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ABSTRACT: We report the grafting of polystyrene (PS) and pelst(butyl acrylate) (EBA) from poly(vinylidene
fluoride-co-chlorotrifluoroethylene) (P(VDFo-CTFE)) via atom transfer radical polymerization (ATRP). The
initiating sites on P(VDFeo-CTFE) for the graft copolymerization are the secondary chlorines, indicated by the
model reactions using poly(chlorotrifluoroethylene) (PCTFE) oligomer and the control experiment using poly-
(vinylidene fluoride) (PVDF). The formation of graft copolymers, P(VD&CTFE)-g-PS and P(VDFeo-CTFE)-

g-PtBA, was confirmed by'H NMR, size exclusion chromatography (SEC), differential scanning calorimetry
(DSC), and atomic force microscopy (AFM) measurements. The hydrolysiBaf grafts in P(VDFeo-CTFE)-

g-PtBA resulted in amphiphilic graft copolymers with hydrophilic poly(acrylic acid) (PAA) side chains. The
synthetic approach reported here offers a convenient way to modify commercial fluoropolymers containing CTFE
units. The resultant graft copolymers may find potential applications such as materials for filtration membranes.

Introduction mixtures of graft copolymers and homopolymers are obtained.
hFurthermore, backbone degradation and gelation can also occur

as low surface energy, high chemical and thermal stability, and as a result qf uncont_rolled free radical production, resulting in
good mechanical properties. They have been widely used forlimited grafting density. ) o

various industrial applications including thermal insulators, ~ Recently, atom transfer radical polymerization (ATRP) has
chemically resistant materials, lubricants, filter membranes, and been successfully used to prepare well-defined graft copolymers
electrical insulators. Fluoropolymers, however, are normally based on the “grafting from” method, i.e., side chains are grafted
highly hydrophobic and solvophobic. So they have certain from the backbone via ATRP initiated by the pendant |n|t|at|ng
disadvantages, such as poor solubility, wettability, and miscibil- 9roups on the backbone polyméfs:® In ATRP, alkyl halides

ity. They are also susceptible to fouling because of the with radical stabilizing substituents (such as aryl, carbonyl, and
adsorption of proteins and oits3 These problems limit their  @llyl groups) on thea-carbon have been widely used as
applications in certain fields such as filtration membranes and initiators. So far, alkyl bromides and alkyl chlorides offer the
medical devices. Modification of commercial fluoropolymers Pest molecular weight control. Commercial halogenated poly-
has attracted particular interest due to the desired properties ofPl€fins, such as poly(vinyl chloride) (PVC), poly(vinylidene
the modified polymers. Indeed, properties such as wettability, fluoride) (PVDF), poly(chlorotrifluoroethylene) (PCTFE), and
amphiphilicity, biocompatibility, solubility, compatibility witn ~ their copolymers, comprise monomer units with pendant
other polymers, and adhesion to surfaces can be greatlySecondary halogen atoms, which are potential ATRP initiators.
improved by graft copolymerization of comonomers from the In pnnuple, graft copolymerlz_atlon from these polymers should
backbone of fluoropolymers. For example, amphiphilic graft P& possible to prepare functional graft copolymers. However,
copolymers based on fluoropolymers show enhanced surfacelt 1S generally believed that thg secondary chlorines and fluorines
properties, such as biocompatibility, antifouling, and reduced N these ha_Iog_en_ated _polyolefms are too strongly bonded to serve
static charge buildupDepending on the nature of the comono- @S ATRP initiating sites. It has been reported that the PVC
mer, graft copolymers may possess specific properties while backbone remalned mtactdgrlng the graft copolymerization frqm
retaining the desirable properties of the parent fluoropolymers. @ PVC possessing 1% of vinyl chloroacetate segments, which

So far, graft copolymerization of comonomers from com- Were utilized as the ATRP initiating sités.
mercial polymers is mainly accomplished by free radical routes. However, recently Mayes et al. succeeded in the direct graft
Radicals on the parent polymer chains, that serve as initiating Copolymerization of methacrylates from PVDF via ATRP using
sites for graft Cop0|ymerization, are produced by exposure to Secondary fluorine as the initiatbt® Because of the expected
ionizing radiatiorf® using a free-radical initiatorpr by thermal ~ low reactivity of secondary fluorine atoms, the initiating
decomposition of peroxide groups obtained by ozonofgis. efficiency was often very low, which resulted in low grafting
However, these grafting techniques offer little or no control over density. For example, only about 0.1% of the secondary fluorines
the structure of the resultant graft copolymers. In addition, in in PVDF were able to initiate the graft copolymerizatiortenft-
these free-radical routes nonpolymeric radicals are also produceddutyl methacrylaté.Furthermore, the strong-€F bond led to

that can initiate the homopolymerization of comonomer. Thus, Slow initiation compared to the rate of propagation, limiting
the “living” nature of the polymerization. The low reactivity of

) h ndary fluorin Iso limits the choi f comonomers.
*To whom correspondence should be addressed: e-mail mzhang@t e secondary fluorines also ts the choices of comonomers

mail.pse.umass.edu, russell@mail.pse.umass.edu:1P@#13) 577-1516; Despite these disadvantages, the technique developed by Mayes
Fax+1 (413) 577-1510. et al. offers a simple way to produce functionalized derivatives

Fluoropolymers are known to possess unique properties suc
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Table 1. Characterization Results of the PCTFE Oligomer and P(VDFeo-CTFE)s
elemental analysis (wt %)

code Mn (g/moly PDI2 C H F Cl content of CTFE (wt 9%8)
PCTFE oligomer 18.02 41.8 38.8
P(VDF-co-CTFE)-31008 1.7% 1P 1.52 35.93 2.82 59.0 3.65 11.99
P(VDF-co-CTFE)-31508 1.8 10° 1.47 35.21 2.77 56.7 5.68 18.66

aNumber-averaged molecular weightl{) and polydispersity index (PDI) from SEC measurements in DMF calibrated against polystyrene standards.
b Calculated according to the content of chlorine from elemental analysis.

