
Insight into the ATRP Rate Controlling Ability of Initiator Structure:

Micromolecular, Macromolecular, and Immobilized Initiators

Yin-Ning Zhou, Zheng-Hong Luo

Department of Chemical Engineering, School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University,

Shanghai 200240, People’s Republic of China

Correspondence to: Professor Z.H. Luo (E-mail: Luozh@sjtu.edu.cn)

Received 24 February 2014; accepted 10 May 2014; published online 2 June 2014

DOI: 10.1002/pola.27249

ABSTRACT: The equilibrium constant (KATRP) is a key factor for

ensuring a successful atom transfer radical polymerization

(ATRP), which guarantees a controlled process with predictable

product properties. In this work, the effect of initiator type (i.e.,

micromolecular, macromolecular, and immobilized initiator) on

the ATRP kinetics was studied through a developed mathemati-

cal model. It was validated thoroughly via experiments using

fluorinated monomer (2,2,3,3,4,4,4-heptafluorobutyl methacry-

late) as model component. The results show that the activity

and deactivity of the copper(I) chlorine/1,1,4,7,7-pentamethyl-

diethylenetriamine (CuICl/PMDETA) heterogeneous catalytic

complex is the highest for ethyl 2-bromoisobutyrate (Eib-Br),

lower for bromo-poly(styrene) (PS-Br), and the lowest for

bromo-aminopropyl functionalized SiO2 (SiO2-APTS-Br). The

initiation system of Eib-Br with CuICl/4,40-dinonyl-2,20-bipyridyl

(dNbpy) has relatively lower activating ability, but the polymer-

ization keeps controllable by its higher deactivating ability. In

addition, this homogeneous catalytic system (CuICl/dNbpy) is

facile for further implementing the developed model to guide

for the preparation of fluorinated gradient copolymers by

semi-batch ATRP. VC 2014 Wiley Periodicals, Inc. J. Polym. Sci.,

Part A: Polym. Chem. 2014, 52, 2228–2238

KEYWORDS: atom transfer radical polymerization (ATRP); initia-
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INTRODUCTION In recent years, quasiliving polymerizations
are recognized to be the convenient techniques for preparing
polymers with well-defined chain structures, for example, ani-
onic, cationic polymerization, and reversible-deactivation radi-
cal polymerization (RDRP) techniques.1–3 Atom transfer
radical polymerization (ATRP) is known as a robust RDRP
method in well controlling the molecular weight, polydisper-
sity, and high retention of chain-end functionality, as well as
facilitating high grafting density on solid surface.4–6 Fluori-
nated polymers attract much interest due to a wide range of
applications, such as thermoplastics, elastomers, and materials
with low surface energy.6–8 Recently, Luo et al.9–13 reported a
series of fluorinated copolymers with excellent properties via
ATRP, such as poly(dimethylsiloxane)-b- poly(2,2,3,3,4,4,4-hep-
tafluorobutyl methacrylate) (PDMS-b-PHFBMA),9,10 poly(sty-
rene)-b-PHFBMA,11 and poly[2,7-(9,9-dihexyl fluorine)]-b-
PHFBMA diblock copolymers,12 as well as poly(acrylic acid-
grad-HFBMA) gradient copolymers.13 Besides, polymer/nano-
particle composite materials synthesized by surface-initiated
ATRP (SI-ATRP) have also received much attention due to the
combination of both the properties of the inorganic nanopar-
ticles and those of the polymers.14–20

Many research works focus on the kinetic modeling for
ATRP besides experiment study, while still few open reports
are on the numerical investigation of the effect of initiator
type on quasiliving ATRP kinetics.21–45 Zhu and
coworkers21–25 first developed a kinetic model and investi-
gated the effect of diffusion limitation on ATRP, and then
extended into control over copolymer composition distribu-
tion in the semi-batch ATRP. Tobita26–28 discussed the mod-
eling of quasiliving radical polymerization kinetics in
miniemulsion system. Recently, our group demonstrated the
relationship among synthesis methodology, molecular struc-
ture and materials properties through theory and mathe-
matic models.29–31 Reyniers et al. and Soares et al. not only
used the method of moments and Monte Carlo simulation,
but also applied commercial software-PREDICI to study the
kinetics of ATRP.32–38 Simulation and theoretical studies for
SI-ATRP have also been carried out, although they are all
about the process of initiation from planar substrates.39–45

More recently, Zhu and coworkers41,42 proposed a new ter-
mination mechanism of SI-ATRP, providing mechanistic
insight into the surface polymerization. In addition, Genzer
and coworkers43–45 used Monte Carlo simulation to compare

Additional Supporting Information may be found in the online version of this article.
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the difference between ATRP initiated in bulk and on flat
substrates.

