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ABSTRACT: Conventional pulsed laser polymerization coupled with size exclusion chromatography (PLP-
SEC) as well as multipulse pulsed laser polymerization has been employed to study the depropagation
kinetics of the sterically demanding 1,1-disubstituted monomers dicyclohexyl itaconate (DCHI), dibutyl
itaconate (DBI), and dimethyl itaconate (DMI). The effective rate coefficient of propagation, kp

eff, was
determined in bulk and solution of cyclohexanone (DCHI) and N-methylformamide (DMI) for monomer
concentrations between 1.5 < cM

0 < 7.1 mol L-1 in the temperature range 0 < T < 90 °C. The resulting
Arrhenius plots (i.e., ln kp

eff vs 1/RT) displayed a significant curvature in the higher temperature regimes
and were analyzed in their respective linear parts to yield the activation parameters of the forward
reaction. In the temperature region where no depropagation was observed, the following set of Arrhenius
parameters for kp were obtained for the bulk systems: DCHI (Ep ) 26.5 kJ mol-1, ln Ap/L mol-1 s-1 )
11.5), DBI (Ep ) 21.3 kJ mol-1, ln Ap/L mol-1 s-1 ) 10.4), DMI (Ep ) 27.8 kJ mol-1, ln Ap/L mol-1 s-1 )
13.5). In addition, the kp

eff data were analyzed in the depropagation regime for DCHI, resulting in estimates
for the associated enthalpy and entropy (∆H ) -53.5 kJ mol-1 and ∆S ) -142.3 J mol-1 K-1) of
polymerization. The value for the heat of polymerization was independently measured via on-line
differential scanning calorimetry (DSC) as well (∆H ) -55.0 kJ mol-1). ∆H of DBI and DMI were also
determined via DSC or are available in the literature (∆H ) -42.0 and -60.5 kJ mol-1). These numbers
were used to determine the respective entropies of polymerization for both monomers (∆S ) -110 and
-156 J mol-1 K-1) by a fitting procedure of the kp

eff data. DBI polymerization displays significantly different
activation parameters as well as thermodynamic properties in comparison with the corresponding DCHI
and DMI polymerizations. With decreasing monomer concentration, it is increasingly more difficult to
obtain well-structured molecular weight distributions. The DCHI system displayed a significant reduction
in kp

eff with increasing cyclohexanone concentration.

Introduction

Our interest in sterically demanding monomers is
prompted by the realization that such monomers may
be employed to generate block copolymers of approxi-
mate rod/coil structure using living free radical poly-
merization methodologies (i.e., the CSIRO invented
reversibleaddition-fragmentationchaintransfer(RAFT)1

process).2 Of interest for the formation of such rod/coil
structures is the itaconate class of monomers, e.g.,
dicyclohexyl itaconate (DCHI), dibutyl itaconate (DBI),
and dimethyl itaconate (DMI) (see structural images
depicted in Scheme 1).

A wide array of hindered monomer systems have been
studied via electron spin resonance (ESR) spectroscopy
(in conjunction with steady-state polymerization rate
measurements) with the aim of deducing propagation,
kp, and termination rate, kt, coefficients.3-6 Macromol-
ecules produced from hindered monomers can display
unique chain properties. Previous studies have shown
that hindered monomers, unlike other monomers, may
not show a pronounced chain length dependence of the
termination reaction. It may also be possible that the
chain length dependence of kp observed in varying
degrees for some monomers is less pronounced in
hindered monomer systems. Such observations indicate
that the sterically demanding cyclohexyl substituents
in e.g. DCHI lead to the macromolecule arranging itself

into stiff and straight rods,7 confirming observations
made by Otsu and co-workers in 1985.8 The property of
chain stiffness opens the door for the above-mentioned
relatively facile synthesis of a range of rod/coil block
copolymers via the combination of an itaconate-based
polymer block followed by a block of a conventional
monomer such as styrene. A first step toward the
application and design of itaconate-based rod/coil block
copolymers (with pstyrene as the second block) was
discussed in an earlier publication, in which we reported
the successful controlled free radical polymerization of
DCHI and DBI via the RAFT process.2 The inherent
difference in ceiling temperatures between the coil (Tc-
(styrene, bulk) ) 310 °C)9 and the rod part of the
generated copolymers may allow for a targeted depo-
lymerization of the rod component in a cast polymer film
(where the block copolymer has undergone phase sepa-* Corresponding author. E-mail: camd@unsw.edu.au.