Table 2. Homopolymerization of Styrene (St) and Sequential Block Copolymerization of Styrene anért-Butyl Acrylate (tBA) Initiated by
PCTFE Oligomer

run temp time

no. initiator/monomer catalyst/ligand [CI/[CuCI}/[Lig)/[M] solvent ¥s/Vm)°  (°C) (h) conv (%) Mn(x 10%¢  PDI°

1 PCTFE/St CuCl/PMDETA 1/0.8/0.8/80 NMP (1/11.5) 120 4 51.6 22.1 1.79
2 PCTFE/St CuCI/PMDETA 1/0.8/0.8/80 NMP (1/1.15) 120 2.5 53.9 17.6 42,25
3 PCTFE/St CuCl/BPy 1/0.4/0.8/80 NMP (1/1.15) 120 10 36.7 8.56 1.60
4 polymer from run 3BA  CuCl/PMDETA 1¢/0.8/0.8/160 NMP (1/1.15) 70 0.5 56.3 12.9 2.03

a[CI/[CuClI}/[Lig)/[M] is the initial molar ratio of chlorine, CuCl, ligand, and monomérVs/Vy is the volume ratio between solvent and monomer.
¢ Obtained from SEC in THF using polystyrenes as calibration stand&Bisiodal molecular weight distributiorf.Calculated based on the monomer
conversion in run 3.

of PVDF. The resultant graft copolymers have been found to 120 °C. During the polymerization, kinetics samples were taken
be very useful as materials for functional filtration mem- from the reaction flask using Nourged syringes at desired time
branedi6.17 intervals. The samples were immediately diluted with deuterated

Here, we report the graft copolymerization of styrene and chloroform (CDCY) followed by *H NMR measurements to
teri-butyl acrylate (BA) from poly(vinylidene fluorideso- AR R B T C T e expostre 10 a
chlorptnﬂuomethylleni)l (P(V.EEOCLFF» via ATRP. M?del The reaction mixture was poured into 500 mL of methanol and the
reactions using poly(chlorotrifluoroethylene) (PCTFE) oligomer . vmer precipitated. The resultant polymer was dried in a vacuum
as ATRP initiator showed that the secondary chlorines in PCTFE gyen at 60°C overnight.
were much more reactive than those in PVC with respective to  The polystyrene synthesized in run 3 in Table 2 was further used
radical generation under ATRP conditions, indicating the ability as macroinitiator to polymerizert-butyl acrylate (BA) via ATRP.
of fluorine atoms to activate the chlorines toward atom trari8fer. In a typical block copolymerization (run 4, Table,2) g of

By hydrolyzing polyfert-butyl acrylate) (BBA) side chains polystyrene (containing 0.32 mmol of chlorine) was dissolved in
of the graft copolymers, P(VDEe-CTFE)-g-PtBA, amphiphilic 6.4 mL of NMP in the reaction flask, and then 4.55 gtBA a_nd
graft copolymers with poly(acrylic acid) (PAA) side chains were 2.1 mg of CuCl (0.254 mmol) were added. After degassing, the
prepared. These amphiphilic fluoropolymers have potential reaction flask was filled with B In a separate flask, 44.8 mg of

o - . T .. PMDETA (0.259 mmol) was dissolved in 1.99 g tBA. After
applications as in the preparation of filtration membranes with degassing((and filling tz]e flask with 4\ the PMD?ETA solution
engineered surface properti€s.

was transferred into the reaction flask using apgurged syringe.
An initial sample was taken for the monomer conversion measure-

Experimental Section ment. The polymerization was started by immersing the reaction

Materials. PCTFE oligomer (liquid, molecular weighkt 500— flask in an oil bath at a temperature of 70. After half an hour,
600 g/mol) was purchased from Polysciences Inc. and used withoutthe polymerization was stopped by cooling to room temperature
further purification. P(VDFeo-CTFE)-31008 and P(VDEe-CTFE)- and exposure to air. Different from the polystyrene macroinitiator,

31508, which contain 3.65 and 5.68 wt % of chlorine, respectively, the resultant copolymer did not precipitate in methanol. A turbid
were provided by Solvay Solexis. These two copolymers have a dispersion was obtained when the reaction mixture was poured into
pseudo-block structure with one VDF-rich block and one CTFE- methanol. Addition of water (with the volume ratio between
rich block. The characterization results of the PCTFE oligomer and methanol and water of 4/1) facilitated the precipitation of the
two P(VDFco-CTFE)s are shown in Table 1. resultant polymer.

Styrene (Aldrich, 99%) andert-butyl acryale (Aldrich, 98%) Graft Copolymerization of Styrene from P(VDF-co-CTFE).
were stirred over Cajfand vacuum-distilled before use. CuCl A typical graft copolymerization of styrene (run 2, Table 3) is
(Aldrich, 99.995+%), CuC} (Aldrich, 99.999%), 2,2bipyridine described in the following. 1.0 g of P(VD&e-CTFE)-31008
(BPy, Acros, 9%-%), 1,1,4,7,7-pentamethyldiethylenetriamine (PM- (containing 1.03 mmol of Cl) was dissolved in 15 mL of NMP in
DETA, Aldrich, 99%), N,N-dimethylformamide (DMF, Acros, a 50 mL Schlenk flask, and then 4.61 g of styrene (44.33 mmol)
HPLC grade), andN-methylpyrrolidinone (NMP, Acros, HPLC  was added into the P(VDEe-CTFE) solution. After the addition
grade) were used as received without further purification. of CuCl (86 mg, 0.87 mmol), the polymer solution was degassed