As previously investigated through both theoretical and exper-
imental approaches, polymerization kinetic parameters not
only depend on temperature, pressure, and halogen (X), but
also are influenced by ligand and initiator structure.45–56 Our

present work focuses on the numerical investigation for esti-
mating various ATRP equilibrium constants using different ini-
tiator types and catalytic complexes. The simulations are
carried out based on a comprehensive mathematical model
and the method of moments, which are validated by experi-
mental study using fluorinated monomer, micromolecular/
macromolecular/immobilized initiator and heterogeneous cat-
alytic complexes (CuCl/PDMETA). It should be noted that the
immobilized initiator studied in this work is spherical nano-
particles. Furthermore, the presented model will be further
implemented to guide the preparation for fluorinated gradient
copolymers using an initiation system of ethyl 2-
bromoisobutyrate (Eib-Br) with CuICl/dNbpy homogeneous
catalytic complexes, which is appropriate for semi-batch ATRP.

MODEL DEVELOPMENT

Batch and Semi-Batch ATRP Kinetic Equations
The elementary reactions of ATRP or ATRcoP are listed in
Table 1 on the basis of some confirmed assumptions.24,29,35

TABLE 1 Elementary Reactions of ATRP

Type of reaction Scheme

Initiation P0X1C �����!
Keq

P0 �1CX

P0 �1Mi��!
kin;i

P1;i �
Propagation Pr ;i �1Mj��!

kp;ij

Pr11;j �
ATRP Equilibrium Pr ;iX1C �����!

Keq5ka=kda

Pr ;i �1CX

Transfer Pr ;i �1Mj��!
ktr ;ij

Pr 1M�
Termination Pr ;i �1Ps;j � ��!

