar feed ratio of PFS to

870 was used in copolymerization, copolymerization times were ppymsmA-870 of 9:1 (for the preparation of copolymsa): (c) Jaccks

24 h. For the trials with low initial feeds of PDMSMA-870,  plot of ATRCP with molar feed ratio of PFS to PDMSMA-4400 of
low radical concentrations were targeted by initial feeds of 9:1 (for the preparation of copolyméd).

10 mol % of CuC} with respect to the copper(l) catalyst and

with relatively low copolymerization temperature of 72. For the copolymerization was conducted at“®for 30 h, with an

the trial using the highest initial feed of PDMSMA-870 ([PES]  initial feed of 10 mol % of CuGlrelative to CuCl.
[PDMSMA-870]:[CMS]p = 9:9:1), because of relatively low To monitor the copolymerization process B NMR
initial molar concentration of CMS in the copolymerization spectroscopy, for each trial, DMB ([DMB]CMS], = 0.33:1)
system, the copolymerization was conducted at a higher was also added to allow for the resonance of its methoxy protons
temperature of 82C without a 10 mol % initial feed of Cugl at 3.80 ppm to be used as a reference for the determination of
(a control experiment showed no significant occurrence of conversions of vinyl bonds of PFS, PDMSMA, and CMS, based
copolymerization, if 10 mol % of Cuglrelative to CuCl was on their characteristic resonancegefinylic protons at 5.69
added). PDMSMA-4400 was also used with a low initial feed 5.85 (1 H for PFS, overlapped witl H for CMS), 5.58 (1 H

in one trial ([PFS§:[PDMSMA-4400}:[CMS]p = 9:1:1), and for PDMSMA), and 5.31 ppm (1 H for CMS). Kinetic analysis
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graft density of the resulting copolymers by the AFBCVCP
systems.

The composition of copolymer8 could also be measured
by quantitative'3C NMR spectroscopy based on the resonance
intensities for five fluorinated aromatic carbons per PFS unit at
136—148 ppm (the two aliphatic-substituted aromatic carbons

2=

e .A. T ey e from CMS units also resonated in this region, and their
180 160 140 120 100 80 60 40 20 _Oppm contributions were subtracted), four protonated aromatic carbons
4323 21.00 per CMS unit at about 128 ppm, and the silicated carbons of

Figure 4. *3C NMR spectrum (128.7 MHz, CDg)lof copolymer poly- each PDMSMA unit at-2 to +6 ppm (Figure 7). For example,

(PFSeoPDMSMA), 1a the quantitativé3C NMR analysis of copolyme2agave a molar
fraction ratio of structural units from PFS, PDMSMA-870 (with
21 silicated carbons per unit), and CMS of 0.35:0.24:0.41, which
was close to the calculated value of 0.35:0.25:0.40, based on
the initial feed ratio and conversions of comonomers and inimer,
and the experimental value of 0.36:0.26:0.38 obtained by
elemental analysis. Similar &1 NMR analysis ofl, 'H NMR

30h analysis of 2 could not provide accurate information on
24h copolymer composition, because the resonances of aliphatic
18h protons from PFS units were severely overlapped with reso-
13h nances from PDMSMA units and CMS-based unifs. NMR

analysis o detected quantitative resonancesuho-fluorines

oh (concentrated at141.8 ppm)metafluorines (concentrated at
6h —162.6 ppm), angara-fluorines (concentrated at157.0 ppm)
4h on the pentafluorophenyl group of their PFS units, but gave no
2h information about either PDMSMA units or CMS-based units
Oh because of their absence of fluorine atoms.
— et By GPC analysis2 had M, values of 59.1207 kDa, with
16 17 18 19 20 21 22 23 24 25 26 27 28 PDI values of 1.683.59. The high PDI values are typical for
Elution time (min) hyperbranched polymers prepared by the SCVP method. As a
Figure 5. GPC traces for the showing graft copolymer growth during Note, because, theoretically, the degree of branching of hyper-
preparation of poly(PF8e-PDMSMA), 1b, ([PFS}:[PDMSMA-870}: branched polymers prepared by SCVCP can be adjusted through

