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ABSTRACT: Activation rate constants (k,.) for a variety of initiators for Cu-mediated ATRP were
measured with Cu(I)Br(PMDETA) at various temperatures (i.e., —40 to +60 °C). Reactions of less active
alkyl halides were more accelerated by increased temperatures than reactions of more active initiators.

Straight Eyring and Arrhenius plots were obtained, from which the activation parameters (i.e., A

H¢7AS¢9E219

and In 4) were determined. The activation enthalpies AH* are in between 26.0 and 38.7 kJ mol ™! with highly
negative activation entropies (AS*=—156 to —131 J mol~! K1), which indicate greatly ordered structures of

the transition states for these reactions.

Introduction

Atom transfer radical polymerization (ATRP) is a powerful
and robust polymerization technique for the synthesis of poly-
meric materials with well-defined compositions, architectures,
and functionalities.'® The key concept of this technique is to
provide fast initiation and minimize irreversible termination
reactions bgf a reduced radical concentration during the poly-
merization." ! This is achieved by a transition metal complex
which finely adjusts the equilibrium between dormant polymer
chains and active radicals (Scheme 1).'*!3

In a reversible activation step, a halogen atom is abstracted
from the dormant species (P,—X) by a transition metal complex,
yielding an active chain end and a transition metal complex in the
higher oxidation state. This homolytic cleavage of the P,—X
bond proceeds with a rate constant k... The formed alkyl radical
(P,") adds to the monomer with a propagation rate constant &y,
before it is deactivated with a rate constant kge,e by the metal
complex in its higher oxidation state (XMt"*'L,,Y). The con-
tribution of termination becomes insignificant due to the persis-
tent radical effect,"*'® and therefore, polymers are formed with
low polydispersities and molecular weights that linearly increase
with conversion.'”

Fromeqs 1 and 2 one can directly see that k,. and kqeae, Which
determine the ATRP equilibrium (Katrp = Kact/Kdeact), contri-
bute to the rate of polymerization (R,) and the evolution of
polydispersity (M,,/M,)." Therefore, all factors which influence
these rate constants are critically important for understanding
the controlled polymerization process and are inherently part of
the foundation for future developments in ATRP.
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Several activation rate constants (k,.) for initiator/catalyst
combinations have been previously measured.®”'*2°~% The effects
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of initiator,***"37 monomer,’' counterion,

[ligand]/[Cu(I)] ratio,*®*"* solvent,”***3"3 Cu(II) concentra-
tion,* and the penultimate unit®> on the activation kinetics in
ATRP have been thoroughly studied. However, the employed
chromatographic methods are not accurate enough to precisely
study the effect of temperature (i.e., the determination of activation
parameters) on the activation step. This is due to the fact that these
indirect techniques usually require sampling and filtration through
alumina of the reaction mixture after certain time intervals. In the
case of analysis by gas chromatography with electron capture
detector and trichlorobenzene as internal standard, the error of
kinetic experiments was within 30%.%” This relatively large error in
these experiments is also caused by the inevitable need of excess of
Cu(I) complex over the alkyl halide. Any remaining or introduced
oxygen in the reaction flask reduces the apparent Cu(I) concentra-
tion by fast oxidation to the corresponding Cu(II) complex and
thus falsifies the result.

In 2004, stopped-flow equipment was used to directly follow
the concentration of the accumulating persistent radical (i.e., the
Cu(II) species) in reactions of highly reactive alkyl halides with
highly reactive (i.e., strongly reducing) copper(I) complexes.*
This UV—vis method allows a much more accurate determina-
tion of the activation rate constant (k,.). Therefore, this analy-
tical method is preferred over chromatographic techniques.
Herein, we report detailed UV—vis spectroscopic studies on the
effect of temperature and initiator structure on the activation
process in ATRP using an immersion probe equipped with fiber
optics. The obtained temperature-dependent rate constants (k)
were accurate enough to determine activation parameters of these
reactions, which provide us with a more detailed understanding
of the ATRP mechanism. However, one has to keep in mind that
the activation process is only one part of the ATRP equilibrium.
Studies of temperature effect on Kxtgrp are currently underway.

