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ABSTRACT: A detailed kinetic modeling study of the atom transfer radical polymerization (ATRP) of
isobornyl acrylate (iBoA) is presented. This study combines a detailed reaction scheme with a systematic
approach to account for diffusional limitations. Calculated values for diffusion coefficients and the
Williams—Landel—Ferry parameters for poly(iBoA) are based on rheological measurements. A good
agreement with experimental data is obtained for the polymerization rate, average chain length, and
polydispersity index in conditions ranging from 323 to 348 K for targeted chain lengths varying from 50 to
100 and initial activator/deactivator concentrations between 10—50/0—2.5 mol m ~. In these conditions,
BC-scission reactions are insignificant and backbiting reactions result in a slight decrease of the polymer-
ization rate and level of control at high conversions only. Termination is subject to diffusional limitations
during the whole ATRP, while diffusional limitations on deactivation cannot be neglected at higher
conversion. Diffusional limitations are shown to be codetermined by the evolution of the chain length

distribution of both the end-chain and mid-chain macromolecular species.

1. Introduction

Atom transfer radical polymerization (ATRP) belongs to the
group of the controlled radical polymerization (CRP) techniques.
Via CRP, (block-co)polymers can be synthesized that are char-
acterized by an almost uniform chain length and having end-
group functionality." In particular for ATRP, this end-group
functionality (X) is usually a halogen atom, which can be easily
modified into another functional group.

The reaction mechanism of ATRP is presented in Figure 1.
Initiator molecules R;,;X are activated into initiating radicals R;;
by activator molecules M{L,X. The initiating radicals Ry,; can
propagate, terminate, or undergo chain transfer to monomer as
in free radical polymerization (FRP). The (propagating) radicals
can, however, also be deactivated leading to the formation of
dormant species and thus to reincorporation of the end-group
functionality X.

For sufficiently high deactivation rate coefficients, a low radical
concentration can be obtained resulting in a limited contribution
of termination and chain transfer reactions and, hence, in a
restricted loss of polymer end-group functionality. Moreover, if
initiation is fast enough, a low value for the polydispersity index
of the molar mass distribution (MMD) of the polymer can be
obtained.

Kinetic studies on acrylate FRP have indicated that its kinetics
can be complicated by the occurrence of intramolecular chain
transfer (i.e. backbmn§) intermolecular chain transfer, and
PC-scission reactlons Backbiting and intermolecular chain
transfer reactions both result in the formation of less reactive
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Figure 1. Mechanism of ATRP. k,, kg, kp, and ki rate coefficient
of actlvatlon deactivation, propagation, and termination (m’
mol~'s7h). M"/’“' = transition metal; L = ligand, X = halogen
atom, n(+1) = oxidation number; y = number of ligands.

tertiary midchain macroradicals leading to a reduced polymeri-
zation rate and to the occurrence of short and long chain
branches, respectively. In agreement with earlier findings of
Chiefari et al.,” Barth et al.® have recently shown, using electron
paramagnetic resonance (EPR) measurements, that intermole-
cular chain transfer reactions are of minor importance. SC-
scission reactions of mid-chain macroradicals, resulting in the
formation of secondary end-chain macroradicals of reduced
chain length and macromonomers, are expected to become
important only at elevated temperatures,* and their occurrence
also strongly depends on the monomer and radical concentra-
tions in the system. At 411 K and under starved-feed conditions
only, a significant fraction of poly(n-butyl acrylate) mid-chain
macroradicals were found to undergo SC-scission reactions.’
Also, Ahmad et al.” found no proof of the presence of unsatura-
tions due to BC-scission reactions in their recent *C nuclear
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Figure 2. Isobornyl acrylate (iBoA).

magnetic resonance (NMR) spectroscopic study of controlled
radical polymerizations with n-butylacrylate (n-BuA) at 353 K.

Dervaux et al.® recently reported the determination of the
intrinsic chemical propagation rate coefficient (kpchem) of is0-
bornyl acrylate (iBoA; Figure 2), tert-butyl acrylate, and ethox-
yethyl acrylate using pulsed laser polymerization (PLP). For
iBoA, from 278 to 343 K these authors observed a deviation of
less than 5% between kpchem Values based on the two first
inflection points of the PLP MMD, suggesting a limited con-
tribution of backbiting in the polymerization of iBoA in the
temperature range 278—343 K. On the other hand, for ethox-
yethyl acrylate and fert-butyl acrylate these authors observed a
deviation up to 20%, from respectively 343 and 353 K, onward,
indicating a more pronounced importance of backbiting for the
polymerization of these monomers as compared to iBoA poly-
merization.

Very recently, Ahmad et al.” have shown, using '*C NMR
spectroscopy, that the level of branching in n-BuA polymeriza-
tion is reduced significantly when using CRP as compared to
FRP. In particular, in the ATRP of n-BuA at 353 K using
Cu(I)Br/PMDETA (PMDETA: N,N,N',N',N"-pentamethyl-
diethylenetriamine) as catalyst and methyl 2-bromo propionate
(MBP) as initiator, a branching content of ca. 0.40—0.70 mol %
was found at almost complete conversion. In contrast, a branch-
ing content of ca. 2 mol % was found in the FRP of n-BuA
already at a lower temperature of 343 K. These authors also
tested several explanations to account for the strikingly different
branching levels in polyacrylates by FRP and CRP based on
simplified kinetic models and explained the observations in terms
of differences in the concentration of highly reactive “short-chain
radicals”. In FRP, the radical chain length distribution (CLD) is
broad, and a significant fraction of “short-chain radicals” is
always present, whereas in CRP, the radical CLD is narrow with
only a small fraction of “short-chain radicals”, which diminishes
as polymerization goes on. Hence, CRP gives rise to lower levels
of branching, when performed under otherwise similar condi-
tions to FRP.” Also, the studied ATRP of nBuA resulted in a high
level of control: a polydispersity index below 1.2 was obtained,
and the increase of the average chain length with conversion was
almost identical to the ideal theoretical one, indicative of a
reduced importance of mid-chain macroradicals in ATRP. Note
that, in view of the different reactivity of the tertiary mid-chain
macroradicals as compared to the secondary end-chain macro-
radicals, the regular ATRP activation—growth—deactivation
process can become disturbed due to the gradually increasing
importance of backbiting as monomer consumption proceeds
and therefore can lead to a decrease in control of the ATRP. Also,
simulation of the ATRP of isobornyl acrylate at 343 K reported
by Dervaux et al.” using an intrinsic kinetic model showed that a
significant reduction of the polymerization rate is to be expected
only for very high short branching contents, i.e., in case 85%
of mid-chain macroradicals are formed from low conversions
onward.

The previous findings indicate that side reactions, such as
backbiting and SC-scission, can be expected to have a limited
influence in the ATRP of iBoA, in particular at low conversions
and at temperatures below 343 K. Dervaux et al.'” have also
demonstrated that poly(isobornyl acrylate) (piBoA) can be easily
synthesized via ATRP in a controlled manner. Therefore, iBoA is
chosen as monomer for a kinetic study aimed at obtaining more
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insight into the kinetics of the ATRP activation—deactivation
process as the hydrophobic piBoA is of interest for the controlled
synthesis of amphiphilic copolymers with hydrophilic poly-
(acrylic acid) segments.® Also, in view of its exceptionally high
glass transition temperature (7, = 367 K'"), iBoA can be used
as an alternative for other polymers that have a similar glass
transition temperature but are less easily synthesized in a con-
trolled manner by ATRP, such as poly(methyl methacrylate)
(Typ = 378 K'?) and polystyrene (Typ = 373 K'%). However,
most studies on piBoA are limited to qualitative reports on
(co)polymerization with iBoA, and only a limited number of
research groups have investigated the kinetics of FRP and/or
CRP of iBoA.'%!"13 Also, most of the kinetic modeling studies
available in the literature neglect the well-known influence of
diffusional limitations on termination and/or deactivation on the
kinetics of the polymerization.'*~"”

This work focuses on the kinetics of the activation—deactiva-
tion process in the ATRP of iBoA in ethyl acetate with copper
bromide as transition metal salt, PMDETA as ligand, and MBP
as initiator and on the influence of diffusional limitations on the
kinetics of the ATRP. Ethyl acetate is chosen as solvent as it
shows a high solubility for both the activator and the deactivator.
A detailed reaction network, including backbiting and SC-scis-
sion, is used to develop a kinetic model that is able to describe the
polymerization rate and the polymer properties accounting for
diffusional limitations by an explicit a priori calculation of the
diffusion coefficients of the reaction components using the Vrentas
and Duda free volume theory.'!” In particular the dynamic
viscosities of iBoa and piBoA are measured at temperatures
ranging from 280 to 350 K and above 7, respectively, allowing
the calculation of the required diffusion coefficients and the
Williams—Landel—Ferry (WLF) parameters of piBoA.

2. Experimental Procedure

2.1. Materials. Isobornyl acrylate (iBoA; monomer (M);
Aldrich, tech.) was purified by vacuum distillation (394 K/18
mmHg). Copper(I) bromide (Cu(I)Br (M{X); Aldrich; 98%
(metal based)) was purified by stirring with acetic acid, then
by filtering and washing with methanol, and finally by drying in
a vacuum oven at 343 K. N,N,N',N"',N"'-Pentamethyldiethyle-
netriamine (PMDETA; ligand (L); Acros; 994 %) was distilled
(358—359 K/12 mmHg). Methyl 2-bromopropionate (MBP;
initiator (R;;;X = RoX); Acros; 99%) and copper(Il) bromide
(Cu(IDBr, (M{'X5); Aldrich, 99% (metal based)) were used as
received. Solvents were purchased from Aldrich (HPLC grade)
and used without further purification. All other chemicals were
also used as received.

