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ABSTRACT: ATRP has been recognized as a powerful tool to
synthesize polymers with well-defined structures, narrow poly-
dispersity, and controlled molecular weight in the past decades.
Usually, it is believed that the typical side reactions (such as
termination and chain transfer reactions) in typical radical
polymerizations could be inhibited in ATRP for the persistent
radical effect. More recently, some researchers did notice that
some chain transfer reaction to N containing ligands happens in
ATRP. However, the chain transfer constant (k;,/ kp) in ATRP
has never been able to be measured experimentally due to the

difficulty of determining the precise composition of the resultant polymer. Therefore, the influence of chain transfer reaction onto
ATRP has rarely been discussed. In this work, we provide a novel method to determine the competition between chain transfer
reaction and initiation reaction of free radicals (k,/k;) by analyzing the structure of grafting copolymers from poly(vinylidene
fluoride-co-trichlorofluoride ethylene) P(VDF-co-CTFE). The perfect coincidence of experimental results with theoretical ones
indicates that the method may help to understand the chain transfer reaction in ATRP as well as its influence on the chain end of

resultant polymer.

B INTRODUCTION

Living/controlled radical polymerization (CRP) has achieved
significant accomplishments for the synthesis of polymers with
controlled architecture, molecular weight, and narrow polydis-
persity in the last two decades."” Atom transfer radical polym-
erization (ATRP), invented by both Matyjaszewski and Sawamoto
in 1995%* adapted from the concept of continuous atom transfer
radical addiction (ATRA),>® is one of the most representative
examples among all the CRP methods. It has been successfully
utilized to polymerize a series of vinyl monomers such as styrene
as well as its derivative, (meth)acrylate and acrylonitrile’ " as
well as synthesize corresponding polymers with very narrow
molecular weight distribution (M,,/M, < 1.1) and well-defined
polymer architectures such as graft copolymers, block copoly-
mers, and (hyper) branched polymers."® >

In ATRP, dormant halogenated chain-ends (R—X) are rever-
sibly activated (k,;) by a copper(I) complex, CuX/L, (X = Cl or
Br, L = ligand, n = 1 or 2), via halogen atom transfer reaction
leading to free radicals (R*) and Cu" complexes in a fast, dynamic
equilibrium. R* can then initiate (k;) and propagate (k,) with vinyl
monomer, terminate (k) as in conventional free radical polymer-
ization by either coupling or disproportionation, or be reversibly
deactivated (kgeqe) in this equilibrium by Cu"X,/L, to form a
halide-capped dormant polymer chain. The bimolecular coupling
terminations, always occur in radicals involved polymerization
system, are recognized to be insignificant and negligible due to the
persistent radical effect (PRE) in ATRP and other CRPs.”****
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However, some researchers has reported that a chain transfer
reaction (which involves the transfer of hydrogen radicals from
some species to the active chain) exists in the ATRP of alkyl
acrylate monomers using the N,N,N',N’,N”-pentamethyldiethy-
lenetriamine (PMDETA) ligand, which could not be explained
by the conventional four-component (i.e., initiation, equilibrium,
propagation, and termination) ATRP reaction mechanism. >~ >*
The excess PMDETA ligand has eventually been identified to
be involved in the chain transfer reaction (k) by GPC and
MALDI—TOFEF. The excess PMDETA has also been utilized as
chain transfer reagent to synthesize halogen-free poly(butyl
acrylate) by ATRP process.” That indicates the hydrogen radical
involved chain transfer reaction does occur in ATRP, although
the transfer constant (k,/k,) could not be determined since it is a
complicated function of monomer concentration and conver-
sion. Also, it is due to the difficulty to identify the molecular
structure and the precise amount of transferred and propagated
polymer chains.*® More recently, we presented a facile method
to prepare trifluoroethylene (TrFE) containing fluoro-copoly-
mer from poly(vinylidene fluoride-co-chlorotrifluoroethylene)
(P(VDF-co-CTFE)) via a controlled hydrogenation process.30
In this method, P(VDF-co-CTEE) is first converted into macro-
molecular radicals by a typical ATRP activation system (CuX/BPy)
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followed by radical chain transfer reaction to polar solvents in
absence of monomers subsequently. Fortunately, chain transfer
reaction occurred onto CTFE units of P(VDF-co-CTFE) macro-
initiator generates new units (TrFEs) and shows an obvious
multipeak at 5.5 ppm on "H NMR, which allows us to precisely
identify the chain transfer reaction from the active sites. Addi-
tionally, the unreacted CTFE could be precisely isolated either
from "H NMR or °F NMR. Thus, the initiation reaction occur
from the active sites could be calculated accordingly if the overall
Cl content is fixed. That promotes us to report a facile kinetic
method to determine the competition between the chain transfer
reaction and initiation reaction of free radicals (k,/k;) in ATRP
via analyzing the detailed structure of various grafted copolymers
from P(VDF-co-CTFE) under varied ATRP reaction conditions
in this work.