27,30,31 hgand,1324 1,35

Experimental Section

Materials. Bromoacetonitrile (BrAN, 97%, Aldrich), 2-bro-
mopropionitrile (BrPN, 97%, Aldrich), methyl 2-bromoisobu-
tyrate (MBriB, 99%, Aldrich), ethyl 2-bromoisobutyrate
(EtBriB, 99%, Aldrich), methyl 2-bromopropionate (MBrP,
98%, Aldrich), 2-chloropropionitrile (CIPN, 95%, Aldrich),
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Scheme 1. Proposed Mechanism for ATRP
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Scheme 2. Structures of Studied Alkyl Halides
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Scheme 3. Isolation of the Activation Process by Irreversible Trapping
of the Formed Radicals with TEMPO
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chloroacetonitrile (CIAN, 99%, Aldrich), allyl bromide (AllBr,
97%, Aldrich), 1-(bromoethyl)benzene (PEBr, 97%, Aldrich),
and N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA,
99%, Aldrich) were distilled prior to use. Copper(I) bromide
(99.999%, Aldrich), 2,2,6,6-tetramethylpiperidinyl-1-oxy (TE-
MPO, 99%, Aldrich), and acetonitrile (MeCN, HPLC-grade,
Fisher) were used as received. All other reagents were used as
received.

Typical Procedure for the Measurement of Activation Rate
Constants (Cu(I)Br/PMDETA with Methyl 2-Bromopropionate
(MBrP)). Stock solutions of Cu(I)Br (5 x 1072 mol L7},
PMDETA (2 x 10~" mol L"), TEMPO (6 x 10~ mol L™,
and methyl 2-bromopropionate (MBrP, 1 mol L™!) in MeCN
were prepared in 5 mL volumetric flasks sealed with rubber
septa. These solutions were degassed in an ultrasonic bath
(10 min) and subsequently purged with N, (15 min). Calculated
amounts of Cu(I)Br, PMDETA, TEMPO, and additional de-
gassed MeCN were then transferred via Njp-purged, gastight
syringes into an oxygen-free Schlenk flask, which was equipped
with a Hellma UV—vis immersion probe and a stir bar. The
reaction was then started by the addition of alkyl halide to the
stirred solution. During all kinetic studies the temperature of the
solutions was controlled (£0.1 °C) by using a Haake K50
circulating bath thermostat. For the evaluation of kinetics a
Varian Cary 5000 UV—vis—NIR spectrophotometer was used.

Method. The activation rate constants were determined by
UV—vis spectroscopy using trapping experiments with TEM-
PO. The radicals originating from homolytic halogen abstrac-
tion from the alkyl halides are irreversibly trapped by this stable
nitroxide radical to yield the corresponding alkoxyamines
(Scheme 3).2%% This process is so fast’® (i.e., close to the
diffusion limit) that the use of 10 equiv of TEMPO with respect
to the Cu(I) complex guarantees immediate trapping with no
transformation back to the dormant species. A separate experi-
ment proved that TEMPO is not capable of oxidizing Cu(I)Br-
(PMDETA) to the corresponding Cu(Il) complex under these
conditions (see Supporting Information, p 1). The kinetic
experiments were performed under pseudo-first-order condi-
tions* using a large excess of alkyl halide. The reactions were
monitored by following the increase of the UV—vis absorbance

Macromolecules, Vol. 42, No. 16, 2009 6051

09
E 08
0.7
1= 0.030 y =0.1342x +0.0002
~ 06 0.025 R2=0.996
= | _. 0020
o 05 % 0015
S 04 2 0010
IS | ~2 0.005
-g 0.3 0.000
g 02 000 005 010 015 020
© 0.1 [MBrP](mol L")
0.0 e

0o 1 2 383 4 5 6 7
time (min)

Figure 1. Exponential increase of the dbSOI’bdnCC at 740 nm during the
reaction of Cu(I)Br/PMDETA (¢, = 3.71 X 10~ mol L") with methyl
2-bromopropionate (MBIP, ¢, = 1.11 x 107" mol L™") in MeCN at 20 °C.
Inset: plot of ko vs [MBrP] to yield the second-order activation rate
constant (k).

at 740 nm which corresponds to the A, of the formed Cu(II)
complexes.

From the exponential increases of the UV—vis absorbances
the pseudo-first-order rate constants were obtained by fitting
the single exponential y= A[1 — exp(—kypst)] + C to the observed
time-dependent Cu(II) absorbance (Figure 1). The second-order
rate constants (k,.) (Table 1) are then obtained as the slopes of
kows Vs [alkyl halide] correlations (Figure 1, inset).