2.2. ATRP of Isobornyl Acrylate. Experimental studies
have indicated that only the soluble fraction of the activator and
the deactivator is involved in the activation—deactivation pro-
cess and that the polarity of the reaction system can have a
significant influence on the solubility limits. Fu et al.> obtained
perfect solubility for the activator and the deactivator in aceto-
nitrile, which is a rather polar solvent, whereas in toluene, which
is a rather nonpolar solvent, a low solubility is obtained;
solubility limits lower than 50 mol m™> were measured in
toluene. As the solvent used in this work, ethyl acetate, is rather
polar and no precipitation of the ATRP catalyst has been
observed during the ATRP experiments, perfect solubility of
the activator and deactivator can be safely assumed for the
ATRP catalyst.

An overview of the polymerization conditions investigated is
given in Table 1. A typical ATRP experiment (e.g., entry 5 in
Table 1) was carried out as follows. First, a mixture of 1.40 x
1072 mol of iBoA (i.e., 3.00 x 10" m*) and 2.13 x 10~* mol of
PMDETA (i.c., 4.40 x 1078 m?) was bubbled with nitrogen for
1 h to remove dissolved oxygen. Analogously, ethyl acetate
was bubbled with nitrogen for 1 h, after which 1.50 x 107%m?

20,21
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Table 1. Overview of Polymerization Conditions Covered in the
Experimental Study of the ATRP of iBoA in Ethyl Acetate”

Tpor [BoAly  (Cu(Brly+  [Cu(IDBraly/([Cu(D)Brly +
entry (K) [MBP], [Cu(I)Br.],)/[MBP], [Cu(IDBr2],)
1 323 100 1.5 0
2 333 100 1.5 0
3 333 100 1.5 0.05
4 333 50 1.5 0
5 343 100 1.5 0
6 343 100 1.5 0.05
7 343 100 0.5 0
8 348 100 1.5 0
9 348 100 0.5 0

“For each entry 33 vol % of ethyl acetate with respect to iBoA is used
and ([Cu(I)Br]y 4 [Cu(II)Br,]o)/[PMDETA], = 1.

(33 vol % with respect to iBoA) was added to the reaction flask.
Subsequently, Cu(I)Br (2.13 x 10~% mol, 3.00 x 1072 g) was
added under a nitrogen atmosphere, and the reaction flask was
placed in an oil bath. As soon as the polymerization temperature
(343 K) was obtained, the ATRP was initiated by the addition
of MBP (1.58 x 10~% m?). At distinct polymerization times,
samples were withdrawn from the reaction system to determine
the conversion and the polymer properties. Finally, the ATRP
was terminated by quenching with liquid nitrogen. After dis-
solution in tetrahydrofuran (THF), passing over a neutral
aluminum oxide column to remove copper and evaporation of
the solvent, the polymer was precipitated in a 10-fold excess of
methanol.

The conversion profile was measured using gas chromatog-
raphy (GC), whereas gel permeation chromatography (GPC)
was used to obtain the number- and mass-average molar mass of
the polymer as a function of conversion and, hence, to calculate
the polydispersity index of the MMD of the polymer as a
function of conversion. GC analysis was performed on a
GC8000 from CE Instruments with a DB-5MS column (60 m x
2.49 x 10™*m x 2.50 x 1077 m) from J&W Scientific and an
autoinjector also from CE Instruments. The detector was a
flame ionization detector (FID). The injector and detector
temperature were taken equal to 523 K. Initially, the column
was run at 323 K for 3 min, followed by heating to 503 K via a
constant gradient of 20 K/min and kept at that temperature for
8 min. As internal standard n-decane was used. The integration
of the detector signal was done with the PeakSimple software
package.

GPC analysis was performed on a Waters instrument consisting
of three Waters Styragel serial columns (pore sizes: 1077, 10, and
107> m; particle size: 5 x 107 m) at 308 K in combination with a
(2410 Waters) refractive index detector. Chloroform was used as
eluent at a flow rate of 1.50 x 10~¢ m?®/min. The Breeze software of
Waters was used for the integration of the detector signals. Triple
detection showed a good agreement between the theoretically
predicted and the experimentally obtained molar masses for differ-
ent polymer samples. By means of the same technique, a correction
factor of 1.45 was obtained for the conversion of the molar mass
data obtained by a polystyrene calibrated GPC system to the
“exact” data. It should be noted that such approach is fast and
has proven to be successful in polymerization analysis.*

Unfortunately, *C NMR did not allow to quantify the
branching content due to overlap with the quaternary isobornyl
C atoms.

2.3. Rheological Measurements. The rheological measure-
ments on the polymer were performed using a TA Instruments
ARES and a Malvern Gemini, using parallel plate geometries
(8.0 x 10~* m for measurements close to the glass transition
temperature of the polymer (7 ,) and 25 x 1073 m for measure-
ments significantly above T,,). The experiments were per-
formed in a nitrogen atmosphere to minimize thermooxidative
degradation. Frequency sweeps were carried out every 5—10 K
to determine the temperature dependence in the frequency range
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between w = 0.1 and 100 s ' using deformations in the linear
regime (yo < 50%). The thermal expansion of the geometries
was also compensated for. All tests were performed several times
and averaged to yield maximum reliability.

For the monomer, a Malvern HR nano using 2 40.0 x 10> m
4° cone—plate geometry and a Peltier oven with solvent trap was
used to allow reliable measurement of the low viscosities. As the
monomer can considered to be a Newtonian liquid, the tem-
perature dependence was determined from a temperature ramp
ataramp rate of 0.5 K/min to minimize thermal gradients and to
allow for long integration times to improve the accuracy. More
detailed information about the methods and procedures used
for the rheological analysis can be found elsewhere.>**

3. Kinetic Model

Table 2 presents the reactions considered for the ATRP of
iBoA in ethyl acetate. A distinction can be made between ATRP
specific and ATRP nonspecific reactions steps. Intramolecular
chain transfer (i.e., backbiting (hb,e)) and SC-scission reactions
(6C1/2, m) have been taken up in the kinetic model while inter-
molecular chain-transfer reactions have been neglected based on
the recent EPR study of Barth et al.® These authors showed that
the importance of intermolecular chain-transfer reactions is very
low. Termination by disproportionation and chain transfer to
monomer reactions are also neglected based on literature data for
other acrylate polymerizations.’

It can be seen in Table 2 that backbiting reactions result in the
formation of tertiary mid-chain macroradicals (indicated by the
subscript m) which can lead to short-chain branching if these
reactions are followed by propagation or termination. Propaga-
tion of mid-chain macroradicals results again in the formation of
secondary end-chain macroradicals (indicated by the subscript e)
while SC-scission leads to the formation of end-chain macro-
radicals having a reduced chain length and macromonomers. Note
that for end-chain macroradicals with i < 3 backbiting is not
considered, as this would imply a branching point in the initiator
part, which is very unlikely as pointed out by Ahmad et al.”

A distinction is also made between termination by recombina-
tion of end-chain macroradicals (¢, ee) and mid-chain macro-
radicals (z¢, mm) and their cross-termination (zc, ent). Note that
termination reactions involving initiator radicals are considered
explicitly in the kinetic model avoiding the need of the explicit
introduction of an initiator efficiency in the kinetic model.
Simulation results show that, in the conditions used in this work,
termination reactions involving initiator radicals are of minor
importance resulting in an initiator efficiency close to one.

For each bimolecular reaction /in Table 2 (/ = p, ¢, a, and da),
diffusional limitations are taken into account via'"*>2

1 1 1
kl, app k/, diff kl, chem

1)

in which k;app, kigirr, and kjopem are respectively the apparent,
diffusional, and intrinsic chemical rate coefficient. For the
calculation of k; gigs, the Smoluchowski model (eq 2*"%%) is used:

ki,air = ATNAODap (2)

in which N, is the Avogrado constant and o and Dap are the
collision radius (see section 1 of the Supporting Information®’)
and the mutual diffusion coefficient of the reactants A and B,
which is strongly influenced by the dynamic viscosity of the
monomer and the polymer.