B EXPERIMENTAL SECTION

Materials. P(VDF-co-CTFE) (31508) with 9 mol % CTFE was
purchased from Solvay Solexis. CuCl (99.99% from Sigma-Aldrich) and
CuBr (99.999% from Sigma-Aldrich) were stored in N, atmosphere and
used as received. Methyl methacrylate (MMA), methyl acrylate (MA),
butyl methacrylate (BMA), and styrene (St) were washed twice with
aqueous 5% NaOH and twice with water, dried overnight with MgSO,,
distilled under reduced pressure, and stored under N, at —20 °C. All the
other chemicals were commercially available and used as received.

Synthesis of P(VDF-co-CTFE) Grafted Copolymers. A typical
synthesis procedure of P(VDF-co-CTFE) grafted copolymers is follow-
ing the typical ATRP procedure as reported.®" Into a N, purged 250 mL
three-necked glass bottle, 2 g of P(VDF-co-CTFE) (VDF/CTFE =
91/9 mol %) (containing 2.6 mmol Cl atom), 60 mL of N-methyl
pyrrolidone (NMP), 2.6 mmol of CuCl, and 5.2 mmol of 2,2-bipyridine
(BPy) are introduced and heated at required temperatures in N,
atmosphere with vigorous stirring. Samples were taken at regular time
intervals followed by precipitating in H,O/CH;OH (1:1 in volume)
mixture, washing five times with methanol and drying for 8 h at 60 °C
under reduced pressure. 'H and '°F NMR are applied to determine the
exact composition of the grafted copolymers.

Characterization. 'H and '°F NMR spectra were obtained using a
Bruker (Advance IT) 400 M Hz spectrometer with acetone-d as solvent
and tetramethylsilane as an internal standard.

B RESULTS AND DISCUSSION

Synthesis and Characterization of P(VDF-co-CTFE) Grafted
Copolymers. A series of grafted copolymers from P(VDE-co-
CTFE) have been synthesized under varied reaction conditions
including reaction temperature, reaction time, monomers, solvents
and copper salt as listed in Table 1S, Supporting Information. The
structure and composition of the resultant copolymers were
characterized with "H NMR as shown in Figure 1 and Figures
1S—3S (Supporting Information). P(VDF-co-CTFE)-g-PMMA
(entry 3) is selected as an instance to show how the exact structure
and composition of copolymers are determined. As shown in
Figure 1, the two multiple peaks appear at 2.2—2.4 ppm (I;) and
2.7—3.2 ppm (I,) are related to the typical head—head and
head—tail connection of VDF units in P(VDF-co-CTFE). The
peak at 3.3—3.5 ppm (I3) is attributed to the proton on VDF
adjacent to CTFE (—CF,—CH,—CFCl—CF,—). New peaks
emerge at 0.7—2.0 ppm (1), 3.6—3.9 ppm (I5), 5.0—5.5 ppm (Is),
and 6.0—6.5 ppm (I) are identified as the proton on the backbone
of MMA grafted (—CH—CH,—), methyl group on MMA
(—COOCH,), TrFE (—CFH—CF,—) converted from CTFE,

Aceton-d,

CF,CH,CF,

\ ICF,CH,CH,CF,

CF,CFH /
™
-,
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Figure 1. "H NMR spectra of P(VDF-co-CTFE)-g-PMMA.

and a few double bonds (—CH=CF—) generated from the
elimination reaction catalyzed by N containing compounds,
respectively. Therefore, the main chain composition of the grafted
copolymers, including unreacted CTFE ([CTFE],), TtFE or
hydrogenated CTFE ([tr];), grafted CTFE ([g];) and elimination
involved CTFE ([e],) could be calculated by eqs 1—4, and listed in
Table 1S of the Supporting Information.