Results

In order to verify the utilized pseudo-first-order kinetic me-
thod, we also studied second-order kinetics in one case. The
reaction of exact equimolar amounts of ethyl 2-bromoisobuty-
rate (EtBriB) and Cu(I)Br(PMDETA) was followed at 0 °C in
MeCN. With the previously determined extinction coefficient
(740 nm) of Cu(II)Br,(PMDETA), the obtained absorbance—
time run was transformed into time-dependent absolute concen-
trations of the Cu(II) complex. A plot of 1/[Cu(I)Br(PMDETA)],

— [Cu(IDBry(PMDETA)] vs time yielded a stralght line from
which the second-order rate constant &, =8.83x 10! Lmol s~
was determined (Figure 2).

The same reaction was then studied at 0 °C using the described
pseudo-first-order technique (i.e., 10-fold excess of the initiator
over the Cu catalyst). The obtained activation rate constant (k.=
9.48 x 10" L mol™"' s™', Table 1) is only 7.4% larger, which
indicates good reproducibility and validates the pseudo-first-
order kinetic method.

The temperature effect on the activation rate constant was
studied with three o-bromoesters, four o-halonitriles, two benzyl
bromides, and allyl bromide as initiators (Scheme 3) and Cu(I)-
Br(PMDETA) as catalyst. The reactions of the most active
tertiary o-bromoesters methyl and ethyl 2-bromoisobutyrate
(MBriB, EtBriB), as well as bromoacetonitrile (BrAN) were
studied in a temperature range from —40 to +40 °C. At higher
temperatures (e.g., 60 °C) the reactions of these initiators were
too fast to be precisely measured. 2-Bromopropionitrile (BrPN) is
already so active that kinetics could only be measured at
temperatures below —15 °C. All other alkyl halides were studied
in a temperature range from —20 to +60 °C due to sufficiently
slow reactions with Cu(I)Br(PMDETA) at temperatures below —
20 °C.

Discussion

On the basis of the temperature dependence of the activation
rate constants (k,.), the magnitudes of the activation enthalpy
(AH") and activation entropy (AS") as well as activation energy
(E,) were determined (Table 2) by evaluation of the result-
ing straight Eyring correlations (Figure 3).*! The error levels
were calculated from the standard deviation of the Eyring and
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Table 1. Second-Order Rate Constants k,.. (L mol ' s~', MeCN) of the Reactions of Cu(I)Br(PMDETA) with Alkyl Halides at Different

Temperatures
a —40 °C —20°C 0°C 20 °C 40 °C 60 °C

BrAN 1.40 x 107! 493 % 107! 1.56 3.91 7.88

MBriB 1.21x 107! 449 x 107! 1.21 2.38 4.68

EtBriB 1.00x 107! 347% 107! 9.48 x 107! 1.75 4.08

MBrP 1.60 x 1072 5.68 x 1072 1.34 x 107! 3.41x 107! 7.27%x 107!

CIPN 9.34%x 1073 3.84 %1072 1.19x 107! 243%x 107! 5.52x 107!

PEBr 9.87 x 1073 288 x 1072 9.73x 1072 247x 107! 6.08 x 107!

CIAN 5.10x 1073 1.71 x 102 5.89 x 1072 1.36 x 107! 292x 107!

AllBr 2.84x 1073 9.12x 1073 3.80x 1072 1.05%x 107! 297x 107!

—41°C -39 °C —36.5°C —32°C —28.5°C -23°C —15°C

BrPN 1.05 1.14 1.38 1.81 2.05 2.80 4.64

“See Figure 1 for structures.
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Figure 2. Second-order kinetics of the reaction of ethyl bromoisobu-
tyrate (EtBriB, ¢p=15.09 mM) with Cu(I)Br(PMDETA) (¢y=5.08 mM)
at0°Cin MeCN. Inset: corresponding absorbance—time run at 740 nm.

Arrhenius plots for the logarithmic values of the rate constants
versus 1/T.

Comparison of measured activation free energies (AG") at
20 °C with calculated free energies for the homolytic cleavage of
alkyl halides in MeCN at 20 °C (AGgpp)* indicates that the
strength of the breaking R—X bond is a significant contributing
factor in governing the barrier height of the activation process. As
can be seen in Figure 4, a plot of AG* vs AGypg yields a good
correlation for the reactions of alkyl bromides with Cu(I)Br-
(PMDETA). However, both a-chloronitriles (CIPN, CIAN) do
not correlate. This is due to the fact that copper catalysts are more
chloro- than bromophilic and, therefore, compensate high bond
dissociation energies for C—Cl bonds."?