The intrinsic chemical rate coefficient of each reaction step / (k;chem)
is calculated by an Arrhenius equation, the parameters of which are
listed in Table 2. In this table also the thermodynamic parameters
related to the activation—deactivation process are given. As shown
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Table 2. Reaction Steps for the ATRP of iBoA and Their Arrhenius/Thermodynamic Parameters for the Calculation of k; cpem (7, j, ¢ = Chain
Length (i, j = 0/3 (e/m; e/m Related to End-/Mid-Chain Macromolecular Species) with i = 0 Related to Reaction with Initiator or Initiating
Radical; ¢ = 2 (Macromonomer)); k; ., Calculated with eq 1 (/ = a, da, p, and tc); fori = j = 0, RyR Is Used Instead of Py; Only Mid-Chain

Macroradicals by Intramolecular Chain Transfer Are Formed (kpci/2,m,app = 0 for i < 4))
reaction step (/) Kichem”
propagation
(. e) RoaM K e aon R, 1.1 x 10* exp(— 10 )b
iye > K ,e
(p, m) 1.5 x 10° exp( — 23000)#
Rz m+M —>I " Rl‘+] e p( RT)
(pm, e) K2 o 1.1 x 10* exp(— 1700)P
RI e +Mq —>Rt+q,m
(pm, m) K2 o 1.5 x 10% exp(—* )b
RI m +Mq —>Rt+q,m
termination
(tc, ee) KL ey oo 1.4 x 107¢
Ri,e + Rj,z’ —)P"*f
(tc, em) KL oy 1.4 x 1009
Ri,e + Rj,m —’PH»j
(tc, mm) KL s 1.4 x 10°¢
Ri,m + R/’,m —)Pi+/
activation
(a, e) ey . 1.5 x 10 exp( — 32000)¢
R; X+M/L,X —»RL e+ MITILX,
(a, m) oy 1y 4.5 exp z«ouo
Ri, X +M/L,X ——> R, + M 'L, X p(= %)
deactivation
(da, e) Kaay ey app
Ric+M/ 1L, x2—>R, X+MILX K.
(da, I’I‘l) 1 15 11y app ki{a,e’chemg
Ri m+M/TL, X, —»R, mX+M/L,X
backbiting
(bb, e) Kip e chem 1.1 x 10* exp( ‘“700)

iye > iym
BC-scission
(ﬁCl , ) 1"}%(‘1, sy app

(BC2, m)

Rim —>Ro .+ M;—»

i
k/i(‘?, Iy app

Ry —>Ri—3.+M;3
“Lexcept (bb,e)and (BC1/2,¢)s'.” e: PLP study of iBoA® and m: activation energy n- BuA*’ with pre- exponentlal factor: this work;
macromonomer: equdl to monomer. ¢ This work. ¢ Recombination; k7. em.chem

“@Units: m*mol ™ 's

7 X 100 exp( 71000)

7% 109 exp( 71 )UU)

kn ee. chun/lo and kn Jmm,chem ktz ce a,hcm/loo (}’l BU-A) activation

energy: 0 J mol ™' ¢ Activation energy: activation of EBiB in acetonltrlle 2 w1th pre-exponential factor: this work.- qu( = exp( (A, leH0 TA,. “SO)/

(RT)) = exp( (32500 + 176. 9)/(RT))( ) this work. gkda mapp duz app-
this work. ' Activation energy: methyl acrylate trimer polymerlzatlon4 with at 411 K: 1257 %

divided by 2 as 2 possibilities.

later (see section 4.2.2), using the Arrhenius and thermodynamic
parameters mentioned in Table 2, the observed experimental trends
for conversion, average chain length, and polydispersity are captured
reasonably well, and the simulated short-chain branching content at
temperatures above 348 K and high conversions is found to be similar
to the branchlng content measured by Ahmad et al.” in the ATRP of
n-BuA using the same catalyst (Cu(I)BrPMDETA) at 353 K at
almost complete conversion.

In this work, the chain length dependency of the intrinsic
chemical rate coefficients is neglected. It can be expected that this
assumption has only a limited effect on the kinetic modeling
results, as it is known that the chain length dependent character of
K/ chem 18 Only important at very low chain lengths and for reaction
steps on which the effect of diffusional limitations is limited.**!
From simulations, it is found that this assumption is indeed valid
for the present kinetic modeling study. In particular, for back-
biting it will be shown that the chain length distribution of end-
chain and mid-chain macroradicals is predominantly determined
by the higher chain lengths for which a chain length independent
intrinsic chemical rate coefficient can be assumed.” Also, no
distinction is been made between the intrinsic chemical rate
coefficients of initiator molecules and macromolecules. Simula-
tions indicate that, in the conditions used in this work, variation
of the intrinsic kinetic parameters for activation/deactivation for
initiator/initiator radicals within the typical range reported in the
literature has only a minor influence on the conversion, the
average chain length, and the polydispersity index profile.

" Activation energy: n-BuA polymenzatlon with pre-exponential factor:

: n-BuA polymerization® and with pre-exponential factor

For the propagation of end-chain (macro)radicals, the Arrhe-
nius parameters recently reported by Dervaux et al.® are used.
These Arrhenius parameters were obtained in the temperature
range 273—343 K using pulsed laser polymerization (PLP) with-
out any significant interference of transfer reactions involving
mid-chain macroradicals.

For the other reaction steps involved in the ATRP of iBoA, to
the best of our knowlegde, no Arrhenius parameters are available
in the literature. For acrylate polymerizations, mainly only for
reactions involved in the FRP of n-BuA Arrhenius parameters
have been reported. It should be noted that for the ATRP-specific
reactions almost no data are available in the literature; only for
the activation of the commonly available initiators in acetonitrile
Arrhenius parameters have been recently reported.*

Hence, the simultaneous determination of all remaining Ar-
rhenius parameters appears to be, at first sight, a demanding task.
However, since no significant influence of transfer reactions on
the polymerization kinetics up to 343 K was observed in the PLP
study of iBoA.® the importance of mid-chain macroradicals can
expected to be limited in the studied ATRP system. Also, on the
basis of the experimental study of Ahmad et al.,” a very low level
of short-chain branching can be expected at low to intermediate
conversions in the investigated temperature range. Simulations
indicate that that low branching levels at the latter conversions can
only be obtained if end-chain macroradicals are dominant up to
conversions of ca. 0.40. In a first approximation, it can thus be
assumed that at temperatures up to 333 K and at low conversions
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Table 3. Continuity Equations of the Reaction Components for the ATRP of iBoA with Backbiting (Part 1; Part 2 in Table 4; 7, j, ¢ = Chain Length

(7,j = 0/3 (¢/m; End-/Mid-Chain Macromolecular Species) withi = 0 Rel

ated to Reaction with Initiator or Initiating Radical; ¢ > 2); ki .. app and

Kte,mm,app With Factor 2! Included; kppechem = 0 and &, .o = 0 fori < 3;0(7) = 1fori = 0; Otherwise 0)
activator
dMyL X - J n+1 _ - j n o~ 1/ n+1 _ - j n MILX dy
’dl - ;} kdu, e, appr’a fMl L,VX2 _Z(] ku, [ ‘dppRB (’XM[ L\X + 'Zi k/du, m, appr> ’ﬂM[ L}‘XQ 'Z'S ku, n, appr» "’XM/ L)'X_ - 2
j= j= j=: j=:
deactivator
AMI LY, & j n o~ 1 n+1 - j n o~ 1) n+1 M!'LX, gy
‘ de - ZU ku, e, appR@y /XMI L}’X - 'Z(l kcla, e, appRB L’MI L,VXZ + 'Zi ka, m, a])})Rfa ’”X t LJ‘X - 'Z‘S kda, m, a[)[)Rjﬂ mMz L,\’XQ - Vv dr
J= J= J = J=
initiating radical (i = 0)
dReo _ 70 n _ 0 n+1 _ 9700 2 N~ 0 RSN, _ 10 _Reoar
T = ku, e, appRt’, 0 XM; L}‘X kda, e, uppRL’w oM; L}‘XZ 2krc, ee, appR&’, 0 'Zl k’t‘» ee, ‘dI)PR‘G nR_,-’ e _Z{ ktt‘q em, aPDRL” ORf, m kp, appRi’, oM 7odar
J= J==
macroradical R;, and R;,,, (i = 1/3, ..., o)
dRie _ pi n i n+1 _ 0 N i IR i
dz’ - ka, e, ‘dppRia "XMI L‘X k(la, e, appRi: @MI LJ'XZ klc, ee, ‘dppR"a URi, e '21 kr(', L’(’Riy @Rfy e 'Zi klc‘, emRi, pRi, m kp’ e, appRi, eM
J= J="
) . . = ; Ri . dV
i—1 . i—1 X i ) P E J X i+3 L. _ e
+kp,e,appR’*171’M+kp,)l7,appR”1a’71M khb,e,ch(‘leal’ +6(l 2) kﬁCl,m,appR]s’" +k/>’C2,m,appRl+3»’” Vo dt
=i
dRi,m i n+1 i n ) _ i i — - i
d; k{la, m, app Ri, m MI L.\'X2 + ka, m, appra "7XMI L}’X kp, 1, app Ria ’"M Z] kllt‘, L’N1R"~ m R/a et kbh, e, chemRi, e ‘Zg k/l‘, ”7”1R"7 m R/.’ m
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the polymerization kinetics are not influenced by the occurrence
of backbiting reactions. Therefore, for reactions involving end-chain
macroradicals, the kinetic parameters for activation and recom-
bination and the thermodynamic parameters of the activation—
deactivation process can be obtained by regression of the poly-
merization data at 323 and 333 K, i.e., at the lowest temperatures
investigated, and at low conversion using a kinetic model in which
no tertiary mid-chain macroradical formation is included. For a
more detailed description of the regression procedure, the reader
is referred to section 2 of the Supporting Information.* In a
next step, the Arrhenius parameters for reaction steps involving
mid-chain macroradicals are determined based on the experi-
mental data at the higher temperatures of 343 and 348 K and
literature data of kinetic parameters obtained from FRP and PLP
studies mostly with n-BuA. Although more straightforward
techniques for determining these rate coefficients are available,
the values reported in Table 2 can, at least, provide ballpark
values. It should be emphasized that using these ballpark values
already important insights can be obtained in the acrylate ATRP
kinetics.