[PhE-Brh:[CuCllo:[Bipy]o = 27.5:27.5:1.0:1.0:2.0; 50 vol % of PhF; injtial molar feed fractions of inimers and conversions of
81 °C; the isolated copolymer was obtained after precipitation after reactants, copolymers & were expected to have different
30 h of copolymerization). . .

degrees of branching. However, currently there is lack of a

demonstrated that. relative to PES and PDMSMA. CMS had general method to quantitatively determine degree of branching

higher conversions of vinyl bonds during copolymerization for for these hyperbranched copolymers.
all trials, presumably due to its higher reactiviQdys = 1.39; Synthesis of HBFP-PDMS, 3. As shown in Scheme 3,
ecws = —0.38)70 Similar to PFS-PDMSMA ATRCP systems, PDMS-grafted copolymers with hyperbranched fluorinated
copolymerization of PFS, PDMSMA, and CMS generally also cores, HBFP-PDMS, were prepared by ATRP of PDMSMA,
exhibited comparable reactivity of PES and PDMSMA. How- using HBFP with benzylic chloride-functionalized HBFP as
ever, for trials with significant feeds of inimer CMS ([PES]  initiator, together with CuCl, Cu@l and Bipy as catalyst/
[PDMSMA-870L:[CMS]o = 1:1:1 or 1:2:1), consumption of  deactivator/ligand system ([Gdre]o:[CuCl]o:[CuCl]o:[Bipylo =
PDMSMA was found to be evidently slower than consumption 1.0:0.4:0.04:0.88), in 6680 vol % of PhF. Two HBFP initiators
of PFS after considerable conversions of comonomers andWere prepared by SCVCP of PFS and CMS. HBFP-8600 has a
inimer were reached (Figure 6). This interesting phenomenon Mn 0f 8600 Da, a PDI of 2.23, and an average of 28 benzylic
was ascribed to the steric effects caused by the hyperbranched@hlorides per macromolecule; HBFP-258000 hagaf 258000
architectures with significant degrees of branching. Because of D&, @ PDI of 2.70, and an average of 550 benzylic chlorides
initiation being slower than propagation, higher degrees of Per macromolecule. Because a polyfunctional ATRP macroini-
branching can be expected at late stages of Copolymerizationsuator was used in each trlal, to avoid considerable occurrence
of these trials with high inimer feeds, which exerted appreciable Of biradical coupling that could result in insoluble products, low
steric repu|si0n to macromonomer PDMSMA relative to small radical concentrations were targeted by initial feeds of 10 mol
molecule PFS for chain propagation and resulted in increasing of CuCh with respect to the copper(l) catalyst and with
disparity in the rates of PFS vs PDMSMA incorporation. relatively low reaction temperature of 6&. To monitor the
The composition of poly(PF8e-PDMSMA-co-CMS) co- copolymerization process by NMR spectroscopy, for each
polymers 2 were characterized by elemental analyses for trial, DMB ([DMB] o:[Clugrelo = 0.44:1) was also added to allow
composition determinations, based on percentages of eacHor the resonance of its methoxy protons at 3.80 ppm to be used
characteristic element that originated from each comonomer andas a reference for the determination of conversions of vinyl
inimer (PFS has 48.96% of F; PDMSMA-870 has 30.57% of bonds of PDMSMA based on its characteristic resonance of a
Si, and PDMSMA-4400 has 36.45% of Si; CMS has 23.23% Vinylic proton at 5.58 ppm.
of Cl). Excellent agreement between theoretical and experi- When PDMSMA-4400 was used as macromonomer, the
mental values of molar fractions of structural units from PFS, initial molar feed ratios of macromonomer to benzylic chloride
PDMSMA, and CMS were established farThe well-controlled functionalities on HBFP were 0.26. A low macromonomer
Fromsma Values in copolymers further indicate good control over conversion of only 6% was observed in the reaction system
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Scheme 2
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Table 2. Synthesis of Poly(PF$0-PDMSMA-co-CMS) by ATR—SCVCP (M1 = PFS; M2 = PDMSMA; M3 = CMS)2