ktd;ij

Pr 1Ps

Pr ;i �1Ps;j � ��!
ktc;ij

Pr1s

TABLE 2 Kinetic Equations for Type of Chain Species

Type of Chains Mass Balance Equations

Solution Homopolymerization

Propagating Radical d Pr ;i �
� �

sol

dt
5kp Pr21;i �

� �
sol

Mi½ �sol2kp Pr ;i �
� �

sol
Mi½ �sol1ka Pr ;iX

� �
sol

C½ �sol

2kda Pr ;i �
� �

sol
CX½ �sol2ktr Pr ;i �

� �
sol

Mi½ �sol2 ktc1ktdð Þ Pr ;i �
� �

sol

X1

s51

Ps;i �
� �

sol

Dormant d½Pr ;i X �sol

dt
5kda;i ½Pr ;i ��sol ½CX �sol2ka;i ½Pr ;iX �sol ½C �sol

Dead
d Pr½ �sol

dt
5ktr Pr ;i �

� �
sol

Mi½ �sol1ktd Pr ;i �
� �

sol

X1

r50

Pr ;i �
� �

sol
1 ktc

2

Xr

s50

Pr ;i �
� �

sol
Pr2s;i �
� �

sol

Surface Homopolymerization

Propagating Radical d Pr ;i �
� �

surf

dt
5kp Pr21;i �

� �
surf

Mi½ �sol2kp Pr ;i �
� �

surf
Mi½ �sol1ka Pr ;iX

� �
surf

C½ �sol

2kda Pr ;i �
� �

surf
CX½ �sol2ktr Pr ;i �

� �
surf

Mi½ �sol2 ksurf
tc 1ksurf

td

� �
Pr ;i �
� �

surf

X1

s51

Ps;i �
� �

surf

Dormant d½Pr ;i X �surf

dt
5kda;i ½Pr ;i ��surf ½CX �sol2ka;i ½Pr ;iX �surf ½C �sol

Dead d Pr½ �surf

dt
5ktr Pr ;i �

� �
surf

Mi½ �sol1ksurf
td Pr ;i �
� �

surf

X1

r50

Pr ;i �
� �

surf

1
ksurf

tc

2

Xr

s50

Pr ;i �
� �

surf
Pr2s;i �
� �

surf

Solution Copolymerization

Propagating Radical d½Pr ;i ��sol

dt
5
X

j

kp;ji ½Pr21;j ��sol ½Mi �sol2
X

j

kp;ij ½Pr ;i ��sol ½Mj �sol1ka;i ½Pr ;iX �sol ½C �sol

2kda;i ½Pr ;i ��sol ½CX �sol2
X

j

ktr ;ij ½Pr ;i ��sol ½Mj �sol2
X

j

X
s

ktc;ij1ktd;ij

� �
½Pr ;i ��sol ½Ps;j ��sol

Dormant d½Pr ;i X �sol

dt
5kda;i ½Pr ;i ��sol ½CX �sol2ka;i ½Pr ;iX �sol ½C �sol

Dead d½Pr �sol

dt
5
X

j

ktr ;ij ½Pr ;i ��sol ½Mj �sol1
X

i

X
j

Xr

s50

ktc;ij ½Pr ;i ��sol ½Pr2s;j ��sol

1
X

i

X
j

Xr

s50

ktd;ij ½Pr ;i ��sol ½Ps;j ��sol
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The subscript notation r and s denote the chain length,
whereas i and j are the chain terminal unit. Specifically, there
is only one monomer for homopolymerization in batch reac-
tor (i5 j 5 1), while two monomers for copolymerization in
semi-batch reactor (i5 j 5 1 or 2).

The molar balance equations involving solution, surface
homopolymerization, and solution copolymerization are sum-
marized and listed in Table 2, respectively. It is worth to
note that as for surface homo-polymerization, the concentra-

tions of species ( M½ �sol , C½ �sol and XC½ �sol ) in solution are in
mol L21, while the concentrations of species
( P�½ �surf , P½ �surf , PX½ �surf and RX½ �surf ) on surface are in
mol dm22. Therefore, we define a new parameter eð5S=VÞ in
dm21 for unifying the units used in mass balances equations.
Accordingly, the rate constants ka, kda , kp, and ktr have the
conventional unit of Lmol21s21, while, ksurft is in
dm 2mol21s21.

Pseudo-Kinetic Rate Constants
The mathematical treatment for simplifying the copolymer-
ization procedure confirmed by previous works29,32 is also
used in this work. All the involved pseudo-kinetic rate con-
stants in quasiliving ATRP are summarized in Table 3.

Semi-Batch Reactor Model
The semibatch reactor model is applied for synthesizing fluo-
rinated gradient copolymers. The mass balance equations
are summarized in Table 4.

Model Implementation
The main kinetic constants are summarized in Table 5 and
the ode23s-function provided in MATLAB 2012b (8.0) is

TABLE 3 Definition of Pseudo-Kinetic Rate Constants

Type of Reaction

Definition of Pseudo-Kinetic

Rate Constantsa

Propagation
kp 5

XN

i51

XN

j51

kp;ij/i fi

ATRP Equilibrium
ka 5

XN

i51

ka;isi

kda 5
XN

i51

kda;i/i

Transfer
ktr 5

XN

i51

XN

j51

ktr ;ij/i fi

Termination
ktd 5

XN

i51

XN

j51

ktd;ij/i/j

ktc 5
XN

i51

XN

j51

ktc;ij/i/j

a The mole fraction of polymer radical terminated in monomer i (/i ),

monomer i in the monomer mixture (fi ) and dormant chains terminated

in monomer i (si ), are given respectively by: /i5
½R�

i
�PN

j51
½R�

j
�
, fi5

½Mi �PN

j51
½Mj �

,

si5
½Di �PN

j51
½Dj �

.

TABLE 4 Semibatch Reactor Model

Description Equation

Evolution of Reaction

Volume (V)a
dV
dt

5Vf 2
Xn

i51

Mn;i Rp;iV ð 1
qp

2 1
qi
Þ

Evolution of Density

in the Reactor

dq
dt

5
Vf qf

V
2 q

V
dV
dt

Mass Balance Equation

for the ith Species

dCi

dt
5 1

V
Vf Cif 2Ci

dV
dt

� �
1Ri

a qHFBMA g=cm3
� �

51:36; qHEMA2TMS g=cm3
� �

50:93; qp g=cm3
� �

51:20.