Foractivation of end-chain dormant polymer molecules, a pre-
exponential factor A, of 14.5 m* mol™' s~ and an activation
energy Ea, of 32.6 kJ mol ™! are obtained. These Arrhenius
parameters are similar to the ones recently reported by Seeliger
and Matyjaszewski®* for activation of the structurally related
secondary initiator MBP using Cu(I)BrPMDETA in a more
polar solvent, i.e., acetonitrile. The latter authors reported
a value of 1.2 x 10> m* mol~" s~ for the pre-exponential factor
and of 33.2 kJ mol™! for the activation energy. However, the
intrinsic rate coefficient for activation obtained in this work is
ca. 1 order of magnitude lower than the value reported by Seeliger
and Matyjaszewski.>> This difference can, at least partly, be
attributed to the lower polarity of the solvent ethyl acetate®
and to the more rigid structure of a dormant isobornyl acrylate
polymer molecule as compared to MBP. Note that this agreement
with literature data also further confirms that the importance
of mid-chain macroradical formation is indeed low at 323 and
333 K.

Based on the obtained value of 32.5 kJ mol " for the standard
reaction enthalphy of the activation—deactivation process with
end-chain macromolecular species (A,.,a,(,HO) and —76.9 J mol ™"
K™! for the standard reaction entropy of the activation—
deactivation process with end-chain macromolecular species
(A0 S"), a value of 8.2 x 107! results for the corresponding

equilibrium coefficient K. . at 335 K. For the ATRP with other
acrylates, similar values have been reported for Keqwe.g’35 37 The
value of 35 kJ mol ™' for A, .H° reported by Huang et al.*® for
the ATRP of n-BuA with Cu(I)Br/PMDETA as catalystis also in
good agreement with the one obtained in this work.

For termination by recombination with end-chain radicals, the
activation energy is not estimated significantly different from
zero, as expected based on the relatively low values reported for
other acrylates (ca. 5 kJ mol~").>3%

As can be expected based on the more rigid structure of piBoA,
and as reflected by the significantly higher 7, , of piBoA, end-
chain macroradicals formed in iBoA polymerization are found to
be characterized by a lower, although still similar, intrinsic
chemical rate coefficient for backbiting than those formed in
n-BuA polymerization. In this work, at 335 K a value of ca. 1255~
is obtained for the intrinsic chemical rate coefficient of backbiting
compared to a value of ca. 550 s~' for n-BuA. The activation
energy for the backbiting reaction is taken as reported in the
literature for n-BuA polymerization (31.7 kJ mol™').*

For propagation with mid-chain macroradicals, the activation
energy is taken as reported in literature for the Fro(}aagation of
n-BuA mid-chain macroradicals (28.9 kJ mol™").*’ At 343 K
propagation with mid-chain macroradicals is some 500 times
slower compared to propagation with end-chain macroradicals,
consistent with literature data.*’

The intrinsic chemical rate coefficients for termination involv-
ing mid-chain macroradicals are obtained by dividing the
obtained one related to termination with end-chain macroradi-
cals by a factor 10 and 100 for respectively cross-termination
between mid- and end-chain macroradicals and termination
between mid-chain macroradicals, as reported in literature.*

For activation of mid-chain dormant polymer molecules, a
faster activation is considered compared to activation of end-
chain dormant polymer molecules. Recently, Seeliger and
Matyjaszewski*” reported that activation with the tertiary initia-
tor ethyl 2-bromoisobutyrate (EBiB) is faster than the activation
with the secondary initiator MBP using Cu(I)BrPMDETA as
catalyst in acetonitrile. In this work, the activation energy
reported by Seeliger and Matyjaszewski for the activation with
EBiB (27.5 kJ mol ') is used for the activation with mid-chain
dormant polymer molecules.

The intrinsic chemical rate coefficients for the SC-scission
reactions were obtained from literature data. Recently, Wang
etal.’ obtained a value of 125" at 411 K in n-BuA polymerization.
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Table 4. Continuity Equations of the Reaction Components for the ATRP of iBoA with Backbiting (Part 2; Part 1in Table 3;4,j,q = Cham Length
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In this work, the Arrhenius parameters for the SC-scission reac-
tions were obtained from this value combined with an activation
energy of 71.5 kJ mol ™", as reported by Hirano and Yamada®*' in
methyl acrylate trimer polymerization. For propagation with the
formed macromonomers, the same intrinsic chemical rate coeffi-
cients as for the monomer iBoA are used.

Tables 3 and 4 present the batch continuity equations for
all reaction components. A distinction is made between non-
macromolecules and macromolecules, on the one hand, and between
end- and mid-chain macromolecular species, on the other. For
the calculation of the volume of the reaction system, the reader is
referred to section 3 of the Supporting Information.

The continuity equations in Tables 3 and 4 are inte%rated
according to the methodology described by D’hooge et al.'” This
methodology is based on the method of moments and accounts for
moment averaged apparent rate coefficients, i.e., population-
weighted apparent rate coefficients, which are calculated using
the quasi-steady-state approximation for the macroradicals at each
integration step combined with a convergence test. The methodol-
ogy was tested successfully for the ATRP of methyl methacrylate,
in which no mid-chain macroradicals are involved.'” In this work,
the methodology is extended to account for the formation of mid-
chain macroradicals, as explained in section 4 of the Supporting
Information.

4. Results and Discussion

In this section, first the determination of the hole free volume
parameters required for the calculation of the mutual diffusion
coefficients necessary to obtain the diffusional rate coefficients is
explained. Next, the experimental polymerization data are pre-
sented, and it is shown that controlled piBoA properties are
obtained using Cu(I)Br/PMDETA as ATRP catalyst. Then,
simulation results are presented illustrating that, as expected
from the reports in the literature, SC-scission reactions of mid-
chain macroradicals can be neglected in the studied temperature
range. Backbiting reactions of end-chain macroradicals are
shown to result in a slightly lowering of the polymerization rate
and of the level of control of the polymer properties at high
conversions. Finally, the effect of diffusional limitations on the
ATRP is evaluated based on the population weighted apparent
rate coefficients, which are codetermined by the evolution of the
apparent rate coefficients as a function of chain length and the
chain length distribution (CLD) of the dormant polymer mole-
cules and macroradicals with conversion. A distinction is made
between the CLDs related to the end- and mid-chain macro-
molecular species. It is illustrated that diffusional limitations are

significant on termination during the whole polymerization
process, whereas on deactivation, diffusional limitations are
shown to be important at high conversions only.

4.1. Rheological Measurements: Determination of Hole
Free Volume Parameters. The calculation of the mutual
diffusion coefficient for a reaction between A and B (Dag;
eq 2) depends on the chemical structure of the reactants. For
a reaction between non-macromolecules, Dap corresponds
to translational (i.e, center-of-mass) diffusion, whereas for
reaction steps involving macromolecules, such as deactiva-
tion and termination, it can be related to translational and/or
segmental diffusion.'® However, as in ATRP macromole-
cules with a relatively low chain length are formed, segmental
diffusion can be neglected.'>"*> Hence, the mutual diffu-
sion coefficient D ap of each reaction can be calculated as the
sum of the center-of-mass diffusion coefficients of A and B.
For macroradicals, however, also a reaction diffusion coeffi-
cient accounting for the motion of the macroradical chain
end during a propagation step has to be considered, espe-
cially for high mass fractions of polymer (see section 1 of the
Supporting Information??).!%4?

The center-of-mass diffusion coefficient of a non-macro-
molecule A (D) is calculated as a function of polymerization
conditions and conversion based on the Vrentas and Duda
free volume theory.'®!” This theory describes the transla-
tional diffusion of a component in the reaction system as a
jumping process of (part of) the component into the hole free
volume of the reaction system. Diffusion is more difficult for
larger molecules or for molecules having more interactions
with neighboring molecules. The hole free volume of the
reaction system is calculated as the sum of the individual hole
free volumes of all pure components. During the ATRP,
however, the summed mass fraction of the monomer, the
solvent, the internal standard, and the polymer is close to one.
Hence, it suffices to calculate the specific hole free volumes of the
latter four pure components (Vey 4 A = m, s, is, p).

In general, the specific hole free volume of a component A,
i.e., the available space for A to diffuse per unit of mass, can
be calculated via

VFH,A _ Ky

” ” (Koa = Tg,u+ Tpo) (3)
A A

in which y 4 (4 = m, s, is, p) is the overlap factor in pure A
used to correct for the same hole free volume being available
for several jumping units and in which 7, 4 for the polymer
corresponds to its glass transition temperature, while for the
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Table 5. Parameters Required for the Calculation of the Specific Hole Free Volume of the Pure Monomer and Solvent, Internal Standard and

Polymer (Vpp, 45 4 =

m, s, is, p; eq 3); with for m, s Also the Related 95% Confidence Intervals and the F Value for the Global Significance of the

Regression (Fio¢calc)

KIA (m3 kgil Kil) KZA - Tg,A (K) KB,A (_) th,cu]c
m" (1.50 £ 0.17) x 1073 —245+ 4 1.42 +£0.04 3.0 x 10°¢
5 (1.81 £0.03) x 1077 0’ (—7.60 & 0.04) 2.1 x 10%¢
is 122 x107° —55.00
! 316 x 1074 —271.50

“Via regression of eqs 4 and 5. ”Not significantly different from zero. “ From ref 45. “Using eqs 6 and 7. ¢ Tabulated F value for the (global)

significance of the regression (Fio( ap) = 3.59.

monomer, the internal standard and the solvent it refers to a
formally analogous temperature. The parameters K /Y 4
and K>y — Ty 4 (A = m, s, is, p) in eq 3 can be determined
from the measurement of the temperature dependence of the
dynamic viscosity of the pure components followed by
regression to semiempirical equations. A distinction should
be made between the calculation of the specific hole free
volume of the non-macromolecules and the macromolecules,
as explained in what follows.