Model Reactions.In the model reactions, poly(chlorotrifluoro-  through three cycles of freez@pump—thaw, and then the flask was
ethylene) (PCTFE) oligomer was used as ATRP initiator to filled with N,. Separately, 267 mg of Z;Bipyridine (BPy, 1.71
polymerize styrene. In a typical experiment (run 3, Table 2), PCTFE mmol) was dissolved in 5 mL of NMP in a 25 mL Schlenk flask,
oligomer (116 mg, containing 1.27 mmol of chlorine), BPy (156 and the solution was degassed, followed by filling the flask with
mg, 1 mmol), styrene (10.422 g, 100 mmol), and NMP (10 mL) N,. The bipyridine solution was then transferred into the reaction
were added into a 100 mL Schlenk flask. The mixture was degassedflask using a M-purged syringe. An initial sample was taken for
via three cycles of freezepump-thaw, and the reaction flask was  the monomer conversion measurement. The reaction flask was then
filled with N,. Then, CuCl (50 mg, 0.5 mmol) was added, and the immersed in an oil bath at 128C. During the polymerization,
reaction mixture was degassed again followed by refilling the flask kinetics samples were taken from the flask usingphrged syringes
with N,. The reaction mixture was stirred until a homogeneous at desired time intervals. After 24 h, the polymerization was stopped
solution was obtained. An initial sample was taken for the monomer by cooling to room temperature and exposure to air. The reaction
conversion measurement. The polymerization was started by mixture was diluted with acetone and then passed through a column
immersing the reaction flask in an oil bath at a temperature of filled with silica gel, followed by precipitation in methanol. TIEJDV
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Table 3. Graft Copolymerization of Styrene (St) from P(VDF<o-CTFE)s

run temp time  conv

no. initiator catalyst/ligand [CIV[CuCI)/[Lig)/[S§  solvent ¥s/V\)P (°C) (h) (%) Mn (x 1CP)¢ PDIc Wes (%0)4

1 31008 CuCIl/PMDETA 1/0.9/0.8/42 DMF (3/1) 90 gel

2 31008 CuCl/BPy 1/0.8/1.7/43 NMP (3.9/1) 120 24 33.7 2,94 1.75 57.0 (60.8)
3¢ PVDF CuCl/BPy 0/0.8/1.7/43 NMP (3.9/1) 120 24 34.7

4 31508 CuCl/BPy 1/0.4/0.4/40 NMP (2/1) 120 12 750 3.28 1.59 52.2 (62.6)

a[CI/[CuCIJ/[Lig]/[St] is the initial molar ratio of chlorine, CuCl, ligand, and styrerfeV/s/Vy is the volume ratio between solvent and monomer (styrene).
¢ Obtained from SEC in DMF using polystyrenes as calibration stand&wigight percentage of polystyrene in the resultant graft copolymers determined
by elemental analysis. (The data in the parentheses represent the calculated values based on the monomer cé@@ngiohexperiment. Estimated

based on the first-order polymerization kinetics as shown in Figure 3a.

Table 4. Graft Copolymerization of tert-Butyl Acrylate (tBA) from P(VDF-co-CTFE)

[Cl/[cucly/

run catalyst/ [CuCly)/[Lig)/ temp  time conv

no. initiator deactivator/ligand [tBA]2 solvent {/s/Viu)P (°C) (h) (%) Mp (x 109 PDIE  Wpga (%)
1 31508 CuCH-/PMDETA 1/0.8/0/0.8/40 NMP (2.1/1) 100 gel
2 31508 CuCIl/CuGIPMDETA  1/0.8/0.16/0.8/40 NMP (2.1/1) 90 0.75 316 5.73 152 70.9(72.3)
3 31508 CuCIl/CuGIPMDETA  1/0.4/0.08/0.4/40 NMP (1.1/1) 70 20 20.6 2.75 1.73  52.6 (63.0)
4 31508 CuCH/PMDETA 1/0.8/0/0.8/41 NMP (1.1/1) 70 1 17.3 2,51 1.77  47.8(59.3)
5 31508 CuCH/PMDETA 1/0.8/0/0.8/40 NMP (1.6/1) 60 3 25.7 2.64 245 59.8(68.0)

a[CI/[CuCI}/[CuClJ/[Lig)/[ tBA] is the initial molar ratio of chlorine, CuCl, Cuglligand, andtBA. P Vg/Vy is the volume ratio between solvent and
monomer {BA). ¢ Obtained from SEC in DMF using polystyrenes as calibration stand&isight percentage oftBA in the resultant graft copolymers
determined by elemental analysis. (The data in the parentheses represent the calculated values based on the monomer conversion.)

resultant graft copolymer was dried in a vacuum oven af®0
overnight.

A control experiment (run 3, Table 3) using PVDF homopolymer
(Polysciences Inc., molecular weight 100 kg/mol) as macroini-

tiator was carried out in exactly the same manner as that described

copolymers were conducted in DMF containing 0.01 M lithium
chloride at a flow rate of 1.0 mL/min at 5GC, using PL-GPC 50
system with two PL ResiPore columns. Linear polystyrene standards
were used to calibrate the column set.

IH and 13C NMR measurements were performed on a Bruker

above (run 2, Table 3), except that 1.0 g of PVDF was used in the DPX 300 spectrometer. For the measurement of monomer conver-

control experiment instead of P(VD&Ee-CTFE)-31008.