TABLE 5 Kinetic Rate Constants for ATRP of HFBMA and HEMA-TMS Used in Simulationa

Parameter Value Ref.

kp11 3:803106exp 22754=Tð Þ 57

kp22 8:993106exp 22634=Tð Þ 58

ktc11 0:9kt150:937:13109exp 22249=Tð Þ 59,60

ktc22 0:9kt250:993106 61

ktd11 0:1kt150:137:13109exp 22249=Tð Þ 59,60

ktd22 0:1kt251:13105 61

kt12; kt21 kt113kt22ð Þ1=2 62

ksurf
tc11 0:9ksurf

t1 50:136:031014 42,60

ksurf
td11

b 0:1ksurf
t1 50:136:031014 42,60

r1 0:42 63

r2 0:66 63

ktr11 1:563102exp 22621=Tð Þ 64

ktr22 0:0122 Set to an arbitrary low value

ktr12; ktr21 ktr113ktr22ð Þ1=2 Use the same method as kt

a HEMA-TMS(use parameters of HEMA by analogy) b Used in surface homo-polymerization system
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used to solve model equations. On the basis of definition of
moments and moment equations, the polydispersity index
(PDI ), chain-end functionality (Ft), cumulative (Fcum ), and
instantaneous (Finst ) copolymer composition, etc. can be
simulated from the developed model. (See the Supporting
Information for details).

The least-square error calculation method used for estimat-
ing the activation and deactivation kinetic parameters is
based on the set of kinetic equations as summarized in Sup-
porting Information and two sets of experimental data
(batch process) obtained in this work. In addition, due to the
independence of reaction kinetic parameters on the opera-
tion mode, activation and deactivation kinetic parameters of
copolymerization system in semi-batch reactor are obtained
from the batch copolymerization experiments. The well esti-
mated kinetic parameters are confirmed by the comparison
of fitting data and the experimental data, and will be dis-
cussed later. All the corresponding correlation coefficients
(R2) during estimation are close to 1 (>0.98).

RESULTS AND DISCUSSION

Estimation of the Activation and Deactivation Kinetic
Constants
The controlling nature of quasiliving ATRP is governed by
the equilibrium between dormant and propagating radical
chains as shown in Scheme 1.65 In the activation step, the
growth of chain is started through the abstraction of halogen
(X) from organic initiator (RX) to transition metal/ligand cat-
alyst in the lower oxidation state (here is CuIX/L). And in
turn, growth chain is deactivated by the reduction of the
halide complex in the higher oxidation state (CuIIX2/L).
Accordingly, the equilibrium constant KATRP(5ka/kda) is cru-
cial for designing a successful ATRP, which guarantees a con-
trolled process.66 In this work, according to the developed

model, the estimated activation and deactivation kinetic data
of micromolecular, macromolecular, and immobilized initia-
tors using least-square method are summarized in Table 6.

For the micromolecular initiator (Eib-Br) with CuCl catalyst
and 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA)
ligand, the simulation result fits well with the experimental
data obtained from the solution homo-polymerization of
2,2,3,3,4,4,4-heptafluorobutyl methacrylate (HFBMA) [see
Fig. 1(A,B)]. The linearity of kinetic plot indicates the con-
stant number of active species in this system. What is more,
the values of ka and kda estimated in this work and extrapo-
lated (ka 5 1.4 Lmol21s21, kda 5 1.9 3 107 Lmol21s21)
using the constant selectivity principle by Matyjaszewski and
coworkers50 are in the same order of magnitude, which
proves the well-built model based on method of moments.
The difference between the values of model estimated and
the open reports is due to different experimental conditions,
such as solvent, monomer, and temperature.67

From Figure 2(A,B), the fitting data meet quite well with
experimental data obtained from CuCl/PMDETA system using
macromolecular initiator (bromo-polystyrene, PS-Br,
Mn5 4100 g/mol). The first-order kinetic plot for the prepar-
ing PS-b-PHFBMA diblock copolymer is linear, which indicates
efficient initiation and low termination. From Table 6, the esti-
mation value is smaller than the previously reported result
(ka5 0.45 Lmol21s21), which was obtained directly using the
GPC curve-resolution method.68 However, it is reasonable for
the relatively lower experimental temperature (80 �C) in our
work than that (110 �C) of their work according to the Arrhe-
nius formula.