4.1.1. Specific Hole Free Volumes of the Non-macromole-
cules. For the internal standard (A = is), Ki;s/yis and Ky —
T, ;s can be taken from literature* (see Table 5). For the
monomer (4 = m)and the solvent (4 = s) K 4/y4and K> 4 —
T, 4 are obtained from the minimization of the objective
function S defined by eq 4*using a (single response) Levenberg—
Marquardt algorithm.*

ny

S = Z(ln n4(T,

In eq 4, n4 is the number of dynamic viscosity experiments
for the component 4 (4 = m, s) and 5 4(T;) and 77 4,(T;) (i =
1, ..., ny) are the measured and the calculated dynamic viscosity
of 4 (A = m, s) at a temperature 7, For the calculated
dynamic viscosities 774(7;) (i = 1, ..., ny), the Vogel—
Fulcher—Tammann—Hesse model*’ is used:

= In(7,(T1)))* (4)

*

Vi

y (Kou = To,u+ 1)
y

In(7,4(7;)) = Ksa +K1A (5)

in which K3, is a third parameter to be estimated besides
Kialyaand Koy — Ty 4 (A = m, s) and V7% is the specific
critical hole free volume required for a diffusional jump of A4
(see section 1 of the Supporting Information®). To verify the
global statistical significance of each regression (4 = m, s) an
F-test is used.*® The statistical significance of the individual
parameters is evaluated via the calculation of the 95%
individual confidence intervals.

For the solvent, literature ddtd are used for 7, (see section
1 of the Supporting Information®’). To the best of our knowl-
edge, for the monomer, these data are not available in
literature. In this work, #»,, was measured via dynamic-
mechanical measurements (w = 1s~") during a temperature
ramp with a ramping rate of 0.5 K/min (see section 2.3). The
measured dynamic viscosity of the monomer #,, (viz.
Figure 2) was found to be well-described using an exponen-
tial decay, the parameters of which are given in section 1 of
the Supporting Information.”

Table 5 presents the estimated parameter values K 4/y 4,
K>y — Ty 4, and K34 (A = m, s), their 95% confidence
values, and the Fvalue for the global statistical significance
of the regression. Both regressions are statistically signifi-
cant as the F values are sufficiently higher than the tabu-
lated ones.

4.1.2. Specific Hole Free Volume of the Macromolecules:
WLF Parameters. For the polymer, K;,/y, and K5, — T, , in
eq 3 are obtained via'>*

*

Ky _ 0, o
‘}/p 2303C1C2
Ky, = Gy (7)

in which C; and C, are the Williams—Landel—Ferry (WLF)
parameters of the polymer piBoA.>® Note that the latter
parameters are related to the Vogel—Fulcher—Tamman—
Hesse parameters.*’!

In this work, the WLF parameters of piBoA are deter-
mined by constructing a master curve from the dynamic
moduli measurements followed by regression to

ny

S = (log(ar(Ty)) — log(ar(T1)))* (8)

i

in which n,, is the number of dynamic viscosity experiments
for the polymer, T; is the applied temperature for the ith
experiment (i = 1, ..., ny), and ay(T;) and a,(T;) are the
measured and calculated shift factor at 7;.>' The shift factors
are defined as the ratio of the real and the imaginary part of
the modulus (storage and loss modulus G'(w) and G"(w),
respectively) of the polymer at the considered temperature to
their counterparts at reference temperature. In this work, the
reference temperature Ty is taken equal to the glass transition
temperature of the polymer (7 ,), as required for the deter-
mination of free volume theory parameters for kinetic model-
ing studies."”

The logarithm of the measured shift factors is presented in
Figure 2. The calculated shift factors are obtained from™

_ C(T;— Ty)

log(ar(T;)) = G T —To

9)
Regression to eq 9 leads to a value of 12.1 £ 0.48 and 95.7 +
549 K for C, and C,, respectively. The corresponding
equation is also given in Figure 3b. A global significant
regression48 is obtained, as Fioqcalc (= 3.3 X 104) is much
higher than Fi,,6 (= 5.8). Using eqs 6 and 7, the corre-
spondlng values for K, and sz T, , become 3.16 x 10~ 4
m*kg 'K 'and —271.50 K~ (see also Table 5), respectively.
These WLF parameters have a similar magnitude to those
reported by Yamagushi et al.>® for several other polyacry-
lates, indicating that the diffusional behavior of piBoA is
similar to that of other acrylates.

4.2. Kinetic Study of the ATRP of iBoA. 4.2.1. Experi-
mental Study. An overview of polymerization conditions
investigated in the experimental study is given in Table 1.
The experimental data reported pertain to a systematic
variation in temperature, initial molar ratio of monomer to
initiator, initial molar ratio of activator to initiator, and
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Figure 4. Effect of the temperature (T,,01) on (a) the converswn (x,,) profile, (b) the average chain length of the polymer molecules (x2°Y), and (c) the
polydlspersuy index of the MMD of the polymer (PDIP®Y). Conditions: [iBoAly/[MBP]y/[Cu(l)Br]o/[PMDETA], = 100/1/1.5/1.5, [Cu(1)Br,]y =
0molm > and 33.3 vol % ethyl acetate with respect to iBoA; experimental points/simulated (kinetic parameters: Table 2): (W/—) Ty, = 323K, (®/——)

Toor = 333K, (A/--) Tpo = 343K, and (/-

initial molar ratio of deactivator to initiator. For each studied
polymerization condition, the conversion (x,,) and the level of
control of the ATRP with respect to chain length are tracked
during the ATRP. The ATRP process is labeled as highly
controlled if the dverdge chain length is close to the ideal one,

i.e., almost equal to x£°' = [M]o/[RoX]ox,,* and the poly-
dlspers1ty index (PDIPOI) is below ca. 1.4 as a function of
conversion, both from sufficiently high conversions onward.

In Figure 4a—c the effect of temperature (7},) on the
conversion profile and the level of control of the ATRP with
respect to chain length is shown for an initial molar ratio of
monomer to initiator equal to 100. Note that the maximum
temperature is determined by the boiling point of the solvent
(i.e., 350 K*?). On the basis of the extrapolation of the mea-
sured conversion profile, it can be inferred that, at 323 K, it would
take about 20 h to reach a conversion of 0.8 (see Figure 4),
whereas at 348 K only 7 h is required. Figure 4b,c illustrates
that the effect of an increase in temperature on the level of
control with respect to chain length on the ATRP is negli-
gible. At all temperatures studied, highly controlled ATRPs
are obtained; from a conversion of ca. 0.15 on, the average
chain lengths almost coincide with the ideal ones and the
polydispersity indices remain below 1.4. Note that, at higher
temperatures, a limiting value around 1.15 (i.e., a value
close to 1) is observed for the polydispersity index at high
conversions. It can hence be concluded that the use of higher

temperatures seems more appropiate, as a fast ATRP is
obtained with a high level of control.

Asillustrated in Figure 5c, the PDIP®! profile is only slightly
affected by the initial molar ratio of deactivator to initiator. It
should be noted that the experimental data in case deactivator
is initially present are limited to low conversions at which a

*) Tpor = 348 K (i.e., entries 1, 2, 5, and 8 in Table 1); ideal xbol =

[M]o/[RoX]ox,, (dashed linear line).

higher experimental error on the measured PDIP®' can be
expected. The initial presence of deactivator results in slightly
lower PDIP®! values but is offset by a much slower polymer-
ization (viz. Figure 5a). Clearly, the improvement of the level
of control with respect to chain length by the initial presence of
deactivator is limited gviz Figure 5b,c) as, in the absence of
deactivator, the PDIP* values are already rather close to one
and the related x2°! profile almost coincides with the ideal one.

Hence, the use of nonzero initial deactivator concentrations
should be avoided.

Figure 6a shows that, as expected, the polymerization rate
is higher for a lower initial molar ratio of monomer to
initiator ([iBoA]y/[MBP]y; Tpo = 343 K). The PDI* profile,
on the other hand, remains practically unchanged by the
initial molar ratio of monomer to initiator.

Figure 7a—c presents the conversion, x5°, and PDIP®
profile for various initial molar ratios of activator and in-
itiator. Clearly, at a given temperature, the polymerization
rate increases with increasing initial molar ratio of activator to
initiator. The level of the control of the ATRP with respect to
chain length (Figure 7b,c) is, however, similar for all studied
conditions. Hence, a high level of control with respect to chain
length can be obtained for piBoA using a reduced ATRP
catalyst concentration.