conversion (%) F1F2Fs®
entry MpwmP(Da) [M1o[M2]6:[M3]lo T(°C) t(h) M1 M2 M3 calcd exptkf Mqf (kDa)  PDf
2a 870 1:1:1 72 24 75 54 86 0.35:0.25:0.40 0.36:0.26:0.38 590.1 1.89
2b 870 2:11 72 24 61 55 84 0.47:0.21:0.32 0.44:0.22:0.34 63.8 1.98
2c 870 9:1:1 72 24 53 59 92 0.76:0.09:0.15 0.79:0.08:0.13 84.1 3.59
2d 870 9:9:11 82 24 65 62 93 0.47:0.45:0.08 0.50:0.42:0.08 207 3.06
2e 4400 9:1:1 82 30 55 62 96 0.76:0.09:0.15 0.78:0.10:0.12 132 1.68

a[M3]o:[CuCl]e:[Bipy]o:[DMB] o = 1:0.3:0.66:0.33; 50 vol % of PhF; for triaa, 2b, 2c, and2e 10 mol % initial feed of CuGl relative to CuCl; for
trial 2d, no initial feed of Cud. ® By 'H NMR spectroscopyt Molar fraction ratios of units in copolymer that were originated from PFS, PDMSMA, and
CMS. d Calculated based on the molar feed ratios and conversions of comonomers and 9ignetemental analyses of F, Si, and €By GPC with
multiangle laser light scattering.

using HBFP-8600 as initiator with a reaction time of 15 h, lowed by precipitation 23 times in 1:9, THF:methanol. Kinetic
presumably due to a very low molar concentration of vinyl analysis demonstrated that HBFP-258000 led to faster reaction
bonds. With a theoretical average of 0.4 PDMS chains co- with PDMSMA-870 than did HBFP-8600, under similar reaction
valently attached on a HBFP core, a large fraction of unreacted conditions (Figure 8), presumably because of the high local
HBFP remained in the reaction system. For the reaction systemconcentrations of active polymerization sites relative to deac-
using HBFP-258000 as initiator with a reaction time of 15 h, a tivator for reaction systems using HBFP-258000. A control
macromonomer conversion of 15% was observed, but the experiment further showed that a small molecule structural
product was insoluble, presumably due to biradical coupling. analogue of the HBFP initiator sites, benzylic chloride, resulted
When PDMSMA-870 was used as macromonomer (Table 3), in much slower polymerization of PDMSMA-870 ([PDMSMA-
the initial molar feed ratios of macromonomer to benzylic 870]:[benzylic chloride}[CuCl]o/[CuCL]¢/[Bipy]o/[DMB]o =
chloride functionalities on HBFP were 1.35, 1.03, and 0.26, and 1.03/1.0/0.4/0.04/0.88/0.44:; 74 vol % of PhF; €5, 10 h; 9%
polymerization times were-810 h. Considerable conversions conversion of PDMSMA-870).
of macromonomer (1860%) were observed in all trials, and With their core domains derived from HBFP, HBFPDMS
the resulting HBFP-PDMS copolymers were obtained by copolymers3 prepared from the same HBFP sample had
passing the reaction solutions through alumina columns, fol- consistent core structures but differedFppmsva. Therefore,
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were further obtained. Theoretically, it is possible that sample
3cwith only 2.2 PDMS chains per macromolecule might contain
a significant portion of macromolecules without PDMS chains,
i.e., unreacted HBFP species. As a note, we avoided the
investigation of initiation efficiency for the preparation 8f
using HBFP as macroinitiators, due to a lack of quantitative
determination method with sufficient accuracy.
Thermogravimetric Analysis. Thermogravimetric analysis
of PDMS-grafted fluorocopolymer 2, and3 was conducted

201 m:PFs
O : PDMSMA
& :CMS

In([M]/IM])

o
3]
I

0.04 T . : . : under nitrogen atmosphere, from 25 to 580 with a heating
0 5 15 20 28 rate of 10°C per min, to investigate their thermal stabilities
Copolymerization time (h) (Figure 10). Thermolytic profiles of their precursors, including
Figure 6. Kinetic plot for the PFSPDMSMA—CMS ATR—SCVCP PDMSMA macromonomers and HBFP macroinitiators, were
system with a high feed of CMS ([PRIPDMSMA-870L[CMS]e: ~ also measured as references to evaluate the changes of thermal
E)?‘fj%ll]:"[%%ﬂ?g?'t% %[rlg;’\)ﬁaﬂ?i:nlé%-gé%gl-gr}?;f):%-o'33' 50 vol % z:)apb(llli%] oefrgolymers before and after synthetic reactions of these