Graft Copolymerization of tert-Butyl Acrylate from P(VDF-
co-CTFE). A typical graft copolymerization ofert-butyl acrylate
(tBA) (run 2, Table 4) is described in the following. 1.0 g of P(VDF-
co-CTFE)-31508 (containing 1.6 mmol of Cl) was dissolved in 15
mL of NMP in a 50 mL Schlenk flask, and then 8.254 gtBA
(64.4 mmol) was added into the polymer solution. After the addition
of CuCl (128 mg, 1.29 mmol) and Cug35 mg, 0.26 mmol), the
polymer solution was degassed through three cycles of freeze
pump-thaw, and then the flask was filled with,NSeparately, 236
mg of PMDETA (1.36 mmol) was dissolved in 5 mL of NMP in

sion, kinetics sample (3540 L) was diluted with 0.6 mL of CDGl
and then was subjected ¥l NMR measurement. The monomer
conversion was calculated on the basis of the area ratio between
the peak of the protons from the double bond of monomer and the
peak of the methylene protons adjacent to the nitrogen atom in
N-methylpyrrolidinone (solvent for polymerization).

C and H elemental analysis was performed on-8 ing sample
(precisely weighed tet1 ug) through combustion at 100€ over
a Pt combustion aide. The resultant £&ahd HO were analyzed
by selective thermal conductance detectors after calibration and
blanking in a He stream. For the fluorine analysis, an Schoniger

a 25 mL Schlenk flask, and the solution was degassed, followed oxygen flask decomposition of a fluorine-containing sample was

by filling the flask with N,. The PMDETA solution was then
transferred into the reaction flask using a-purged syringe. An

followed by a fluoride ion selective electrode determination of the
captured gaseous products after adjusting the pH and ionic strength

initial sample was taken for the monomer conversion measurement.of the solution using standards and blanks. Chlorine was determined
The reaction flask was then immersed in an oil bath &®Muring after an Schoniger flask decomposition of the compound. The
the polymerization, kinetics samples were taken from the flask using chloride ion formed was determined using a chloridometer that
Na-purged syringes at desired time intervals. After 45 min, the titrates the chloride ion coulometrically with silver.

reaction mixture became very viscous. So the polymerization was  Differential scanning calorimetry (DSC) was performed using a
stopped by cooling to room temperature and exposure to air. The Thermal Analysis Q1000 calorimeter. To avoid the influence of
reaction mixture was diluted with acetone and then passed throughthe thermal history, polymers were heated from 25 to 25@t 10

a column filled with silica gel, followed by precipitation in  °C/min and then cooled t&90°C at 10°C/min. DSC thermograms
methanol. The resulted graft copolymer was dried in a vacuum ovenwere obtained during the second heating fre0 to 250°C at

at 60°C overnight. 10 °C/min.

Hydrolysis of P(VDF-co-CTFE)-g-PtBA. 0.34 g of P(VDF- The morphology of P(VDFeo-CTFE) and P(VDFeo-CTFE)-
co-CTFE)g-PtBA (run 2, Table 4) was dissolved in 25 mL of NMP,  g-PS was characterized using a Dimension llla atomic force
and then 1.6 mL of concentrated HCI solution (36.9%) was added. microscope (AFM) from Digital Instruments/Veeco operated in
After stirring at 100°C for 48 h, most solvent was removed via tapping mode, using a silicon cantilever. As for the sample
vacuum distillation. The residual solution was poured into a mixture preparation, the polymers were dissolved in DMF with the
of methanol and water (v/¥= 2/1) to precipitate the resultant  concentration of 2 wt %, and the polymer solutions were spin-
polymer.*H NMR measurements showed the complete hydrolysis coated onto silicon wafer at 2000 rpm for 3 min under Nhe
of PIBA side chains. samples were then annealed at 2@under vacuum for 20 h.

Characterizations. Size exclusion chromatography (SEC) was
used to determine the molecular weights and molecular weight Results and Discussion

distributions of the polymers. SEC measurements of the polymers Model Reactions Using PCTFE Oligomer as ATRP

synthesized from the model reactions were carried out in tetrahy- ™ . . .
drofuran (THF) at a flow rate of 1.0 mL/min, using three PLgel 5 INitiator. To determine the reactivity of secondary chlorines
um Mixed-D columns, a Knauer K-501 HPLC pump, and a Knauer in poly(chlorotrifluoroethylene) (PCTFE) with respective of
K-2301 RI detector. Linear polystyrenes were used as calibration radical generation, copper-mediated atom transfer radical po-
standards. SEC measurements of P(MRFETFE)s and the graft ~ lymerizations (ATRP) of styrene were carried out using PC'E:SV
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0.8+ due to the slow initiation caused by the low solubility of CuCl/
. PMDETA complex in the reaction mixture. When more polar
solvent (NMP) was added, such that the reaction mixture was
0.6 homogeneous (run 2, Table 2), the polymerization exhibited
perfect first-order kinetics with respect to the monomer con-
* centration, which is characteristic for ATRP. However, the SEC
traces of the resultant polymers show bimodal molecular weight
distribution even at the initial stage of polymerization, indicating
. the occurrence of radical coupling, more than likely due to the
high concentration of reactive radicals.
By using BPy as the ligand and decreasing the overall
0.0 ° T . . , concentration of catalyst (run 3, Table 2), polymers with
0 50 100 15 200 250 controlled molecular weights and relatively narrow molecular
Time (min) weight distribution were obtained. Although the polymerization
(a) was much slower in this case, first-order polymerization kinetics
was observed, as shown in Figure 2a. The resultant polymer
has a polydispersity index of 1.60, which is higher than that of
linear polymers synthesized from typical ATRP. However,
taking into account that the initiator we used is a mixture of
multifunctional PCTFE chains with different degrees of po-
lymerization, as indicated by the mass spectroscopy measure-
ment (see the Supporting Information), the somehow broader
molecular weight distribution of the resultant polymer is to be
expected. The reason for the appearance of a faint shoulder at
the low molecular weight side of the SEC traces shown in Figure
2b is unclear yet, but it may stem from the distribution of PCTFE
oligomer and/or some possible side reactions (such as transfer