Different from the solution polymerization, the radical termi-
nation involved in SI polymerization is occurring between the
surface grafted propagating chains. The surface radical termi-
nation rate constant (ksurft ) is found to be proportional to the
catalyst concentration in solution (ksurft / C½ �sol ) and grafting
density (s) dependent following ksurft � exp ð26:4sÞproposed
in Zhu et al.’ s work.41,42 To the best of knowledge, it is the
first time to estimate the ATRP kinetics data of the immobi-
lized spherical nanoparticles (bromo-aminopropyl functional-
ized SiO2, SiO2-APTS-Br). The simulation result in Figure
3(A,B) also fits well to the experimental data, which makes
the estimated results trustworthy. The approximate linearity
of the kinetic plot for surface homo-polymerization is

SCHEME 1 Proposed ATRP mechanism.

TABLE 6 ATRP Equilibrium Constants (KATRP) for Various Initiators with Different Ligands in Toluene at 80 �Ca

No. Initiator Ligand ka ðL mol21s21Þ kda ðL mol21s21Þ KATRP

1 Eib-Brb PMDETA 1.43 4.5 3 107 3.2 3 1028

2 PS-Brb PMDETA 0.35 2.2 3 107 1.6 3 1028

3 SiO2-APTS-Brb PMDETA 0.26 2.2 3 106 1.2 3 1027

4 Eib-Brb dNbpy 0.25 2.1 3 107 1.2 3 1028

5 Eib-Brc dNbpy 0.58 3.2 3 107 1.8 3 1028

a Experiments No. 1,2,4,5 were carried out using CuCl catalyst, No. 3

using CuCl/CuCl2 catalyst.

b ATRP of HFBMA.
c ATRP of HEMA-TMS.
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observed with the reaction proceeding, which features the
quasiliving characteristic of ATRP.

The model predictions about Mn and PDI for micro-
molecular and macromolecular initiation systems are illus-
trated in Figures 1(C) and 2(C), respectively. The evolution
of Mn is linear with conversion indicating quasiliving poly-
merization. PDI is high at low conversion and keeps leveling
off after short time (<1.1), which suggests the reaction pro-
ceeds in controlled manner.

Effect of Initiator Type on ATRP Equilibrium Constant
The rate of ATRP depends strongly on the value of KATRP
(�1029 to �1024). A high value of deactivation rate constant
kda (�106 to �108) will provide good control and produce
polymers with low polydispersity.49,50,53,56–68 However, direct
measurements of KATRP and kda are still difficult. In this
work, we have determined the values of ka and kda for differ-
ent initiators with CuCl catalyst and PMDETA ligand at 80 �C
in toluene through model estimation. Thus, the KATRP values
can be calculated directly from the ratio of ka/kda. As shown
in Table 6, values of ka and kda decrease as the order of

micromolecular, macromolecular, and immobilized initiators.
By comparison, the value of ka for Eib-Br is about four times
larger than PS-Br indicating the faster activating reaction,
likely due to the combination of electronic and steric effect.
For electronic effect (microscopic view), ethyl isobutyrate
radical is more stable than polystyrene radical due to their
different electron withdrawing effects or R-X bond dissocia-
tion energies (BDEs) for the alkyl halides; for steric effect
(macroscopic view), the activity of PS-Br is considered being
hampered by the long carbon alkyl main chain and phenyl
side chain, which influences the ability of initiation.50,69

However, the values of kda and KATRP for Eib-Br and PS-Br
are large enough to keep the polymerization under control
and keep consistent with opened data as proposed above.50

From Scheme 1, when the quasiliving ATRP equilibrium is
established, the irreversible termination is only minimized
rather than entirely suppressed, that is why “reversible-
deactivation radical polymerization” recommended by IUPAC
for this kind of polymerization.3 Therefore, the percentage of
“living” chains is below 100% (end functionality). Besides, the
inevitable thermal initiation or transfer reactions (included in

FIGURE 1 Comparison between model predictions and experimental data for batch solution ATRP of HFBMA: monomer logarith-

mic concentration (A) and monomer conversion (B) versus polymerization time, molecule weight/PDI (C) and end functionality (D)

versus monomer conversion. Experimental condition: [HFBMA]/[CuCl]/[PMDETA]/[Eib-Br] 5 100/1/2/1, [Eib-Br]1 5 2.40 3 1022mol/L

for exp. 1, [Eib-Br]2 5 3.17 3 1022mol/L for exp. 2. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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model) makes the end functionality <100%. In practice, the
end-group fidelity of chains is of importance for synthesizing
block copolymers, but it is difficult to quantify by experiments
especially in the system with high degree of polymerization.
Our model predictions for chain-end functionality for micro-
molecular and macromolecular initiation systems are illus-
trated in Figures 1(D) and 2(D), respectively.