I
CTFE|, = 1 mol 1
[CTRE], = G 2y < 2t mel % (1)
2 X1
[tr], = ah x 91 mol % (2)
(11 + Iz + 2 X 17)
2 X I
= 1 mol
[e], 0 L1 2xD) % 91 mol % (3)

gl = [CTFE], — ([CTFE], + [tr], + [e],)
(L +2%x1Is + 2%x1I)

x 91 mol %
(L + L +2x1I)

(4)

As shown in Table 1S (entry 1—S5), Supporting Information,
the molar content of hydrogenated CTFE is increasing gradually
with respect to the reaction time, while the content of unreacted
CTEFE is decreasing correspondingly. Chain transfer reaction
in NMP (entry 4) is much higher than that observed in DMF
(entry 21) and DMSO (entry 25), although the chain propaga-
tion reactions in these three solvents are close. Additionally,
higher reaction temperature favors both the chain transfer and
propagation reactions as shown in entry 30—33 due to the
endothermic character of both reactions. Also, more monomer
in feed leads to continuous increase of chain propagation
reaction as well as drop of chain transfer reaction as shown in
entry 34—38 because of the enhanced monomer concentration.
Compared to CuCl (entry 4), CuBr (entry 42) is less favorable
for chain transfer reaction, which may be explained by the
halogen exchange effect.”* About 1—2 mol % of CTFE units
are involved in the HCI elimination reaction between the H on
VDEF and Cl on adjacent CTFE unit catalyzed by the N containing
compounds in all the entries, which will be discussed more detailed
in the other work. Different monomers result into varied chain

=9 mol % —
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Scheme 1. Chain Initiation, Propagation, and Transfer Reaction in ATRP
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transfer and propagation reaction rate as well, but they could
hardly be compared fairly since the reaction temperature is also
varied.

Kinetic Analysis of ATRP Reaction Combined with Chain
Transfer Reaction to Solvents. The first step of the reaction
(Scheme 1) is the same as typical ATRP including the activation
reaction (or formation of R*) together with the deactivation reaction
(or formation of RX). Two kinds of initiators, RX (X bonded on the
main chain of P(VDF-co-CTFE)) and RMX (X bonded onto the
inserted monomer), would be generated as soon as monomer is
inserted. The chemical condition of these two kinds of initiators is
different, which may lead to varied transfer and propagation reaction
rate. Meanwhile, the Cl bonded onto RMCI could hardly to be
tracked on NMR, so does H on RMH generated by the chain transfer
reaction occurred onto the RMX. Therefore, the chain transfer
constant (k,/k,) could hardly be obtained directly. However, if only
RX involved (R*) chain transfer and initiation reactions are took into
account as indicated in Scheme 1, the rate constant ratio of chain
transfer reaction to initiation reaction (k;/k;) could be determined.
The ratio could show the competition between the chain transfer
reaction to solvents and addition reaction to monomers of the
initiator, which may help to understand the influence of chain transfer
reaction on ATRP as well as the chain end structure of the resultant
products.

[g); calculated from "H NMR in Table 1S, Supporting
Information, refers to the overall molar percentage of initia-
tion reaction occurred from CTFE in time ¢, which may be
described as the integral of initiation rate v; in t and expressed
as eq S.

lgl, = /Otvi dt ()

where Vizki[R*] [M]) and [R*] = (kactl [RX][CuX/Ln])/(kdeactl_
[CuX,/L,]) could be obtained from the equilibrium of ATRP as
shown in Scheme 1. [M] could be calculated from the chain
propagation rate of ATRP as follows,

(M],

" v,

= ([R¥] + k[RM#))t,  thus [M], = [M]je™ KR+ kIR

(6)

Then, eq S could be expressed as

t t
= Vi dt - ki R* M ei<k‘[R*] + kP[RM*])t dt
], .
0 0

kikuctl [RX] [CU.X/Ln] 1— e_(k! [R*] + kp[RM*])t

=M CuXo/L,] (RIRA T+ oy [RM])

0 kdeactl
(7)

Similarly, [tr]; in Table 1S, Supporting Information, refer-
ring to the overall molar percentage of chain transfer reaction

occurred on CTFE in time t, could be simplified as eq 8.

o], = /0 o dt = /0 o R¥[S] dt

ok [RYICuR/L] / 5] a (8)
kdeactl [CuXZ/Ln] 0
The concentration of solvent ([S]) could be simplified as a
constant ([S]o) with respect to time (¢), since it is usually much
higher and would not change significantly comparing to [M].
Then the above eq 8 could be described as

= e 5 0

The function of [g],/[tr]; with respect to ¢ could be obtained
by dividing eq 7 with eq 9 and simplified as eq 10.