Poly(PFSec-PDMSMA) copolymersla (M, = 28.9 kDa,
Fromsma-s7ze 11%),1b (Mn = 49.2 kDa,Fppmsmwa-s7a 50%),
1c (Mn = 529 kDa, Frpomsma—sg7o: 69%), and 1d (Mn =
46.7 kDa, Fppmsma-a406 11%) had onset temperatures of
thermal degradationT{) at 310, 285, 271, and 343C,
respectively (Figure 10a). With increases of graft density,
copolymersla, 1b, and 1c with short PDMS grafts showed

180 160 _1'_40_# 120 100 80 60 40 20 _éppm decreased thermal stability. Copolyniet had better thermal
10.60 6.67 21.00 stability than the others, due to its long PDMS grafts, as
Figure 7. 13C NMR spectrum (128.7 MHz, CDg)lof copolymer poly- supported by the fact that PDMSMA-4400 (on3gt 380°C)
(PFS€o-PDMSMA-co-CMS), 2a had much higher thermal stability than did PDMSMA-870 (onset

Tq: 149 °C). Relative to their precursor PDMSMA-87Qg,
1b, and1c had significantly higher thermal stabilities, but on
the other hand, relative to its precursor PDMSMA-4406,
|}_3ad appreciably lower thermal stability. Thermal degradation
of copolymersla, 1b, and 1c completed at 456470 °C.
Thermal degradation of copolyméd was near to completion
at 550°C.

Poly(PFSeo-PDMSMA-co-CMS) copolymers2 exhibited
onsetTy values similar to those for poly(PR&-PDMSMA)
copolymersl (Figure 10b). Among copolymers with short

Fromsma Was an important structural parameter3fSimilar

to composition determination of copolymetsand 2, experi-
mental Fppusma Vvalues of 3 were also obtained through
elemental analyses, based on percentages of Si, as well as
and Cl. For all samples &, experimentaFppmsua Values were
slightly lower than the calculated values, presumably due to
appreciable loss of copolymer species with rich PDMS contents
during workup.

Fromsma Of 3was also investigated by quantitatft’€ NMR
spectroscopy, based upon comparison of the resonance intensi
ties at 136-148 ppm for five fluorinated aromatic carbons of PD'\QS grafts2c (Mn = 84.1 kDa,Fpoumsua-s7o 8%; onseflg,
each PFS unit with the resonance intensities 2t-6 ppm for 320°C), with the lowest graft density, showed higher thermal
21 silicated carbons of each PDMSMA-870 unit (Figure 9a). Stab'o"ty than2a (Mn = 59.1 kDa,Fpomswa-g7o 26%; onselg,
Alternatively, H NMR analysis of3 could also be employed 2950 C), 2b (Mn = 63.8 kDa, Fromsma-s70, 22%; onseflq,
to estimate Fromswa, based upon the comparison of the 299°C;not st:own),_andd (M = 207 kDa,Fromsma-s70, 42%;
resonance intensities at 6:20.45 ppm for four aromatic protons ~ ©NS€tTa, 297°C). With long PDMS %raftsze(Mn = 132 kDa,
of each CMS-based unit with the resonance intensities from FPoMsma-4400 10%; onsetTq, 343 °C) had better thermal
—0.40 to 0.40 ppm for 57 Sid; protons of each PDMSMA- stab|I_|ty than copolymer&a—d, but was less thermally stable
870 unit (Figure 9b). For example, the quantitaté@ andH than its precursor PDMSMA-4400.