0.4

Ln (M]/[M])

0.2

15 20 25 reactions). The increase in molecular weight with monomer
Elution time (min) conversion (Figure 2c), in conjunction with the first-order
(b) polymerization kinetics, indicates that this polymerization

Figure 1. Heterogeneous ATRP of styrene initiated by PCTFE process was "V'”Q- o )
oligomer at 120C (run 1, Table 2); 0.8[C§|= [CuCl]o = [PMDETA]o To further confirm that the polymerization discussed above
= 0.01[styreng] = 0.08 M. (a) Semilogarithmic kinetics plot (where  was a living process, the resultant polystyrene was used as
E)'\]f']oo gggt['\’r"]e;e%g’isvee’;t)th‘z“b’)“grl‘z%mter;‘c:ggC;”:ﬁztife”sﬁltt;m? feSC:LO(;‘r;irgte macroinitiator to polymerizéert-butyl acrylate (BA). Indeed,
different F')olyrﬁerizatign times (from right to left: 40, 80,p16)6, 210, the ATRP oftBA initiated by the poly;tyrene S_yntheSIZe_d n
and 240 min). run 3 in Table 2 proceeded very rapidly. The increase in the
molecular weight (run 4, Table 2) indicates the successful block
Scheme 1. ATRP of Styrene Initiated by PCTFE Oligomer copolymerization, strongly supporting the living nature of ATRP
o Syrene /fCFZ\CFﬁ initiated by P(?TFE oligomer. . . N
/6 2 % On the basis of the model reactions .d.e.scnbed above, it is
EF m ATRP clear that PCTFE oligomer was able to initiate homopolymer-
! ization of styrene and block copolymerization of styrene and
n tBA under ATRP conditions. Since PCTFE oligomer contains
secondary chlorines and secondary fluorines, which both are
oligomer as initiator (Scheme 1). High molecular weight PCTFE potential ATRP initiators, it is necessary to distinguish whether
could not be used because it is insoluble in most of organic the polymerizations were initiated by secondary chlorines

Cl

solvents. Commercially available ligands, such as@igyridine exclusively or by both of them. Thus, the control experiment
(BPy) and 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA), using poly(vinylidene fluoride) (PVDF) as the macroinitiator
were used in the model reactions. was carried out (which will be described in the next section),

Polymerization of styrene initiated by the PCTFE oligomer and the results showed that PVDF could not initiate ATRP of
proceeded very rapidly when CuCI/PMDETA was used as the styrene under the polymerization conditions we used. Combining
ATRP catalyst system with the molar ratio of CI/CuC/PMDTEA the results from both the model reactions and the control
of 1/0.8/0.8 (runs 1 and 2, Table 2). Since the CuCI/PMDTEA experiment, it is clear that the initiating site in PCTFE oligomer
(and also CuCI/BPy) complex is insoluble in styrene, polar was the secondary chlorine. Compared with the secondary
solvents, likeN-methylpyrrolidinone (NMP), were added in  chlorines in poly(vinyl chloride) (PVC), which were found to
order to obtain a homogeneous polymerization system. Whenbe too strongly bonded to initiate ATRPthe high reactivity
the amount of polar solvent was not enough, like in run 1 in of secondary chlorines in PCTFE indicates the ability of fluorine
Table 2, CuCI/PMDETA complex was not completely dissolved, atoms to activate the chlorines toward atom transfer.
and thus the reaction system was heterogeneous. Size exclusion Graft Copolymerization of Styrene from P(VDF-co-
chromatography (SEC) measurements showed that the moleculaCTFE). The ability of secondary chlorine in PCTFE oligomer
weight of polymer increased with increasing monomer conver- to initiate ATRP can be used to prepare graft copolymers from
sion. However, the polymerization rate was not first-order with  commercial fluoropolymers containing CTFE units. In this work,
respect to the monomer concentration, as shown in Figure 1a.commercial available copolymers of vinylidene fluoride and
Obviously, the concentration of radicals increased with polym- chlorotrifluoroethylene, P(VDFEo-CTFE), were used as mac-
erization time. The acceleration of polymerization is most likely roinitiators to prepare graft copolymers via ATRP (SchemeC?BV
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0.5+ In the graft copolymerization from a macroinitiator with
. multiple initiating sites, the most critical aspect is cross-linking,
0.4 which is caused by radical coupling. In ATRP the reversible
deactivation of radicals to dormant species lowers the overall
034 radical concentration significantly and, thus, minimizes irrevers-

ible terminations (like radical coupling), but the high local
concentration of initiating sites along the macroinitiator still
increases the possibility of cross-linking dramatically. So the
experimental conditions for graft copolymerization should be
0.14 optimized such that cross-linking is reduced as much as possible.
It has been reported that by adding a radical deactivator (Cu-

0.2 ®

La([M]/M])

0.0 T T T T T T (1)), terminating the polymerization at relatively low monomer
0 100200 300 400 500 600 conversion, and/or using solvents, the cross-linking during graft
Time (min) copolymerization can be suppressed significantly, and thus well-
(@ defined graft copolymers can be prepat@ét-20
—_— Since the macroinitiator, P(VDEe-CTFE), is insoluble in

the monomers used in this work (styremert-butyl acrylate),
polar solvents (such as DMF and NMP) were used to dissolve
the macroinitiator. The addition of polar solvents also helped
to dissolve the Cu(l) complex, ensuring a homogeneous reaction
system.