4.2.2. Importance of Backbiting and fC-Scission Reactions.
In Figures 4a—7c the obtained simulation results using the
Arrhenius and thermodynamic parameters in Table 2 are
presented for the experimentally investigated polymerization
conditions in Table 1. It can be seen that the experimental
trends of the conversion, average chain length, and poly-
dispersity index profiles are captured by the kinetic model
reasonably well. The kinetic model also allows simulating the
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Figure 5. Effect of the initial presence of deactivator on (a) the conversion (x,,) profile, (b) the average chain length of the polymer molecules (x2°),
and (c) the polydispersity index of the MMD of the polymer (PDIP®). Conditions: [iBoA]o/[MBP]y/[Cu()Br + Cu(1)Br,]o/[PMDETA], = 100/1/
1.5/1.5 and 33.3 vol % ethyl acetate with respect to iBoA; experimental points/simulated (kinetic parameters: Table 2): (B/—) T,,,; = 333 K and
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Table 1); ideal x2°' = [M]o/[RoX]ox, (dashed linear line).
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Figure 6. Effect of the initial molar ratio of the monomer to the initiator ([iBoA]o/[MBP]y) on (a) the conversion (x,,) profile, (b) the average chain
length of the polymer molecules (x2°Y), and (c) the polydispersity index of the MMD of the polymer (PDIP®). Conditions: [MBP]/[Cu(I)Br]o/
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Figure 7. Effect of the initial molar ratio of copper(I) bromide to the initiator (([Cu(I)Br]o/[MBP]y) on (a) the conversion (x,,) profile, (b) the average
chain length of the polymer molecules (x5), and (c¢) the polydispersity index of the MMD of the polymer (PDIP®). Conditions: [iBoA]y/
[PMDETA], = 100/1.5, [Cu(I)Brs], = 0 mol m™~> and 33.3 volume percentage ethyl acetate with respect to iBoA; experimental points/simulated
(kinetic parameters: Table 2): (B/—) T}, = 343 K and [Cu(I)Br]y/[MBP], = 1, (®/——) T,; = 343 K and [Cu(I)Br]o/[MBP], = 0.5, (a/--) Tpo1 =

348 K and [Cu(I)Br]o/[MBP], = 1, and (®/- - ) Tj,oy = 348 K and [Cu(I)Br]o/[MBP], = 0.5 (i.e., entries 5, 7,8, and 9 in Table 1); ideal X0l = [M]o/[RoX]oX
(dashed linear line).

end-group functionality and the short-chain branching and
CC double-bond content as a function of conversion. For the
calculation of the latter polymer properties, the reader is
referred to section 5 of the Supporting Information. Both
contents are expressed as a mol % per average number of
monomer units. In what follows, simulation results of the
end-group functionality and the short-chain branching and
CC double-bond content as a function of conversion are

discussed for the lowest and highest temperature investigated
(i.e., 323 and 348 K; polymerization conditions 1 and 8 in
Table 1).

From Figure 8a it follows that only a limited loss of
polymer end-group functionality occurs during the ATRP,
as polymer end-group functionalities above 0.98 are ob-
tained. Hence, besides a high level of control of chain
length, highly living polymers result for the ATRP of iBoA.
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Figure 8. (a) End-group functionality, (b) the mol % of CC double-
bond content (expressed per average number of monomer units) as a
function of conversion, and (c) the mol % of short-chain branching
(expressed per average number of monomer units) as a function of
conversion for entry 1 (323 K; full line) and entry 8 (348 K; dashed line)
in Table 1. Kinetic parameters: Table 2.

At 348 K, however, it can be seen that the loss of end-group
functionality becomes slightly more pronounced. At higher
temperatures, activation is more favored, and at low con-
versions higher radical concentrations are obtained, leading
to an increased importance of termination reactions and
consequental loss of end-group functionality.

Figure 8b presents the simulated CC double-bond content
as a function of conversion for both temperatures. The
simulated CC double-bond content is found to be extremely
low (<0.0015 mol %), confirming that SC-scission reactions
in the ATRP of iBoA can be neglected at temperatures up to
350 K. This outcome is in agreement with the absence of
unsaturations in the '>*C NMR spectra reported by Ahmad
etal.” for the ATRP of n-BuA using the same ATRP catalyst.
However, it should be noted that the relative importance of
PC-scission reactions increases with increasing conversions,
i.e., at lower monomer concentrations, and with increasing
temperature. This is in agreement with literature data for
n-BuA; at 411 K under starved-feed conditions only, the
importance of SC-scission reactions has shown to be high.’

In Figure 8c the simulated short branching content is given
as a function of conversion for both temperatures. For the
ATRP of n-BuA using the same ATRP catalyst, Ahmad et al.”
recently measured a branching content of 0.40—0.70 mol %
at 353 K at almost complete conversion. These authors
also indicated that similar branching contents can be ex-
pected for the ATRP of other acrylates. From the data
presented by Ahmad et al.,” it can be expected that, for
iBoA, the branching content remains below 0.50 mol % at
348 K, the highest temperature investigated in this work, as
backbiting is strongly activated and iBoA end-chain macro-
radicals are very likely to be less prone to backbiting reac-
tions than n-BuA end-chain macroradicals. From Figure 8c,
it can be seen that a branching content around 0.2 mol %
is obtained at 348 K at almost complete conversion, in
agreement with expectations. Note that at 323 K a less
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Table 1. Kinetic parameters: Table 2.

pronounced increase of the branching content with conver-
sion can be observed.

The increased importance of backbiting reactions at high-
er conversions can also be clearly seen in Figure 9 in which
the fraction of mid-chain macroradicals is presented as a
function of conversion for both temperatures. At 348 K,
at conversions higher than 0.8, the fraction of mid-chain
macroradicals becomes the dominant fraction, whereas at
323 K this would be expected at a conversion of 0.9, based on
extrapolation of the simulation results. Note that the appli-
cation of the quasi-steady state approximation to the mid-
chain macroradicals, as in often done in the literature, is
cleary unvalid in this case. The obtained concentration profile
of the mid-chain macroradicals indicates that the production
and consumption rate of these radicals are clearly different at
low and high conversions.

To evaluate the influence of backbiting reactions, simula-
tions were also performed in which backbiting reactions were
removed from the kinetic model and compared with simula-
tions obtained using the full kinetic model (viz. Figure
10a—d). It can be seen in Figure 10a that the decrease of the
polymerization rate due to backbiting reactions remains
limited at 323 K while it becomes more pronounced at 348
K, in particular at higher conversions. No influence of
backbiting reactions on the simulated average chain length
profile is, however, observed (viz. Figure 10b). The influence
of backbiting reactions on the simulated PDIP®' and end-
group functionality profiles (viz. Figure 10c.,d) is limited.

The decrease of the polymerization rate due to backbiting
reactions can be explained by the significantly lower intrinsic
chemical rate coefficient for propagation of mid-chain
macroradicals compared to end-chain macroradicals. The
differences between the simulated PDIP®' and end-group
functionality profiles by both kinetic models suggest a
limited disturbance of the normal activation—growth—
deactivation process each time backbiting occurs.

Hence, it can be concluded based on the PLP study of
Dervaux et al.® and the simulation results obtained in this
work that the effect of backbiting reactions on the ATRP of
iBoA in the temperature range 325—348 K is limited. A
relatively low branching content (around 0.2 mol %) is
obtained at higher conversions and temperatures (> 348 K).
From low to intermediate conversions and at lower tempe-
ratures (<323 K) backbiting reactions are of minor impor-
tance and, hence, have only a limited influence on the
polymerization rate and the polymer properties.
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dashed lines without backbiting; kinetic parameters: Table 2; experi-
mental points: (W) T, = 323 K and (@) T, = 348 K.

Table 6. Values of the Center-of-Mass Diffusion Coefficient of a

Non-macromolecule A (D) at T, = 335K, w,,, = w, = w, = 0.33,
and w;, = 0.01
A name D, (m?s™Y)
1 iBoA 232x 1071
2 MBP 3.49 x 1078
3 M(.)P ¢ 1.84x 1078
4 [Cu(I)BrPMDETA] * 1.06 x 107%
5 [Cu(I)Br.,PMDETA]* 4.60x107°
6 ethyl acetate 1.98x 1078
7 n-decane 5.08 x 107°

“Initiating radical from MBP.” From ref 17 with D3, (see section 4 of
the Supporting Information®) evaluated at Thot = 335 K.

4.2.3. Importance of Diffusional Limitations

Apparent Rate Coefficients. Asindicated above, diffusional
limitations on a reaction step are accounted for by the
calculation of an apparent rate coefficient consisting of a diffu-
sional and an intrinsic chemical rate coefficient. It should
however be noted that for reactions steps that are characterized
by a relatively high intrinsic chemical rdte coefﬁcient, such as
termination (ki chem ~ 10 m mol ! s~ ) and deactivation
(Kda.chem ~ 10° m’ mol ™' s N, diffus1ona1 limitations are more
likely to occur than reactions with a relatively low intrinsic
chemical rate coefficient, such as propagation (kp, chem ~ 10 m’
mol ™" s™") and activation (kychem ~ 10~ m* mol ' s ).