NMR analyses of copolyme8a gaveFppusva values of 0.23 Samplea, 2b, and2c, with 9—17 wt % of units from CMS,

and 0.25, respectively, which were close to the calculated valueshowed two evident phases of thermal degradation. The first
of 0.26 and were in excellent agreement with the experimental Phase of fast degradation that occurred from ofigeb about
value of 0.24 obtained by elemental analy$i6.NMR analysis 450 °C for about 85% mass loss was ascribed to thermal
of 3 detected only quantitative resonancesoaho-fluorines degradation of all PDMS grafts and linear portions of the
(concentrated at143.5 ppm)metafluorines (concentrated at  hyperbranched fluorinated backbones. The second phase of slow
—161.3 ppm), angara-fluorines (concentrated at154.4 ppm) degradation that occurred after about 48D was ascribed

on the pentafluorophenyl group of their PFS units, but gave no mainly to thermal degradation of CMS-based branched portions
information about PDMSMA units due to their absence of ©f hyperbranched fluorinated backbones. Finally, at350each
fluorine atoms. of samples2a, 2b, and2c had 12-13% mass remaining. On

As detected by GPC3 had M, values ranging from 19.3to  the other hand, sampl@sl and2edid not show two such phases
1560 kDa, with PDI of 2.034.96. These experimenta, of thermal degradation, due to their very low degree of
values were significantly higher than the calculated values, branching, which was deduced from their very low compositions
presumably due to appreciable occurrences of biradical coupling0f CMS (~3 wt %).
and polymerization of vinyl-functionalized head units from Similar to their precursors, HBFP-8600 and HBFP-258000,
HBFP during reactions. On the basis of their experimelftal with onsetTy values of only 215 and 230C, HBFP-PDMS
values and mass fractions of PDMSMA units, average numberscopolymers3 exhibited low onsefly values of 219-251 °C.
of 2.2—-1040 PDMS chains per HBFRPDMS macromolecule = The composition of3 complicated their thermal stabilities.
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Scheme 3

CuCl/CuCly, Bipy, PhF
ATRP

Table 3. ATRP of PDMSMA-870 Initiated by HBFP2

HBEP Fpomsmal Mn (kDa)

MyP [PDMSMA-870): convr _ _
entry (kDa) PDP FrrsFems® NC|d [Clusrr]0® t (h) (%) calcd EA! calcd GPC PDIP NPDMSMAk
3a 8.6 2.23 0.44:0.56 28 1.35 10 46 0.26 0.24 23.7 61.8 2.18 44
3b 8.6 2.23  0.44:0.56 28 1.03 10 23 0.12 0.11 14.4 29.3 2.12 13
3c 8.6 2.23 0.44:0.56 28 0.26 10 18 0.026 0.022 9.7 19.3 2.03 2.2
3d 258 2.70  0.62:0.38 550 1.35 10 57 0.23 0.21 626 1560 2.21 1040
3e 258 2.70  0.62:0.38 550 1.03 8 60 0.19 0.17 546 1040 3.39 630
3f 258 2.70 0.62:0.38 550 0.26 8 30 0.029 0.022 294 341 4.96 39

a[initiator site}/[CuCl]o/[CuCl]o/[Bipy]o/[DMB] o = 1.0/0.4/0.04/0.88/0.44; 6680 vol % of PhF; 65C. By GPC with multiangle laser light scattering.
¢ Molar ratios of PFS units to CMS-based units in HBERverage number of benzylic chlorides (ATRP initiator sites) per HBFP macromoleduiigial
molar feed ratio of PDMSMA-870 macromonomer to ATRP initiator sit@onversion of macromonomer determinedyNMR spectroscopy? Molar
fraction of PDMSMA units in copolymer8. " Calculated based on the molar feed fractions and conversions of PDMSMA, and compositions of HBFP.
i Determined by elemental analysialculated based on the molar feed fractions and conversions of PDMSMAVlantl HBFP. k Average number of
PDMSMA units per macromolecule of copolymedsbased orFppmsma and M, of 3.

Samples3a (M, = 61.8 kDa, Fppmsma-s7o, 24%; onsetTy, portions of HBFP cores. Their mass losses after 23Qvere