Initiator Structure. For a comparison of absolute reactivi-
ties of all studied initiators, the rate constants at 20 °C were
evaluated. Because the reaction of 2-bromopropionitrile
(BrPN) with Cu(I)Br(PMDETA) was too fast to be studied
at temperatures higher than —15 °C, k.. at 20 °C was
determined from the obtained Eyring parameters. With
AH*=26.0 kJ mol ™! and AS*=—131 J mol ' K™! (Table 2,
first entry) one calculates koo (20 °C)=2.05x10" L mol ' s~!
for the activation of BrPN by Cu(I)Br(PMDETA) (eq 3).

ko T (_apy—
kacl(T):t;Te( AH —TAS)/RT (3)

This value shows that BrPN is by far the most active initiator
employed in this work followed by bromoacetonitrile
(BrAN) and the two tertiary a.-bromoesters (Figure 5), which
is in agreement with previous studies on the effect of initiator
on the activation rate constant.’

The secondary a-bromoester methyl 2-bromopropionate
(MBrP) is ~1 order of magnitude less active than the tertiary
a-bromoesters at 20 °C. The secondary initiators 2-chloro-
propionitrile (CIPN) and 1-bromo-1-phenylethane (PEBr)

follow closely, and the investigated primary alkyl halides
(chloroacetonitrile (CIAN), allyl bromide (AlIBr), and ben-
zyl bromide (BzBr)) are the least active substrates in this
series. Therefore, the general reactivity order for alkyl ha-
lidesin ATRP s tertiary > secondary > primary, whichisin
agreement with the resulting radical stability*’ and consis-
tent with an inner-sphere electron-transfer process.*

The substituent in the alkyl ester group has a small effect
on the reactivity as can be seen from the activation rate
constants for tertiary methyl and ethyl bromoesters (e.g.,
MBriB and EtBriB). For different radical-stabilizing groups
in the a-position, one generally finds the reactivity order
nitrile > ester > benzyl, which is in accordance with calculated
bond dissociation energies (BDE) by DFT methods.*>**

Temperature Effect. With the activation parameters at
hand, one can easily determine activation rate constants at
temperatures that are experimentally not accessible. For a
comparison of the temperature effect on k,, the activation
rate constants at —40 °C for the least reactive alkyl halides
(e.g., methyl 2-bromopropionate (MBrP), allyl bromide
(AlIBr)) and at +60 °C for the most active initiators
(Figure 6) were calculated according to eq 3. One finds that
the reaction with 2-bromopropionitrile (BrPN) is accelerated
by a factor of 80 when increasing the temperature from —40
to +60 °C. The reactions of all other initiators are affected
even more in this temperature range. The increased rates at
60 °C compared to the corresponding values at —40 °C for
the halogen abstraction from methyl 2-bromoisobutyrate
(MBriB, x84), methyl 2-bromopropionate (MBrP, x168), 1-
bromo-1-phenylethane (PEBr, x279), and allyl bromide
(AlIBr, x587) indicate that less reactive initiators are more
affected by this temperature jump. This effect can be antici-
pated because reactions with higher activation barriers (AG™)
are normally more accelerated by increased temperatures
than reactions with smaller values for the Gibbs free energy
of activation (eq 4).

kaet (TV) _ T\ (AG(T2)/RTs) —(AG(T1)/RT})
e 4)
kact ( T2) T2

Activation Parameter Analysis. All obtained activation
entropies are highly negative, indicating that degrees of
freedom (i.e., translational, rotational, and vibrational) are
lost when approaching the transition state. Thus, the activa-
tion process is entropically disfavored which is common for
bimolecular reactions.*> Solvation can have a large impact
on activation entropies, if a significant amount of ordering is
required in the solvent to make favorable enthalpic interac-
tions with the transition state.*' However, for the compar-
ison of the obtained activation entropies, such a solvent
effect can be neglected because the solvent (MeCN) was not
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Table 2. Activation Rate Constants, Activation Free Energy (20 °C), and Eyring and Arrhenius Parameters for the Reactions of Alkyl Halides with