Table 6 presents the obtained values of the center-of-mass
diffusion coefficients of the non-macromolecules using the
Vrentas and Duda free volume theory for a mass fraction of
monomer, solvent, and polymer of 0.33 and a mass fraction
of 0.01 for the internal standard at 335 K (i.e., at the average
temperature of the investigated temperature range). It can be
seen that the center-of-mass diffusion coefficient for the
monomer iBoA is significantly lower than for the other
non-macromolecules, consistent with the relatively high
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Figure 11. Apparent rate coefficient for termination by recombination
beween (a) end-chain macroradicals (k;c.ce.app), (b) mid-chain macrora-
dicals (k¢ yum.app), and (c) their cross-termination (k. app) as a function
of the chain length of the macroradicals (i, /) at 335 K for a monomer and
solvent mass fraction of 0.30 and a mass fraction of internal standard
equal to 0.05. (d) Apparent rate coefficient for deactivation with end- and
mid-chain macroradicals (kgq.e app a0 K g m app; €qual intrinsic chemical
rate coefficients) and (e) for propagation with end-chain macroradicals
(kp.e.app) as a function of the chain length of the macroradicals / and the
monomer mass fraction. (f) Apparent rate coefficient for activation
(kae.app) With end-chain dormant polymer molecules as a function of
the chain length of the dormant polymer molecule (i) and the monomer
mass fraction (w,,) at 335 K for a solvent mass fraction of 0.30 and a mass
fl’dCthﬂ of internal standard equal to 0.05; activation rescaled (multiplied
by 10%). Kinetic parameters: Table 2.

value measured for the dynamic viscosity of iBoA. Hence,
an important effect of diffusional limitations during the
ATRP of iBoA can be expected.

Figure 11a—c presents the apparent rate coefficients for
termination by recombination between end-chain macrora-
dicals and mid-chain macroradicals and for cross-recombi-
nation (Kseee.app> Kicemapp> aNd K¢ pum.app) as function of
chain length at 335 K for a monomer and solvent mass
fraction of 0.30 and a mass fraction of internal standard
equal to 0.05. A significant decrease of ki eoqapp can be
observed for higher chain lengths. For recombinations in-
volving mid-chain macroradicals, a similar although slightly
less pronounced effect is observed, as they are characterized
by a lower intrinsic chemical rate coefficient compared to
recombinations involving end-chain macroradicals (Table 2).
Note that the observed decrease of these apparent rate co-
efficients is predominantly determined by the decrease of the
center-of-mass contribution to the corresponding diffusional
rate coefficients (see section 1 of the Supporting Information®).
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As can be seen in Figure 11d, also the apparent rate
coefficients for deactivation of end-chain and mid-chain
radicals (Kggeapp and Kgymapp) decrease for high chain
lengths, however, only at high conversions. Note that no
difference is observed between deactivation of end- and mid-
chain macroradicals as both are assumed to be characterized
by the same intrinsic chemical rate coefficient (Table 2). For
deactivation, the diffusional rate coefficient is mainly deter-
mined by the center-of-mass diffusion coefficient of the
deactivator, a non-macromolecule, resulting in a high im-
portance of diffusional limitations at high conversions only
(see section 1 of the Supporting Information®).

In contrast, for propagation and activation of end-chain
and mid-chain macromolecular species, it follows from
Figure 11e.f (end-chain macromolecular species) and Figure
2a.b in section 1 of the Supporting Information’ (mid-chain
macromolecular species) that only at extremely high conver-
sions (close to complete conversion) a significant decrease of
the corresponding apparent rate coefficients k. .,, and
Kaeapps Kpmapp and kg, app 18 obtained. Propagation and
activation are therefore reaction controlled as diffusion of
the related reaction components occurs fast enough.

It can be concluded that only the termination and deacti-
vation rates of end- and mid-chain macromolecular species
will strongly be influenced by molecular diffusion phenom-
ena, especially once the contribution of the higher chain
lengths to the radical population becomes important. In
what follows, the combined effect of the apparent rate
coefficients and the related CLDs is discussed.

Population-Weighted Apparent Rate Coefficients. Figure
12 presents the evolution of the population-weighted appar-
ent rate coefficients (zeroth order) for termination by re-
combination between end-chain macroradicals ({k ¢ ce.app.0))
and mid-chain macroradicals ({k /¢ ;ym.app-0)) and their cross-
termination ({k ¢ em,app-0y) and for deactivation of end-chain
macroradicals (k¢ app-0)) and of mid-chain macroradicals
(K damapp.0)) as defined by eqs 10—12 for a representative
polymerization condition (entry 8 in Table 1).

=3 oo

ij ) )
Z kr(', ee/mm, appRla L’/’”R./a e/m
i=1/3j=1/3

<kzc, ee/mm, app» 0> =

[_ 21:/3 Ri,e/m}2
i=
(10)
Z Z klrjc, em, appRi, fRfa m
i=1j=3
<krc,em,app> 0> == = o (11)
[Zl Ri,e] [Z Rj,m]
i= Jj=
) 21:/3 kilu, e/m, :«Lppra e/m
i=
<kda,e/m, app» O> = o (12)
Z Ri, e/m

i=1/3
In egs 10—12, kz,',ee,appa Z,mm,appa and kz,’,em,app are the
apparent rate coefficient for termination by recombination
between end-chain macroradicals having a chain length i and
J», between mid-chain macroradicals having a chain length 7
and j, and between an end-chain macroradical having a chain
length 7 and a mid-chain macroradical having a chain length
J. Furthermore, ki ¢ app and Ky mapp are the apparent rate
coefficient for deactivation of an end-chain and mid-chain
macroradical having a chain length iand R;,and R, are the
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Figure 12. Population-weighted (zeroth-order) apparent rate coefficient
for termination (by recombination) between end-chain macroradicals
(full line; left y-axis; (kic.ee.app:0)), between mid-chain macroradicals
(dotted line; left y-axis; mulitplied by 10; (K mm.app.0)) and for the
corresponding cross-termination ({Kycem,app-0); dashed line; multiplied
by 5; left y-axis) and for deactivation with end- and mid-chain macro-
radicals (full and dotted line; right y-axis; (kuu.e.app:0) a0d Kz m.app-0))
as a function of conversion for entry 8 in Table 1. Kinetic parameters:
Table 2; eqs 10—12.

concentration of end-chain and mid-chain macroradicals
having a chain length i. In section 6 of the Supporting
Information the analogous figures for propagation of end-
and mid-chain macroradicals and for activation of end- and
mid-chain dormant polymer molecules are given.

It can be seen in Figure 12 that during the ATRP the
population-weighted apparent rate coefficients for termina-
tion change significantly. After a weak increase at low con-
version they strongly decrease at higher conversions,
indicating an important influence of diffusional limitations
on termination during the ATRP. Note that in agreement with
the apparent rate coefficients the effect of diffusional limita-
tions changes from very pronounced to pronounced for
(K ee.apps0)s Kic.emapps0), and (K ;e pmm.app,0). However, it
should be kept in mind that at low to intermediate conversions
the contribution of mid-chain macroradicals is low (viz.
Figure 9), and hence, at these conversions termination reac-
tions occur predominantly between end-chain macroradicals.

The initial increase of (kicce.apps0)s (Kicmmapp.0), and
(K1e.omapps0) can be related to the movement of the CLDs
of the end-chain and mid-chain macroradicals and the
corresponding dormant polymer molecules with conversion.
In Figure 13a—d the movement of the mass CLDs, i.e., the
mass fraction of the macromolecules as a function of their
chain length, is presented. For a detailed description of the
calculation of these CLDs the reader is referred to ref 17 and
section 4 of the Supporting Information.

It can be seen in Figure 13a—c that the mass CLDs of the
macroradicals and dormant polymer molecules are almost
identical. The latter reflects the high importance of the
activation—deactivation process during the ATRP. Further-
more, as end- and mid-chain macroradicals are interconverted
by backbiting and subsequent propagation, minor differences
between the CLDs of end-chain and mid-chain macromole-
cular species can be expected. These figures also indicate
that, initially, higher chain lengths contribute significantly to
the CLDs leading to tail formation. At very low conversions,
deactivation is relatively less important; i.e., the so-called
persistent radical effect®® is not fully operative yet, and
initiating radicals can add several monomer units before
they become deactivated explaining the relatively high initial
contribution of high chain lengths to the CLDs. Until con-
versions up to 0.2, deactivation gradually gains in importance
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tration (e/m) as a function of conversion for entry 8 in Table 1. Kinetic
parameters: Table 2.

and newly initiated radicals are deactivated after less propa-
gaton steps, leading to an increased contribution of lower chain
lengths to the CLDs. As the apparent termination rate
coefficient is higher for macroradicals with lower chain
lengths, the increased contribution of the lower chain lengths
to the CLDs explains the initial increase of (ki ce.apps0)s
<krc,mm,appa0>> and <k1c,em,appa0> in Figure 12.

Once initiation is completed (i.e., at x,,, > 0.2; viz. Figure 14a),
the chain length of the dormant species is gradually increased
in each activation—growth—deactivation cycle resulting in
a gradual shift of the CLDs to higher conversions (viz.
Figure 13a—d). Hence, at conversions at which backbiting
becomes important (viz. Figure 10a—d and Figure 9), the
fraction of “short-chain radicals” is low and the assumption
of a chain length independent rate coefficient for backbiting
is justified. Moreover, the increased contribution of the
higher chain lengths at higher conversions leads to a decrease
of <kt(‘,ee,app,0>: <ktc,emﬁappa0>: and <ktc,mmﬁapp:0>~ As the diffu-
sional rate coefficient for macroradicals having a higher
chain length fastly decrease with increasing conversion,
<k1‘c,w',app70>a <ktc,em,app90>a and <ktc,mm,app90> decrease Strongly
at higher conversions.