kikuctl [RX] [CU.X/L,I] 1— e_(kx[R*] + k,[RM*])¢

g Mok [Coo/L] (RIRY] T G RMY)
[t], kirkaer [RX][CuX/L,] S].¢
kdmctl [Cu-XZ/Ln] 0

M],k; 1 — e (K[R¥] + K, RM*)¢ (10)
= 10
Sloke (GIRA + & RO

When t is taken the limit to zero, namely the right beginning of
reaction, eq 10 could be rewritten as
M], k;
im @ — [M], (11)
=0 e, [S]oke
since lim, (1 — e~ RIRTHRIRMDD /(1 rR*] 4 ky[RM*])t) = 1.
As aresult, the ratio of rate constant between the chain transfer
reaction and addition reaction (k;/k;) could be obtained from
eq 11 as

ke ML/,
T ENIR =

Determination of the Ratio of Rate Constant between the
Chain Transfer Reaction and Initiation Reaction (k./k;) in
ATRP. Since the original concentrations of solvent ([S]o) and
monomer ([M],) are known, the only unknown part in eq 12 is
the molar ratio of initiation and transfer reaction at the right
beginning of the reaction ([g],/[tr]; at t — 0). Apparently, it
could hardly be observed from analyzing the structure and
composition of grafted copolymers prepared in very small ¢ since
the trace content of [g], and [tr]; could hardly be measured
precisely even on "H NMR. However, the function of [gli/[tr];
with respect to t could be obtained by correlating the structure
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Figure 2. Function of [g],/[tr], with respect to t measured with varied
monomers.
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Figure 3. Function of [g],/[tr], with respect to t in different solvents.

and composition of samples taken at designed time intervals. For
example, [g],/[tr]; of entry 1—17 calculated from 'H NMR with
respect to time ¢ is presented in Figure 2.

At the initial stage, [g],/[tr], drops rapidly as reaction time
increases, and becomes flat after 1 h as shown in Figure 2. It has
been demonstrated above that [g],/[tr], vs t is following the
function described in eq 10, which allows us to find a function
of y = a(1 — e *)/bt and simply adjust a and b to match all the
isolated points obtained in Figure 2. The perfectly matched
aand b correspond to lim,—o([g]/[tr];) and (k[R*]+k,[RM*]),
respectively. For instance, in synthesis of P(VDF-co-CTFE)-
g-PMMA with CuCl/BPy/MMA/NMP=2.6/5.2/28.3/1035 in
mmol at 100 °C, a and b are found to be 366.7 and 1/17,
respectively. Therefore, the rate constant ratio of chain transfer
reaction to initiation reaction (k/k;) could be calculated as
2.73 x 10 > by eq 12.

k../k; Measured under Varied Reaction Conditions. Follow-
ing the method discussed above, the ratios of rate constant
between the chain transfer reaction and initiation reaction (k,,/k;)
are obtained under altered reaction conditions (Figure 3—5) and
listed in Table 1. Solvents, monomers, reaction temperature
and CuX salt exhibit significant influence on the chain transfer

20
Temperature Kk /k_ k
m 110°C 3333 1/20
° 15p e 100°C 366.7 117
X o
% A 90C 5926 1/20
g
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Figure 4. Function of [g],/[tr]; with respect to t measured with MMA
as monomer at different temperature.
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Figure S. Function of [g],/[tr]; with respect to t measured with
different CuX/BPy complex.

constant. As shown in entry 1—3 in Table 1, k;,/k; measured in
NMP is 2—3 times of that obtained in DMF and DMSO under
the consistent conditions, which indicates that it is more difficult
for the macromolecular radical to abstract a hydrogen radical
from DMF or DMSO than from NMP. That coincides very well
with the 2 times higher chain transfer efficiency in ATRCT
observed in NMP than DMF published by our group recently.*°
In addition, the elevated reaction temperature shows positive
influence on the chain transfer constant under the consistent
conditions (entry 7 and 8 in Table 1). According to Arrhenius
equation, elevated temperature favors most of the reactions in a
certain degree since their activation energy is usually positive. It
seems that the higher temperature is more desirable for chain
transfer reaction. Monomer shows significant influence on k;,/k;
as well (entry 1—4 in Table 1), although it could hardly compare
with each other fairly since the reaction temperature is also
varied. In NMP at 100 °C, k,/k; measured with BMA as
monomer is slightly lower than MMA indicating the higher chain
propagation constant of BMA than MMA, which confirms the
data obtained in the literature.>> The fact that k;,/k; obtained
from MA at 85 °C is comparable with that of MMA at 90 °C
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Table 1. k;/k; Measured under Varied Reaction Conditions