Cu(I)Br/PMDETA in MeCN
kae(20°C) (Lmol ' s AGF(20°C) J mol ' K1 AH* (kI mol™) AS*(Jmol ™' K™ E, (kJ mol™ ") In 4
BrPN 2.05 x 10" 64.4 26.040.9 —131+4 28.1+£0.9 14.6+0.4
BrAN 4.93%x 107" 68.6 28.7+0.6 —136 42 30.940.6 14.0+0.2
MBriB 449 x 107! 69.5 252409 —151 £3 27.5+0.9 12.1+0.4
EtBriB 3.47x 107" 70.2 25340.8 —153 43 27.5+0.8 12.0+£0.3
MBrP 1.60 x 1072 76.5 30.840.6 —156 £2 332406 11.74£0.2
CIPN 9.34x 1073 77.2 329+1.4 —151 £5 353413 12240.6
PEBr 9.87x 1073 77.4 34.041.0 —148 3 36.4+1.0 12.6+0.4
CIAN 5.10%x 1073 78.8 33.4+0.8 —155+3 35.8+0.8 11.7+0.3
AllBr 284 %1073 79.7 38.7+1.3 —140 + 4 411413 13.6+0.5

“Value was calculated from Eyring parameters and eq 3.
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Figure 3. Eyring plots for the reactions of alkyl halides with Cu(I)Br-
(PMDETA) in MeCN. For reasons of figure clarity the correlations for
ethyl 2-bromoisobutyrate (EtBriB) and 2-chloropropionitrile (CIPN)
were not depicted.
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Figure 4. Plot of activation free energy (AG*, 20 °C, Table 2) vs
calculated free energies (AGgpg) of the homolytic cleavage of alkyl
halides (R—X — R* + X°, MeCN, 20 °C).** Black symbols: primary;
gray: secondary; open: tertiary alkyl halides; circle: nitrile; square:
benzyl; triangle: ester.

changed during this series. In addition, conformational
changes of the Cu(PMDETA) catalyst are considered similar
for the reactions with different alkyl halides.

With AS*=—131 T mol ' K™ ! (BrPN) and AS*=—136J
mol~' K~! (BrAN), the reactions of a-bromonitriles show
the largest (i.e., the least negative) activation entropies of all
studied alkyl bromides. This may be due to the sterically less
demanding nitrile moiety, which allows a greater flexibility
of the activated complex. As illustrated in Figure 3, the
reaction of the small allyl bromide (AllBr) shows a compar-
ably high value for AS™ (—140 J mol ' K™!). On the other
hand, the discussion of activation entropies cannot solely be
based on steric effects, as the reaction with the secondary 2-
bromopropionitrile (BrPN) has larger activation entropy
than the primary bromoacetonitrile (BrAN). This trend is

\? <le —<:1—<ZN—<CO2ME ><C02R <CN 4<CN

Br | Br Br Br Br

R V4 S S
\ \\ \‘ ’.' / .'_
NARE é / /

i
v\ // m
v = y
_ \ &7 52 /2
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[ : s3]
secondary gz Z
<G &
primary e - ;
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k. (20 C)

Figure 5. ATRP activation rate constants ke (L mol~'s~") for various
initiators (black symbols: primary; gray: secondary; open: tertiary alkyl
halides; circle: nitrile; square: benzyl; triangle: ester) with Cu(I)Br-
(PMDETA) in MeCN at 20 °C. The value for 2-bromopropionitrile
(BrPN) was calculated with Eyring parameters and eq 3.
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Figure 6. Effect of increased temperature (—40 to +60 °C) on activa-
tion rate constants (k,) for selected alkyl halides with Cu(I)Br-
(PMDETA). Filled symbols: experimental data; open symbols:
calculated values from Eyring parameters and eq 3.

also found for the couple 2-chloropropionitrile (CIPN, —151J
mol~! K™} versus chloroacetonitrile (CIAN, —155 J mol ™!
K™!) and for the tertiar?/ methyl 2-bromoisobutyrate
(MBriB, —151 J mol~ ! K™") versus the secondary methyl
2-bromopropionate (MBrP, —156 J mol~' K™'"). Thus, a
higher degree of methylation yields larger activation entro-
pies, which corresponds to less rigid structures at the transi-
tion state.