243 °C), 3b (M, = 29.3 kDa, Fppmsma-s7o. 11%; onsefTy, ascribed mainly to thermal degradation of CMS-based branched
219°C), and3c (M, = 19.3 kDa,Fppmsma-s7o 2.2%; onsely, portions of their HBFP cores. For the samples derived from
251°C) had their cores derived from HBFP-8600, and differed the same HBFP, those with high PDMS contents had lower final
with each other in PDMS content. Samg@@, with its PDMS remaining mass percentages at 580

content between those 8t and 3a, showed the lowest onset Both copolymer and3 were composed of structural units
Tq value among the three samples. A similar trend was also from PFS, CMS, and PDMSMA with different topological
observed in sampledd (M, = 1560 kDa,Fppmsma—s7o, 21%; features, and their thermolytic profiles were compared. Because

onsefTy, 251°C), 3e(M, = 1040 kDaFppmsma-s7o. 17%; onset of their similar fractions of units from comonomers and inimer
Tq, 225°C), and3f (M, = 341 kDa,Fppmsma—s7o, 2.2%); onset as detected by elemental analysis, the high ohget 2arelative

Tq, 240 °C), which were prepared using HBFP-258000 (ther- to 3a (295 vs 243 C) suggested that the topological arrangement
molytic profiles of3d, 3g and3f were not shown). of structural units had significant influences on their thermal

Thermal degradations of copolyme3svere limited before behaviors.

330 °C with 6—-13% mass loss, became significant at 330 Solubility. Because PDMS-grafted fluorocopolyméy< and
430 °C with 44—71% mass loss, and was low again at 430 3 have different grafted architectures, solubility studies were
550 °C with 6—15% mass loss. Their mass losses before focused on the influence of grafted features on solubility.
430°C were ascribed mainly to thermal degradation of PDMS Sampledlb, 1d, 2a, and3a, with PDMS as the major component
grafts, as well as benzylic chloride functionalities and linear (56—74 wt %), have comparablé, values (46.761.8 kDa),
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Figure 8. Kinetic plot for HBFP-PDMS synthetic systems ([PDMSMA- P
870]:[Clusrr]0:[CuCl]o:[CuCly]o:[Bipy] o:[DMB] o = 1.35:1.0:0.4:0.04: 100 4
0.88:0.44; 60 vol % of PhF; 65C; for the preparations of copolymers
3aand3d, from HBFP-8600 and HBFP-258000, respectively). b) PDMSMA-4400
75 1
a
(a) <
@ 50 PDMSMA-870
b
25 A
0 T T T T T
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11.41 7.23 21.00 Temperature (OC)
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®
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Figure 9. (a) *C NMR spectrum (128.7 MHz, CDg)lof copolymer 0 : : . ; =
. 1
HBFP-PDMS 3a (b) *H NMR spectrum (500 MHz, CDG) of 0 100 200 300 400 500 600

copolymer HBFP-PDMS 3a.

Temperature (°C)
Figure 10. (a) Thermolytic profiles of poly(PF8e-PDMSMA)

and therefore, their solubilities were compared (Table 4). The (é?\sl)gl)y"gg;%fygg)e:gg;rm(%l)yt't%grﬁfg%?igf S%%?I(ESF%?PI—?BNIIZIS?LMPASI(\:A%
solubilities of their precursors, including PDMSMA-870, PDMS-  ¢opoiymers3 (heating rate: 1G°C/min; nitrogen atmosphere; ther-
MA-4400, and HBFP-8600, were also tested for references. At molytic profiles of precusors PDMSMA-870, PDMSMA-4400, and
room temperature, each copolyméb, 1d, 2a and 3a was HBFP-8600 were presented for comparison).
soluble in hexane, cyclohexane, benzene, toluene, methylene
chloride, chloroform, carbon tetrachloride, fluorobenzene, ethyl
acetate, diethyl ether, tetrahydrofuran, and 1,4-dioxane and wasshort PDMS grafts olb were expected to be dissolved easily
insoluble in dimethyl sulfoxide (DMSO), ethanol, and methanol. due to minimized interchain entanglements.
At the same time, they had significantly different solubility in Both of the copolymerga (M, = 59.1 kDa, 60 wt % of
acetone, pyridine, 1-butanol, acetonitrigN-dimethylforma- PDMS; Fppmsma-s7o, 26%) and3a (M, = 61.8 kDa, 56 wt %
mide (DMF). of PDMS; Fppmsma—s7o, 24%) were prepared from PFS, CMS,
As copolymers with PDMS grafted on linear fluorinated and PDMSMA. They have similav, values, weight percent
backbones, sampléb (M, = 49.2 kDa, 74 wt % of PDMS; of PDMS, and r_nqlar fra_lct!ons of PDMSMA-870 structural units.
Fromsma_s7o, 50%) exhibited better solubility than samydld They also exhibited similar solubility in most solvents used,
(M,, = 46.7 kDa, 74 wt % of PDMSEppmsma_sa00 11%) in except acetonitr.ile. and DMF. Copolym2awas slightly soluble
acetone, pyridine, 1-butanol, acetonitrile. Because they had veryin both acetonitrile and DMF, whereas copolym@a was
similar M, and the same weight percent of PDMS, such results m_soluble in acetonitrile and soluble in DMF. _Such solubility
suggested that increased graft density and decreased graft lengtflifferences may have resulted from their different grafted
may lead to increasing solubility. High graft density may result features (PDMS chains dta were grafted within a hyper-
in rigidified solution morphology of macromolecules and Pranched backbone, but PDMS chains3afwere grafted on
reduced intra-macromolecular attractive secondary forces. AsHBFP cores).
supported by the fact that PDMSMA-870 has also better  Although copolymer3a had its core derived from HBFP-
solubility than PDMSMA-4400 in solvents including pyridine, 8600, it showed significantly different solubility. HBFP-8600
acetonitrile, and others, relative to long PDMS graftsldf could not be dissolved by hexane, cyclohexane and 1-butane,
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Table 4. Solubility Comparison of PDMS-Grafted Fluorocopolymers, PDMSMA and HBFP
solvent 1b 1d 2a 3a PDMSMA-870 PDMSMA-4400 HBFP-8600