Scheme 1. Sterically Demanding Monomers
Dicyclohexyl Itaconate (DCHI), Dibutyl Itaconate
(DBI), and Dimethyl Itaconate (DMI) Used for the

Depropagation Study
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ration) and the subsequent formation of macromolecular
imprints. (The rod part should have a Tc significantly
lower than the coil part, ideally in the region of 60-
100 °C.) Thus, our study into the depolymerization
kinetics of these polymers is partly driven by the
potential application of the associated block copolymers
for the generation of macromolecular imprints.2

The monomers examined in the present contribution
represent varying degrees of steric bulk, increasing from
dimethyl itaconate (DMI) to dibutyl itaconate (DBI) and
dicyclohexyl itaconate (DCHI). These itaconate species
are also referred to as “hindered monomers”. This term
is imparted to the itaconate class due to the bulky
substituent groups that can cause extremely slow
propagation and termination rates. The bulky groups
in the vicinity of the vinyl functionality prevent the
propagating radical from effectively reacting with mono-
mer, so that the propagation rate, kp, and termination
rate coefficient, kt, are significantly lower than those of
more common monomer systems under comparable
reaction conditions (e.g., kp(methyl acrylate, 60 °C) )
27 000 L mol-1 s-1, 〈kt〉(methyl acrylate, 60 °C) ) 1 ×
108 L mol-1 s-1, kp(DCHI, 60 °C) ) 6.8 L mol-1 s-1,
〈kt〉(DCHI, 60 °C) ) 1403 L mol-1 s-1).10-14

The determination of the propagation rate coefficients
is today routinely carried out by the IUPAC recom-
mended pulsed laser polymerization (PLP) technique.15,16

This methodologysin which the resulting polymeric
material is analyzed via size exclusion chromatography
(SEC)sallows for the accurate determination of the
propagation rate coefficient kp. Our group has previously
published values for the propagation rate coefficents13,14,17

and termination rate coefficients12,13 of both DMI and
DCHI using the PLP-SEC technique. These studies
show in detail that the PLP-SEC method is capable of
determining rate coefficients of hindered monomers,
albeit with some modifications (see below).

In the case of many monosubstituted ethylene-type
monomers other side reactions (such as potentially
excessive transfer to monomer) become dominant well
before the ceiling temperature is reached.18 However,
for some 1,1-disubstituted ethylene monomers (such as
R-methylstyrene19) it is possible to polymerize at reac-
tion conditions where the effects of the reverse reaction
cannot be neglected.20 Understanding depropagation for
hindered monomers systems and its associated effects
on the polymer molecular weight are necessary to
ensure a uniform polymer product andsmore important
in the context of macromolecular imprintssallow for the
selection of reaction conditions where depropagation
dominates. Furthermore, hindered monomer systems
are potentially attractive candidates for investigations
into chain length dependent termination rate coef-
ficients via stationary RAFT experiments.21-23 Informa-
tion about their behavior at higher temperatures is
paramount for a successful application of the RAFT-
CLD-T (i.e., RAFT chain length dependent termination)
methodology for mapping out chain length dependent
kt. Thus, the focus of the present contribution is the
determination of reaction conditions in which depoly-
merization becomes prominent and to obtain (when
possible) an estimation of the ceiling temperature (Tc

24)
for the aforementioned monomers via conventional and
the so-called multipulse pulsed laser polymerization
techniques.