Similar to the model reactions, when CuCI/PMDETA was

used as catalyst for the graft copolymerization of styrene from

P(VDF-co-CTFE) in solution, the reaction proceeded very

rapidly. Actually, gelation (cross-linking) occurred instantly once

the reaction flask was immersed in oil bath (run 1, Table 3).

5 20 25 This is a clear indication of the high radical concentration and
s . thus the high reactivity of the secondary chlorine in CTFE with

Elution time (min) . . .
respect to the radical generation under the polymerization
b conditions used.

10000- When CuCl/BPy was used as catalyst, the graft copolymer-
ization in solution was found to be a living process, indicated
. by the first-order polymerization kinetics (Figure 3a). SEC
8000+ measurements showed that the initial negative refractive index
. signal (relative to solvent) of the macroinitiator changed to a
6000- positive one, and the molecular weight increased after the graft
copolymerization, as shown in Figure 3b. In addition, the graft
. copolymers have strong UV absorption at 254 nm, while
. P(VDF-co-CTFE) has no absorption at this wavelength. The
. " molecular weight distribution (MWD) of the resultant graft
2000+ copolymer is bimodal, although its polydispersity is just slightly
. : : higher than that of the macroinitiator. To ensure the bimodality
0.0 0.1 0.2 0.3 04 was not due to the existence of polystyrene homopolymer, which
Conversion may form via thermal initiatio! the resultant copolymer was
© washed with cyclohexane. The SEC trace was virtually un-

Figure 2. Homogeneous ATRP of styrene initiated by PCTFE oligomer changed after washing. Instead, this bimodal distribution was
at 120°C (run 3, Table 2): 0.8[CH = 2[CuCll = [BPy]o = 0.01- likely a result of radicatradical coupling of chains during

[styrene} = 0.0465 M. (a) Semilogarithmic kinetics plot. (b) SEC traces POlymerization, which has been observed previously in ATRP
of the resultant polymers at different polymerization times (from right graft copolymerization$1° Since the overall radical concentra-

to left: 60, 170, 240, 480, and 600 min). (c) The dependence of apparenttion was nearly constant (indicated by the first-order polymer-

n

4000

Apparent M (g/mol)

number-average molecular weigid{) upon monomer conversion. ization kinetics) and the resultant graft copolymer was still

Scheme 2. Graft Copolymerization from P(VDFeo-CTFE) via soluble, the extent of radical coupling must be negligible.
ATRP Because P(VDREo-CTFE) is insoluble in CDGJ precipita-
AR tion occurred when the initial kinetic sample was diluted with

%CF%H%CFZ\CFm CDCl;. During the graft copolymerization, the solubility of
kinetic samples in CDGlincreased gradually, and eventually a
R clear solution could be obtained at relatively high monomer
o " conversion. Provided that the content of grafted PS is high
enough, the resultant graft copolymers can be dissolved in some
Two P(VDF<o-CTFE) copolymers, which contain 12.0 and 18.7 solvents that are bad solvents for P(VD&CTFE). For
wt % of CTFE, respectively (as shown in Table 1), were used example, the graft copolymer from run 2 in Table 3 is soluble
as macroinitiators. They have a pseudo-block structure, with ain THF, while P(VDF€o-CTFE) is insoluble in THF. This
long VDF-rich block and a short CTFE-rich block. Thus, the clearly indicates that the grafting of polystyrene improves the
initiating sites are densely distributed in the CTFE-rich block. solubility of the parent fluoropolymer significantly. CDV

ATRP

CF. CF
Pt T o)
b

R = -CgHs or -COOC(CHs);
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Figure 3. Graft copolymerization of styrene from P(VDie-CTFE)-
31508 at 120C in NMP (run 4 in Table 3). (a) Semilogarithmic kinetics
plot. (b) SEC traces of the resultant graft copolymer at the polymeri-
zation time of 12 h (solid line) and of the corresponding fluoropolymer,
P(VDF<o-CTFE)-31508 (dashed line).

Since the secondary fluorine is also a potential ATRP
initiator,* a control experiment was carried out to determine
whether the secondary fluorine took part in the ATRP initiation
during the graft copolymerization of styrene from P(VDé&-
CTFE). PVDF homopolymer (with the molecular weight of
~100 kg/mol) was used as macroinitiator for the control

Macromolecules, Vol. 39, No. 10, 2006
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Figure 4. 'H NMR spectra of (a) P(VDEo-CTFE)-31008 and (b)
P(VDF-o-CTFE)-g-PS (run 2, Table 3) in DMH,;. Resonances located
at 2.75, 2.92, and 3.51 ppm are the solvent peaks.

LN
|

to polystyrene grafts appeared at A5 ppm (phenylic
protons) and 1.32.2 ppm (methylene/methine protons), indicat-
ing the successful grafting of PS side chains.

Elemental analysis was used to determine the content of
polystyrene side chains in the resultant graft copolymers. As
shown in Table 3, both two graft copolymers contain more than
50 wt % of polystyrene, this is why they have much higher
solubility than the parent fluoropolymer. The content of
polystyrene in the graft copolymer determined by elemental
analysis is in fairly good agreement with the calculated value
based on the monomer conversion.