According to Hammond’s postulate,*® the structure of the
transition state resembles the structures of the products for
endothermic reactions. For the ATRP activation process this
means that the formation of the new copper—halogen bond
is already well established at the transition state. Moreover,
the more endothermic this reaction, the shorter is the Cu—
halogen distance in the transition state.*’ It is well-known
that homolytic cleavage of the carbon—halogen bond is most
endothermic for primary alkyl halides followed by secondary
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and tertiary ones. Therefore, a lower degree of substitution in
a-position should result in shorter Cu—halogen distances at
the transition state. Primary initiators have to come closer to
the metal center than secondary initiators at the expense of
losing degrees of freedom. In accordance, one finds that
larger activation entropies for “more” methylated com-
pounds always go along with smaller activation enthalpies
(Table 2), which reflect the order of corresponding reaction
enthalpies (Bell—Evans—Polanyi principle).* For the
same reason, the activation entropies for the reactions
of a-chloronitriles (CIPN, —151 J mol~' K™'; CIAN,
—155 J mol™' K™') are more negative than those of the
corresponding bromo derivatives: shorter C—Cl and Cu-
(ID—CI bonds compared to the corresponding C—Br and
Cu(IT)—Br bonds require a more congested and entropically
less favored transition state.

Looking at steric effects not associated with the reaction
center, one finds that the reaction with ethyl 2-bromoisobu-
tyrate (EtBriB, AS* = —153 J mol”!' K™') is as expected
more entropically controlled than the reaction with methyl
2-bromoisobutyrate (MBriB, AS* = —151 J mol ' K™ }).

The comparison of bromoacetonitrile (BrAN) and
MBriB, two initiators with different radical-stabilizing
groups and similar reactivity at 20 °C (Figure 5), nicely
illustrates the interplay between activation enthalpy and
activation entropy (Figure 3). For enthalpy-controlled reac-
tions (i.e., low temperature), MBriB (AH* = 25.2 kJ mol ')
is more active than BrAN (AH" = 28.7 kJ mol™!). When
higher temperatures are applied (i.e., entropy control),
BrAN (AS* = —136 J mol~ ! K™ !) becomes more reactive
than MBriB (AS* = —151 I mol™' K™1). According to eq 5,
one calculates for this pair an isokinetic temperature T'goxin =
—39.8°C, which is the temperature (1/7=0.0043 K ') on the
abscissa of Figure 3 where the two lines for bromoace-
tonitrile (BrAN) and methyl 2-bromoisobutyrate (MBriB)
intersect.

AAH

Tisokin - TAS (5)

Further analysis of Tigin 1S interesting for the couple MBrP/
PEBr, which serves as model compounds for methyl acrylate
and styrene polymerization, respectively. At temperatures
higher than Tigi, = 127 °C activation of PEBr by Cu(I)Br-
(PMDETA) is faster than of MBrP; at lower temperatures
this reactivity order is reversed. Isokinetic temperatures
for AlIBr/CIAN and PEBr/CIPN pairs are 80 and 94 °C,
respectively.

Conclusions

Activation rate constants for reactions of various alkyl halides
as ATRP initiators with Cu(I)Br(PMDETA) were determined at
various temperatures, and activation parameters were derived
from the corresponding Eyring and Arrhenius plots. The activity
of alkyl group for initiators generally follows the order tertiary >
secondary > primary and nitrile > ester > benzyl. In accor-
dance with transition state theory,* one finds that reactions of
less active initiators are more accelerated by increased tempera-
ture than the corresponding reactions of more active alkyl
halides. All obtained activation entropies (AS™) are highly nega-
tive, indicating that degrees of freedom are lost when approach-
ing the transition state. Reactions of sterically less constra-
ined initiators like nitriles and allyl bromide (AllBr) have the
largest (least negative) activation entropies, which correspond
to less rigid structures of the activated complexes. However,
for the couples 2-bromopropionitrile (BrPN)/bromoacetonitrile

Seeliger and Matyjaszewski

(BrAN), 2-chloropropionitrile (CIPN)/chloroacetonitrile (CIAN),
and methyl 2-bromoisobutyrate (MBriB)/methyl 2-bromopro-
pionate (MBrP), it was found that an additional methyl group at
the reaction center decreases the activation entropy by approxi-
mately 4—5 J mol~' K~'. This is probably caused by shorter
copper—initiator distances for less active alkyl halides. In order to
obtain an even more precise picture of the ATRP mechanism, the
effect of temperature on the ATRP equilibrium constant
(Katrp) " is currently under investigation.
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