In all simulations, the “livingness” of polymers is extremely
high at the early stages of the polymerization, and then the
percentage of end-group fidelity slowly declines with conver-
sion. With the reaction proceeding, the polymerization slows
down due to the decrease of monomer concentration, as
well as the termination and transfer processes competing
with propagation. But, the chain-end functionality (Ft) is
>0.995 for PS-Br and >0.975 for Eib-Br initiation system at
the end of reaction, still implying well “living” or quasiliving
feature. In the sake of preserving a high level of end func-
tionality, stopping the polymerization at a proper monomer
conversion is therefore necessary. In addition, the higher end
functionality for PS-Br might be benefit from its relatively
lower value of ka as discussed above.

As for immobilized initiator polymerization system, values of
ka, kda, and KATRP were first estimated and compared with
those two initiators. Different from solution homopolymeri-
zation, the generated deactivator in the SI “living” polymer-
ization is extremely low resulting from the very small
amount of immobilized initiator. Therefore, extra deactivator
(CuCl2) is added into the studied system to ensure the suffi-
cient deactivator in solution, which permits the control of
the molecular weight.

From Table 6, one can find that the value of ka for SiO2-
APTS-Br is even lower than that of PS-Br initiation system,
which indicates the steric hindrance effect of initiator is
more significant. However, even when the extra deactivator
is added, the order of magnitude of kda for SiO2-APTS-Br is
only to 106, which is one order of magnitude lower than
Eib-Br and PS-Br initiation systems, and thereby makes the
value of KATRP reach 1.18 3 1027. Although the “ideal” ATRP
system should have a large value of KATRP to reduce the
amount of catalyst, such a low deactivating ability might lead
to the decrease of quasiliving and controllable features,
which is experimentally and theoretically confirmed in

FIGURE 2 Comparison between model predictions and experimental data for batch solution ATRP of HFBMA: monomer logarith-

mic concentration (A) and monomer conversion (B) versus polymerization time, molecule weight/PDI (C) and end functionality (D)

versus monomer conversion. Experimental condition: [HFBMA]/[CuCl]/[PMDETA]/[PS-Br] 5 50/1/2/1, [PS-Br]1 5 3.70 3 1022 mol/L

for exp. 1, [PS-Br]2 5 4.80 3 1022 mol/L for exp. 2. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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Figure 3(C) (1.5>PDI> 1.2) and Figure 3(D) (Ft 5 0.965).
However, the extremely high radical termination (kt 5 6:03

1014dm 2mol21s21) occurring between the chains grafted
from the surface is another “culprit.” It is important that the
Mn plot with excellent linearity and the PDI data below 1.5
prove that the surface polymerization of HFBMA is still
under quasiliving feature.

Based on the above results and analysis, the activation and
deactivation kinetic constants for ATRP in different initiation
systems were illustrated schematically in Scheme 2. It should
be note that the limited solubility of the catalyst system
(CuCl/ PMDETA complex at 80 �C in toluene) is indeed not
taken into account in our kinetic modeling. However, it is
reasonable for draw the conclusion based on considering the
effect of a single variable (initiator type) on ATRP equilib-
rium constant. The kinetic constant (ka or kda) is apparent
reaction rate constant, which includes an adjusting parame-
ter describing solubility of catalyst complex.

Model Application for Preparation of Fluorinated
Gradient Copolymers
The developed model coupled with semi-batch reactor model
has been implemented firstly in an extended application for

producing fluorinated gradient copolymer. The values of ka
and kda estimated here for the copolymerization of HFBMA
and 2-(trimethylsilyl)ethyl methacrylate (HEMA-TMS) using
microinitiator (Eib-Br) with dNbpy ligand is smaller than
those in the Eib-Br/PMDETA system listed in Table 6. It is
worth noting that the bpy ligands with long alkyl groups
(dNbpy) used here is due to its more soluble in less polar
solvents,69 and thus suitable for semibatch operation.
Although the current catalytic system is homogeneous, the
relatively lower activating ability of Eib-Br/dNbpy was illus-
trated in Matyjaszewski’s work (ka 5 0.60 Lmol21s21,
kda 5 2.0 3 107 Lmol21s21, KATRP 5 3.0 3 1028), where con-
cluded that activity of N-based ligands decreases with the
number of coordinating sites (N4>N3>N2 >> N1) in
ATRP.50,69