The resultant graft copolymers consist of a crystalline
backbone and amorphous side chains. Thus, differential scanning
calorimetry (DSC) was used to investigate their thermal
properties and phase separation. Figure 5 shows DSC thermo-
grams of P(VDFeo-CTFE)-31008 and the corresponding graft
copolymer. The DSC thermogram of P(VB-CTFE)-31008
shows a main melting peak at 18Z with a shoulder at around

experiment under exactly the same reaction conditions as those) 58 °c. The bimodal melting peak of P(VDE-CTFE) may
used for run 2 in Table 3. The monomer conversion was quite pe related to the presence of CTFE units in the copolymer,
similar in both cases. However, after washing the resultant pecause pure PVDF showed a single melting peak at°063

polymer from the control experiment with THF, the SEC

under the same measurement conditions. After the grafting of

measurement showed that the residual polymer had exactly thepg sjde chains, in addition to the melting pedik & 165°C),
same SEC trace as that of the starting PVDF, indicating that 3 new transition temperature at 8¢ was observed, which

there was no appreciable initiation from the secondary fluorine ghoyid correspond to the glass transition of the PS graft. The
for the ATRP of styrene in the control experiment. Instead, gqxistence of both thd@, of the PS graft and th&, of the
polystyrene homopolymer, which was dissolved in THF during packbone indicates a microphase-separated morphology in this
washing, formed in run 3 (Table 3) due to the thermal initiation. graft copolymer. Two characteristics were observed from the
The result of the control experiment indicates that the initiating meting peak of the graft copolymer. First, a monomodal melting
efficiency o_f the secondgry fluorine in PVDF is not high enpggh peak was observed, most probably due to the pseudo-block
to polym.enze styrene via ATRP under the reaction conditions gt cture of the P(VDRo-CTFE) and the selective grafting from
we applied, although PVDF has been successfully used asihe CTFE-rich block. The VDF-rich block of P(VDEs-CTFE)
macroinitiator to initiate the ATRP of methacrylate®n the remained almost intact after the graft copolymerization, and thus,
basis of the result from the control experiment, we can conclude he melting point of the resultant graft copolymer was very
that the graft copolymerizations from P(VDIe-CTFE) were  similar to theT,, of pure PVDF. Second, there was almost no
initiated from the secondary chlorines in the CTFE units melting point depression after graft copolymerization. In
exclusively. contrast, graft copolymers based on PVDF showed a melting

TheH NMR spectra for P(VDFeo-CTFE) and P(VDFeo-
CTFE)-g-PS are shown in Figure 4. The spectrum of P(VDF-
co-CTFE) exhibits two peaks at 3.1 and 2.4 ppm, due to the
well-known head-to-tail (ht) and head-to-head (hh) bonding
arrangements of vinlyidene fluoride units, respectively. After

point depression relative to the parent PVDFhis again
indicates that the grafting occurred solely from the secondary
chlorines in the CTFE units, and the VDF units of the
macroinitiator remained intact.

Atomic force microscopy (AFM) was used to characterize

the graft copolymerization of styrene, new peaks corresponding the thin film morphology of the macroinitiators and result%v
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Figure 5. DSC thermograms upon heating at®T@min for (a) P(VDF-
co-CTFE)-31008 and (b) P(VDEe-CTFE)-g-PS (run 2, Table 3).
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graft copolymers. As shown in Figure 6a, crystalline domains
can be easily seen in the AFM image of P(VD&CTFE), and

the surface of film is relatively rough. Compared to the parent
P(VDF-o-CTFE), thin film of the graft copolymer has a much
smoother surface due to the dramatic decrease in crystallinity

upon grafting (as revealed from the DSC measurements). The

AFM image of the graft copolymer (Figure 6b) provides further

macroscopic phase separation would have been observed
resultant polymer is a mixture of P(VDEe-CTFE) and PS
homopolymer, due to the known incompatibility between PVDF
and PS? These graft copolymers could be of interest for
modifying the compatibility between PVDF and PS by blending.

Graft Copolymerization of tert-Butyl Acrylate from P(VDF-
co-CTFE). The strategy of graft copolymerization from P(VDF-
co-CTFE) shown in Scheme 2 can be applied to other
monomers, such as acrylates. In this wdedf-butyl acrylate
(tBA) was chosen as the comonomer to grow piast(butyl
acrylate) (PBA) grafts from P(VDFeo-CTFE), aiming to
prepare amphiphilic graft copolymers via the hydrolysis &4
side chains.

Graft copolymerizations dBA from P(VDF-co-CTFE) were
carried out under different reaction conditions. At high polym-
erization temperatures (such as 1%0), cross-linking (i.e.,
gelation) occurred within half an hour when CuCI/PMDETA

Graft Copolymers from P(VDIEo-CTFE) 3537

40 nm

0nm

10 nm

0 nm

o)

evidence of the successful graft copolymerization, because Figure 6. AFM heightimages (&m x 3um) of (a) P(VDFeo-CTFE)-

if thes1008 and (b) P(VDFRo-CTFE)g-PS (run 2, Table 3) thin films on

silicon wafer.

narrow and monomodal molecular weight distribution. With
increasing monomer conversion, the solubility of the graft
copolymer in deuterated chloroform increased gradually. For
example, in run 3 in Table 4, the kinetic sample at the reaction
time of 20 h (conversior 20.6%) was completely soluble in
CDCls. This clearly indicates the successful graft copolymer-
ization and the improvement of solubility upon grafting.

At relatively low reaction temperature (600 °C), the graft
copolymerization could be carried out in a living manner without
the addition of CuCl (runs 4 and 5, Table 4). Figure 7 shows
the SEC traces of a typical graft copolymer synthesized at 70
°C and the corresponding macroinitiator, P(VBD&CTFE)-
31508. Similar to the grafting copolymerization of styrene, a
positive peak was observed that shifted significantly to higher

was used as the catalyst system (run 1, Table 4). Lowering themolecular weight relative to the parent fluoropolymer, indicating
radical concentration by decreasing the reaction temperature tolN€ successful grafting of tBA side chains. Clearly, the

90 °C and adding a radical deactivator (CuClross-linking
was suppressed and a graft copolymer with relatively narrow
molecular weight distribution was obtained (run 2, Table 4).
The graft copolymerization proceeded very rapidly at°@0
After 45 min the reaction mixture became very viscous, and
the polymerization was stopped to avoid cross-linking. Further
lowering of the reaction temperature to 70 in the presence

of CuCl, led to a much slower copolymerization (run 3, Table
4); however, the resultant graft copolymer still had a relatively

molecular weight distribution for P(VDEe-CTFE)-g-PtBA was
monomodal, indicating the absence of coupling reactions.