entry CuX (mmol) ligand (mmol) solvent (mL) monomer (mmol) temperature, °C ky/k; x 1073
1 CuCl (2.6) Bpy (5.2) NMP (100) MMA (28.3) 100 2.73
2 CuCl (2.6) Bpy (5.2) NMP (100) BMA (28.3) 100 2.45
3 CuCl (2.6) Bpy (5.2) NMP (100) MA (33.1) 85 1.00
4 CuCl (2.6) Bpy (5.2) NMP (100) St (26.1) 120 1.35
S CuCl (2.6) Bpy (5.2) DMEF (100) MMA (28.3) 100 123
6 CuCl (2.6) Bpy (5.2) DMSO (100) MMA (28.3) 100 093
7 CuCl (2.6) Bpy (5.2) NMP (100) MMA (28.3) 90 1.69
8 CuCl (2.6) Bpy (5.2) NMP (100) MMA (28.3) 110 3.00
9 CuBr (2.6) Bpy (5.2) NMP (100) MMA (28.3) 100 0.79
8 increases in linear against [M]o/[S]o as presented in Figure 6,
O  Experimental results which coincides perfectly with that calculated from eq 10. Equa-
| —— Calculated from Equation (3) tion 10 also strongly suggests that keeping a high initial monomer
— 6k concentration (high [M]o/[S]o), terminating the reaction at the
-C—g initial stage (small t) and low temperature (low k,/k;) are effective
g o ways to minimize the solvent involved chain transfer reaction in
= ATRP.
= 4t
E‘ ©)
S 0 Bl CONCLUSIONS
22 o In summary, a series of rate constant ratios of chain transfer
reaction to initiation reaction (k,/k;) in ATRP are obtained with
a facile method via simply analyzing the structure and composi-
0 P R S — tion of a series P(VDF-co-CTFE) grafted copolymers synthe-
0.00 0.03 0.06 0.09 0.12 0.15 sized under altered conditions. The perfect coincidence between
: the experimental and the theoretical results indicates the high
[M] /[S], in molar P 8

Figure 6. Dependence of [g],/[tr]; with respect to [M]y/[S]o in
P(VDF-co-CTFE)-g-PMMA synthesized in NMP at 100 °C.

means these monomers possess similar structure and close chain
propagation properties. However, k;/k; obtained from styrene
at 120 °C is even lower than that from MMA at 100 °C indicates
that the propagation of styrene at 120 °C is much higher than
MMA at 100 °C. The switch of CuCl to CuBr under the same
other conditions leads to dramatically drop of k,/k; from 2.73 x 103
t0 0.79 X 10> as shown in entry 1 and 9, which may be related to
the halogen exchange effect well discussed in ATRP.>

It seems that the chain transfer reaction could be omitted in
ATRP since the rate constant ratios of chain transfer reaction to
addition reaction (k;/k;) of ATRP under presented conditions
are only about 1/1000—3/1000 as shown in Table 1. How-
ever, even that small value of k;/k; may lead to huge influence
on the end of growing polymer chain if the original molar ratio of
monomer to solvent ([M]y/[S]o) and the rapid vanishing of
[M],/[S]; against  are taken into account. As shown in Figure 2,
taking MA for instance, [g],/[tr]; is obtained as about 27/1 at
the right beginning of the reaction with [M]o/[S]o of 0.032,
which indicates that about 3—4 mol % starting free radicals
(—CF,—CF*—) would be terminated with H instead of mono-
mers. The situation is getting worse with the consumption of
monomer or the quick decrease of [M],/[S], as indicated in eq 10.
In 1 h, [g]/[tr]; quickly drops to about 12/1, indicating nearly 8
mol % of the growing chain is ended with H. Also, [M]o/[S]o
may affect the chain transfer reaction as indicated in eq 10. In
fixed 2 h reaction, [g];/[tr]; of P(VDF-co-CTFE)-g-PMMA

7915

reliability of this method. Besides the type of monomer and
solvent, three other factors, including the higher initial monomer
concentration in one shot reaction ([M],/[S]o), lower reaction
temperature and short reaction time (), are desirable for mini-
mizing the overall chain transfer reaction rate in ATRP con-
ducted in solution. This method may also be helpful to under-
stand the influence of chain transfer reaction on ATRP as well as
the chain end structure of the resultant products, which is parti-
cularly important for the synthesis of copolymers with well-defined
structure (such as block, comb- and star-like copolymers) by
ATRP process in more than one step.
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