As for the semibatch operation, the monomer feeding rate
and the choice of added monomer are two important param-
eters, which affect the kinetics and gradient chain struc-
ture.29,30 Based on the developed model and known kinetic
constants, the simulated results shown in Figure 4 illustrate
the feeding rate affects gradient composition obviously. With
feeding rate increase, the degree of polymerization decrease,
but the gradient composition of resulting copolymer

FIGURE 3 Comparison between model predictions and experimental data for batch surface-initiated ATRP of HFBMA: monomer

logarithmic concentration (A) and monomer conversion (B) versus polymerization time, molecule weight/PDI (C) and end function-

ality (D) versus monomer conversion. Experimental condition: [HFBMA]/[CuCl]/[CuCl2]/[PMDETA]/[SiO2-APTS-Br] 5 50/1/0.1/2/1,

[HFBMA]1 5 1.375 mol/L, for exp. 1, [HFBMA]2 5 1.833 mol/L for exp. 2. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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becomes more “perfect” as it can be seen in Figure 4(A).
From Figure 4(B), one can know that both monomer conver-
sions decrease as adding rate increases, which is probably
resulting from the accumulation of HFBMA in the system
when feeding rate exceeds consumption rate.

Furthermore, stemming from the difference of reaction
ratios, there will be having the change of composition for the
linear gradient copolymers with different directions: normal
linear (HFBMA in reactive flask, HEMA-TMS in airtight
syringe) and inverse linear gradient copolymer (HEMA-TMS
in reactive flask, HFBMA in airtight syringe). The simulation
results given in Figure 5 illustrate that the effect of added
monomer on the chain composition and the model predic-
tions meet quite well with experimental data. It should be
noted that the instantaneous composition (Finst) of monomer
in copolymer chains virtually shows a true gradient profile
along a chain in contrast to the cumulative composition
(Fcum). However, Finst cannot be measured by experiment. In
this work, Fcum of feeding monomer (HFBMA or HEMA-TMS)
is measured by 1H NMR. Subsequently, the corresponding
Finst can be calculated based on the equation:
Finst 5 [Convtotal,i 3 Fcum,i 2Convtotal,i2 1 3 Fcum,i2 1]/[Con-
vtotal,i 2Convtotal,i21], where Convtotal is the total conversion

of both monomers (HFBMA and HEMA-TMS). The example of
1H NMR spectrum for gradient is shown in Supporting
Information.

In Figure 5(A), the instantaneous composition of HFBMA
decreases from 1 to 0.1744 in normal mode, while HEMA-
TMS is from 1 to 0.1739 in inverse mode. In addition, the
linear relationships for the instantaneous composition imply
that both patterns can produce ideal gradient composition
based on appropriate monomer feeding rate (the optimal
feeding rate is 1.98 3 1027 L/s). The controllability of semi-
batch ATRP can be verified through the low polydispersity
and the linear increase of Mn as illustrated in Figure 5(B).
Furthermore, Figure 5(C,D) show that both monomer conver-
sions are quite different at the end of reaction, 76.46%
(HFBMA) and 21.16% (HEMA-TMS) in normal linear gradient
copolymerization, while 37.08% (HFBMA) and 76.21%
(HEMA-TMS) in inverse linear gradient copolymerization.
Finally, Figure 5(E,F) demonstrate the molecular weight (Mn)
evolutions with polymer mass for normal and inverse opera-
tions are up to 15,500 and 15,850 g/mol, respectively. How-
ever, the Mn measured by GPC deviated from theoretical
value at relatively higher conversion, which might be due to
the poor solubility of fluorinated copolymer in THF eluent
and different behavior of the copolymer in comparison with
PMMA standard. As a whole, both modes can be chose for
designing and producing gradient copolymer based on model
by adjusting monomer feeding rate.