The 'H NMR spectrum of the resultant polymer provides
further evidence for the graft copolymerization. After the forma-
tion of the graft copolymer with tBA side chains, a charac-
teristic strong peak at 1.5 ppm corresponding to methyl protons
in tert-butyl group appeared, as shown in Figure 8b.

DSC was also used to investigate the thermal properties and
phase separation of the graft copolymers witBA°side chains.CDV
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Elution time (min)
Figure 7. GPC traces of P(VDEo-CTFE)-31508 (dashed line) and
the graft copolymer (solid line) resulted from the polymerization of
tBA at 70°C in NMP for 1 h; [CI)/[CuCI)/[PMDETA]J/[tBA] = 1/0.8/
0.8/41;Vg/Vyy = 1.1/1 (run 4, Table 4).
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Figure 8. 'H NMR spectra of (a) P(VDEo-CTFE)-31508 and (b)
P(VDF<o-CTFE)g-PtBA (run 2, Table 4) in DMFd;.

Figure 9 shows the DSC thermograms of P(VE¥-CTFE)-
31508 and the corresponding graft copolymer witBA° side
chains. Very similar to P(VDEo-CTFE)-31008, the DSC
thermogram of P(VDRo-CTFE)-31508 shows a main melting
peak at 168C with a shoulder near 15&. After the grafting

of PtBA side chains, a new transition temperature at 1C7
was observed, corresponding to the glass transitiontBAP
grafts. The position of the melting peak of the resultant graft

copolymer was almost the same as that of the main melting

Macromolecules, Vol. 39, No. 10, 2006

(@

-0.24

-0.34

Heat flow (W/g)

0.4

-0.5

0
Exo up

-0.05

()

-0.10+

-0.154

Haet flow (W/g)

-0.204

-0.25
0
Exp up

50 100 150 200
Temp (°C)

Figure 9. DSC thermograms upon heating at®@@min for (a) P(VDF-
co-CTFE)-31508 and (b) P(VDEe-CTFE)g- PtBA (run 3, Table 4).
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peak of the macroinitiator, again supporting the pseudo-block Figure 10. *H NMR spectra of P(VDFeo-CTFE)g-PtBA (run 2, Table

structure of the macroinitiator and the selective grafting from
the CTFE-rich block. The existence of both fhigof the RBA
grafts and theT,, of the backbone indicates a microphase-
separated morphology in this graft copolymer.

Preparation of Amphiphilic Graft Copolymer Based on
P(VDF-co-CTFE). It is well-known that BBA can be easily
converted to poly(acrylic acid) (PAA) via hydrolysis. So
amphiphilic graft copolymers with PAA side chains, P(VDF-
co-CTFE)g-PAA, can be synthesized from the precursor
graft copolymers, P(VDFo-CTFE)g-PtBA. Acidic hy-
drolysis of RBA grafts was carried out in NMP at 100C
for 2 days. 'H NMR measurements showed that com-

plete hydrolysis was achieved, as indicated by the disap-

pearance of methyl protons itert-butyl group at 1.5 ppm
(Figure 10b).
Amphiphilic graft copolymers with hydrophobic fluorinated

4) (a) and its hydrolysis product P(VDE6-CTFE)-g-PAA (b) in
DMF-d;.

tions. A good example is that graft copolymers with PVDF
backbone and poly(methacrylic acid) (PMAA) grafts have been
used to prepare membranes with pH-sensitive separation
characteristicg® One can expect similar applications for the graft
copolymers with P(VDFeo-CTFE) backbone and PAA side
chains. Different from PVDR-PMAA used in ref 16, which

has very low grafting density, dense grafting can be achieved
when P(VDFeo-CTFE) is used as macroinitiator. This may
increases the permeability of fabricated membranes to aqueous
solutions considerably.

Conclusions
In summary, the secondary chlorines in CTFE units of

backbone and hydrophilic grafts have many important applica- fluoropolymers were found to be able to initiate ATRP C?BV
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various monomers. A convenient method, based on the graft This material is available free of charge via the Internet at http://
copolymerization of comonomers from fluoropolymers contain- pubs.acs.org.

ing CTFE units via ATRP, has been developed and used to

modify some important commercial fluoropolymers, such as References and Notes

P(VDF-o-CTFE). Various polymers (PS,tRA) have been
grafted from P(VDFeo-CTFE), resulting in graft copolymers
with improved solubility and phase compatibility. Hydrolysis
of PtBA grafts of P(VDFeo-CTFE)-g-PtBA resulted in am-
phiphilic graft copolymers with PAA side chains, which may
find potential applications in the fabrication of pH-sensitive

membranes. Because of the selective grafting from the secondary ()

chlorine in CTFE unit, the grafting density as well as the
distribution of grafts solely depends on the density and
distribution of CTFE units in the parent fluoropolymers.
Various fluoro-copolymers containing CTFE units are com-
mercially available and have been widely used in the manu-
facture of many products due to their high mechanical strength
and excellent thermal and chemical stability. These fluoropoly-

mers have very different structures, such as alternating (co-

polymers of chlorotrifluoroethylene with alkyl vinyl ether),
pseudo-block (P(VDFEo-CTFE)), gradient, and so forth. On
the basis of these fluoropolymers, we will be able to prepare
graft copolymers with desired structures and favorable proper-
ties. Preparation of graft copolymers using other CTFE-
containing fluoropolymers is undergoing, and the results will
be published elsewhere.
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