D’hooge et al.

In contrast, for deactivation, the decrease of the popula-
tion-weighted apparent rate coefficients (kyueapp,0) and
(K da,m,app-0) 1s limited to high conversions only as illustrated
in Figure 12, in agreement with the behavior of the apparent
rate coefficients as discussed above. It should be noted that
this decrease of (kygeapp.0) and (kg mapp.0) results in an
increase of the end-chain and mid-chain macroradical con-
centration at conversions above 0.9 (viz. Figure 14b) and,
hence, in an increased occurrence of termination reactions at
high conversions. Indeed, in Figure 10d it can be seen that at
high conversions the polymer end-group functionality is
characterized by a drop at conversions above 0.9.

Finally, for propagation and activation, the corresponding
population weighted apparent rate coefficients (k, ¢ app.0)
and (K e app>0Ys (kpmapp,0Ys and (kg m app,0) (see section 6 of
the Supporting Information) remain constant up to very
high conversions as was already inferred from the above
discussion of the behavior of the apparent rate coefficients.

5. Conclusions

Dynamic viscosities of iBoA at temperatures ranging from 280
to 350 K and of piBoA at temperature higher than 7, and the
related WLF parameters are reported. For the ATRP of iBoA in
ethyl acetate with MBP as initiator, copper bromide as transition
metal salt, and PMDETA as ligand these data are used to
calculate the hole free volume as a function of conversion and
hence the corresponding apparent rate coefficients.

In the investigated temperature range (323—348 K) for the
ATRP of iBoA the occurrence of SC-scission reactions is insig-
nificant, and the importance of backbiting reactions is limited to
high conversions. Only from a conversion of ca. 0.8—0.9 onward
the fraction of mid-chain macroradicals becomes clearly domi-
nant, and backbiting reactions result in a slight decrease of the
polymerization rate and of the level of control and this more
pronounced at higher temperatures. Both decreases can be
mainly attributed to the slower propagation of mid-chain macro-
radicals compared to end-chain macroradicals disturbing the
regular activation—growth—deactivation process. The effect of
backbiting reactions on the polymer end-group functionality and
the average chain length of the polymer molecules is limited.

The importance of diffusional limitations is more pronounced
on termination than on deactivation. At low conversions an
increase of the population-weighted apparent rate coefficients for
termination reactions with end- and mid-chain macroradicals is
obtained as the CLDs of the end- and mid-chain macroradicals
shift to lower chain lengths. At higher conversions, the CLDs
shift gradually to higher chain lengths for which diffusional
limitations become stronger leading to a reduced importance of
termination reactions. The decrease of the population-weighted
apparent for deactivation due to diffusional limitations is limited
to high conversions only and can result in a decrease of the
polymer end-group functionality.
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concerning: (i) the diffusional and (population weighted) apparent
rate coefficients; (i) the regression analysis for the determination of
the Arrhenius and thermodynamic parameters for reactions
involving secondary end-chain macroradicals; (iii) the volume
of the reaction mixture; (iv) the dynamic viscosity of the mono-
mer and solvent; (v) the extension of the kinetic modeling for
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ATRP to reactions involving tertiary mid-chain macroradicals;
and (vi) the short chain and CC double bond content. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Notation

a = root-mean-square end-to-end distance per square root
of the number of monomer units in a polymer molecule [m]
ar = shift factor for dynamic viscosity of the Qolymer [—]
A, = pre-exponential factor for activation [m> mol ' s ']
At pre-exponential factor for termination [m3 mol~'s™']
[C] = concentration of C [mol m ]
C, = first WLF parameter [—]
C, = second WLF parameter [K]
D, = self-diffusion coefficient of the (reaction) compo-
nent A [m*s™']
Dap = mutual diffusion coefficient for reaction between
molecules A and B [m? s~ ']
Di‘a = average pre-exponential factor for the center—of -mass
diffusion coefficient of the reaction component Am?s"]
Ex = activation energy [(k)J mol ']
E.on = cohesive energy [(k)J mol ']
F = Fvalue [—]
G’ = storage modulus [Pa]
G"” = loss modulus [Pa]
Hg = mercury (unit for atmosperic pressure)
iso = initial mass of the internal standard [kg]
K = first Mark—Houwink constant for a polymer—sol-
vent system [dL g~ ']
K.q = ATRP equilibrium coefficient of the activation
deactivation process [—]
Ko = parameter for specific hole free volume of pure
reaction component A [m* kg ' K]
K>a — Ty A = parameter for specific hole free volume of
pure reaction component A [K]
K;a = parameter in the Vogel—Fulcher—Tammann—
Hesse model [—]
k = rate coefficient [m> mol™! s/

= ligand [—]
l = reaction step [—]
M = monomer (concentration) [(mol m )]
M, = macromonomer (concentration) (chain length ¢)
[(mol m™)]
MMA1 = molar mass of the (reaction) component A [kg
mol ']
MM; 5 = molar mass of the jumping unit of the (reaction)
component B [kg mol™']
ML, X = activator (concentration) [(mol m )]
M”“LL X, = deactivator (concentration) [(mol m )]
m = number of responses [—]
mq = initial mass of the monomer [kg]
M, m number-average molar mass of the polymer [kg
mol™ ']
n = number of samples (related to the polymerization
experiments) [—]
na = number of dynamic viscosity experiments for the
(reaction) component A [—]
Na = Avogrado constant [mol ']
par = parameter in the correlation for #,, [—]

; = dead polymer molecule with chain length i (i > 0)[—]
PDIpol = polydispersity index of the MMD of the poly-
mer [—]

R = universal gas constant [J mol ! K]

(R?) = mean-square end-to-end distance [m?]

R; = macroradical with chain length i (i > 0) [—]
R, = initiating radical (or R; with i = 0) [—]
R;;iX = initiator (or R;X w1th i=0)[-]
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R;X = dormant polymer molecule with chain length
i(i>0)[-]
Ry = initiating radical (or R;,;) [—]
RyX = initiator (or R;;X) [—]
So = initial mass of the solvent [kg]
S = merit function [—]
T = temperature [K]
T, = reference temperature for WLF parameters [K]
Tpo1 = (polymerization) temperature [K]
T, = glass transition temperature of the polymer [K]
T; = temperature of the ith dynamic viscosity experi-
ment [K]
t = polymerization time [s]

= halogen atom/end-group functlonahty[ ]
V = volume of the reaction system [m?]
Vi, = Le Bas molar volume [m* mol ']
VX = the specific critical hole free volume required for a
diffusional jump of A [m?® kg™ ']
VFH = spec1ﬁc hole free volume of the reaction system
[m® kg ']
VFH A = specific hole free volume of pure component A
[m” kg ']
V', = molar volume of the polymer [m? mol ']
wg = mass fraction of the (reaction) component B [—]
X,, = (monomer) conversion [—]
xb°! = average chain length of the polymer molecules [—]

Greek Symbols

a = confidence coefficient [—]

y = average overlap factor for the reaction system [—]
ya = average overlap factor for pure component
Al-]

Yo = deformation in the linear regime [—]

A, H° = standard reaction enthalpy for the activation
deactivation process [(k)J mol ']

A,.,S" = standard reaction entropy for the activation
deactivation process [J mol ' K]

0 = delta function [—]

¢ = Flory universal hydrodynamic constant [dL mol ' cm?]

na = measured dynamic viscosity of the (reaction)
component A [Pa s]
fla = calculated dynamic viscosity of the (reaction)

component A [Pa s]

p = density [m® kg ']

o = Lennard-Jones diameter [m]
o = angular frequency [s~']

Subscripts

a = activation

app = apparent

calc = calculated

chem = chemical intrinsic

da = deactivation

e = end-chain (macro)radical

diff = diffusional

i, j, ¢ = chain length (macromolecule: i, j > 0; initiator
related i, j = 0; ¢ > 2 (macromonomer))
is = internal standard

[ = reaction step

m = monomer/midchain

n(+1) = oxidation number

p = propagation

pm = propagation with macromonomer
s = solvent

¢t = termination

tab = tabulated
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tc = termination by recombination

tot = total
y = number
0 = initial

BC = BC reaction

Superscripts
com = center-of-mass
Abbreviations

ATRP = atom transfer radical polymerization
BuA = butyl acrylate

CRP = controlled radical polymerization
CLD = chain length distribution

Cu(I)Br = copper(I) bromide

Cu(Il)Br, = copper(Il) bromide

iBoA = isobornyl acrylate

EPR = electron paramagnetic resonance

FID = flame ionization detector

FRP = free radical polymerization

GC = gas chromatography

GPC = gel permeation chromatography
MBP = methyl 2-bromopropionate

M(.)BP = initiating radical from methyl 2-bromopro-
pionate

MMD = molar mass distribution

piBoA = poly(isobornyl acrylate)

PMDETA = N,N,N',N" ,N'-pentamethyldicthylenetria-
mine

PLP = pulsed laser polymerization

THF = tetrahydrofuran

vol % = volume percentage

WLF = Williams—Landel—Ferry
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