hexane S
cyclohexane s
benzene S
toluene s
methylene chloride
chloroform S
carbon tetrachloride s
fluorobenzene s
ethyl acetate s
diethyl ether S
tetrahydrofuran S
s
s
S
S

[}

1,4-dioxane

acetone

pyridine S
1-butanol

acetonitrile ss i ss
N,N-dimethylformamide S S Ss S Ss S
methyl sulfoxide i i i i i i S
ethanol i i i i S S i
methanol i i i i SS i i

R Y B A N
w®
O TV P00
»
- mu’wmmmmmm‘”w—-—

e @
» %] m"’m"’mwm"’m"’mmw

%]

%]

%]

%]

aRoom temperature, 10 mg/mL. Key: i, insoluble; s, soluble; ss, slightly soluble.

but 3a was soluble in all three solvents; HBFP-8600 could be  Copolymers3, with a hyperbranched fluorinated core and
easily dissolved in DMSO, bigawas insoluble in this solvent.  PDMS linear grafts, were prepared by ATRP of PDMSMA
On the other hand3a qualitatively agreed with PDMSMA- initiated by pre-established HBFP (obtained by SCVCP of PFS
870 in solubility in these four solvents. Such results indicated and CMS). HBFP with a higtM, led to faster reaction than
that the solubility oBawas more dominated by its PDMS grafts, HBFP with a lowM, under similar reaction conditions. The
because they, with 56 wt % 8&, were attached predominantly compositions of the copolymers were controlled through the
on the shell domains and played a major role in polymer conversions and initial feeds of PDMSMA. Biradical coupling
solvent interaction. It should be noted that b8thand HBFP- was a major synthetic concern, and was controlled through the
8600 were insoluble in methanol and ethanol but PDMSMA- initial feeds of deactivator (Cug)l

870 was slightly soluble in methanol and soluble in ethanol,  The effects of grafting features on properties were investigated

indicating the core domain a still affected its solubility. through thermogravimetric analysis and solubility tests of
. copolymersl, 2, and3. With similar molar fraction of structural
Conclusions units, 2 exhibited significantly higher onsdiy values tharB,

Three types of PDMS-grafted fluorocopolymers with different indicating that properties of copolymers (in this example,
branching characteristics have been prepared based on ATRBhermal stability of copolymers) can be affected by topological
technology via a “grafting through” approach using PDMSMAs  arrangement of structural units. Solubility tests also supported
as macromonomer. These three kinds of macromolecularthe influence of grafting features on polymer properties.
architectures allowed for investigation of the effects of polymer ) )
composition and topology on their physical properties. However, —Acknowledgment. We thank Unilever Corporation (C.C.)
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