CONCLUSIONS

A comprehensive mathematical model was developed to inves-
tigate the effect of Eib-Br, PS-Br, and SiO2-APTS-Br initiators
on the kinetics of quasiliving ATRP of fluorinated monomer
(HFBMA). The experimental and simulation results show that
estimated values of ka and kda were influenced by different ini-
tiators in heterogeneous system (the highest for Eib-Br, second
highest for PS-Br, and the lowest for SiO2-APTS-Br) due to the
combination of electronic and steric hindrance effects. In par-
ticular, the extremely high surface radical termination

SCHEME 2 Schematic illustration of activation and deactiva-

tion kinetic constants for ATRP in different initiation systems.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 4 Optimal results of monomer feeding rate: instantaneous composition with degree of polymerization (A) and monomer

concentration with reaction time (B). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(kt5 6:031014dm 2mol21s21) for the SiO2-APTS-Br initiation
system results in the decrease of kda, and thus increases the
value of KATRP even when extra deactivator is added, which
gives rise to less quasiliving feature than solution ATRP.

When extending the model to Eib-Br with CuICl/dNbpy
homogeneous catalytic complexes initiation system, the rela-

tively lower activating ability (the value is �3 times smaller
than that of PDMETA) is found ascribing to its less coordi-
nating sites than CuICl/PMDETA initiation system, which was
also illustrated in Matyjaszewski’s work (the value is �5
times smaller than that of PDMETA).50,69 But the polymeriza-
tion keeps controllable by its higher deactivating ability.
After that, the kinetic model coupling with semi-batch

FIGURE 5 Comparison between model predictions and experimental data for producing linear (normal) and inverse linear

(inverse) gradient copolymers: instantaneous composition with degree of polymerization (A), molecular weight and PDI with reac-

tion time (B), monomer concentration with reaction time (C and D), molecular weight with polymer mass (E and F). Experimental

condition: [HFBMA]/[HEMA-TMS]/[CuCl]/[dNbpy]/[Eib-Br] 5 50/50/1/2/1, Normal mode: [Eib-Br] 5 3.98 3 1022 mol/L, Vf 5 2.02 3 1027

L/s; Inverse mode: [Eib-Br] 5 3.90 3 1022 mol/L, Vf 5 1.98 3 1027 L/s.
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reactor model was used to optimize feeding rate and study
the influence of monomer added on the gradient composi-
tion of fluorinated copolymer.

In summary, this work is useful for further understanding the
structure-activity relationship for the ligand and initiators in
quasiliving ATRP. With the well estimated equilibrium con-
stants by the developed model, it is possible to design and
predict the copolymer chain composition in semi-batch reactor.
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NOMENCLATURE

C Activator and catalyst at the lower oxidation state
CX Deactivator and catalyst at the higher oxidation state
Ci Concentration of the species i in the reactor (mol

m23)
Ci,f Concentration of the species i in the feed, (mol m23)
ka;i Activation rate constant for dormant chain with

i-type of terminal unit (L mol21 s21)
kda;i Deactivation rate constant for radical with i-type of

terminal unit, (L mol21 s21)
kp;ij Chain propagation rate constant for monomer j add-

ing to radical with i-type of terminal unit, (L mol21

s21)
ktr ;ij Chain transfer rate constant for monomer j adding to

radical with i-type of terminal unit, (L mol21 s21)
ktc ;ij Combinative termination rate constant between radi-

cals with i and j types of terminal unit, (L mol21 s21)
or (dm2 mol21 s21)

ktd ;ij Disproportional termination rate constant between
radicals with i and j types of terminal unit, (L mol21

s21) or (dm2 mol21 s21)
Mn;i Number molecular weight of monomer i, (g mol21)
Mi Monomer i
P0� Primary radical
P0X Initiator
Pr Dead chain with length r
Ps Dead chain with length s
Pr;i� Propagating radical chain with length r and i-type of

terminal unit
Pr;iX Dormant chain with length r and i-type of terminal

unit
ri Reactivity ratio of monomer i
Rp,i Intrinsic propagation rate of the monomer i (mol

m23 s21)
Ri Intrinsic reaction rate of the species i (mol m21 s21)
R Gas constant (J K21 mol21)
T Temperature (K)
Vi Volume of species i (m3)

V Volume of total system (m3)
Vf Volumetric feeding rate, (m3 s21)
sm mth-order moment of dead chain
kmi mth-order moment of dormant chain with i-type of

terminal unit
lm
i mth-order moment of propagating radical with i-type

of terminal unit
vf Free volume fraction (cm3 s21)
vf0 Free volume fraction (cm3 s21)
q Density of reaction mixture (g cm23)
qi Density of component i (g cm23)
qf Density of feeding materials (g cm23)
0 Value at initial conditions
1 HFBMA
2 HEMA-TMS
M Monomer
P Polymer
S Solvent
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