Multipulse Initiation in PLP. The laser-induced
increase in termination processes under PLP conditions

is the underpinning mechanism that causes the char-
acteristic peaks that occur in the resulting chain length
distribution. These characteristic peaks reflect an in-
creased termination probability of the growing chain at
the moment of a laser flash as a result of the formation
of a large free radical population. The evaluation of
these peaks is the basis for the calculation of the
effective propagation rate coefficient kp

eff according to
eq 1

where Li is the kinetically relevant chain length ob-
tained from either the first (i ) 1) or second (i ) 2)
inflection point preceding a maximum of the distribution
and t0 is the time between successive laser pulses. At
the end of t0, when the subsequent laser pulse irradiates
the sample, the remaining radicals are exposed to the
newly generated radicals, leading to a great increase
in the probability of their termination. The termination
of the growing radical species occurs at a chain length
close to Li. The best estimate for Li is (in the majority
of cases) the inflection point of the PLP controlled peak
of the polymer molecular weight distribution (MWD)
(see for example refs 15, 25, and 26) which corresponds
to the peaks of the derivative function of the PLP
controlled MWD. Self-consistent PLP is obtained when
well-resolved additional peaks in the resulting molec-
ular weight distribution are observed. Pseudo-stationary
pulsed laser polymerization theory27 implies that the
shape of the distribution is governed by the dimension-
less product, C, of the radical concentration, F, the
termination rate coefficient, and the dark time, t0 (see
for example ref 28 for a detailed description of the
underpinning theory of PLP-SEC). Typical values of
C are between 0.5 and 10, with higher C values yielding
more pronounced first additional peaks. Hindered mono-
mers are characterized by low termination rate coef-
ficients; therefore, the product of F and t0 has to be high
in order to obtain well-structured distributions. This can
be achieved by increasing laser power and initiator
concentration or increasing dark time between succes-
sive laser pulses. However, there are experimental
limitations to implementing this theory, and these are
discussed in a previous publication by our group.13

The most feasible and promising method to increase
the value of the product C and thus obtain well-
structured MWDs is achieved by increasing F by apply-
ing several pulses over a very short time interval. The
extremely low propagation rate coefficients for the
monomers studied in the present work make negligible
the uncertainty caused by the extension of the initiation
period from 20 ns (conventional PLP) up to 1.5 s in this
work. A burst of n pulses within 1 s leads to a free
radical concentration n times higher as in normal PLP,
inaccessible using conventional PLP. For example, we
have noticed that considerable improvement can be
achieved in the resulting MWD obtained during the
polymerization of DBI using the multipulse technique.
Olaj and Zifferer29 have shown in great detail via
simulations that arbitrary periodic initiation profiles
(even with discontinuities) lead to MWDs with ad-
ditional peaks and that yield reliable values for kp.

We have previously used the classical and multipulse
PLP-SEC technique successfully to measure kp values
between 20 and 50 °C for both dimethyl itaconate14 and
dicyclohexyl itaconate,13 respectively. In both previous

Li ) kp,i
eff[M]t0 (1)
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publications, reaction conditions were such that de-
polymerization did not occur (kp

eff ) kp). Therefore, the
experimental values and Arrhenius parameters re-
ported for these monomers correspond to the forward
reaction rate coefficients defined by eq 1. The present
study extends the temperature range under investiga-
tion, giving access to kp

eff at both lower and higher
temperatures (0 < T < 90 °C) and at reduced monomer
concentration in solution of cyclohexanone and N-
methylformamide as well as incorporating the complete
study of a new hindered itaconate monomer, which may
sterically lie between the two itaconate species previ-
ously studied.

Within the present study the effect of depropagation
on the generated MWDs in multipulse PLP was also
investigated via the PREDICI simulation package on
the example of DCHI. This monomer was selected for
the theoretical investigation since most of the relevant
kinetic parameters (including reliable termination rate
coefficients) are available.

Propagation/Depropagation Reaction Kinetics.
For every monomeric species undergoing chain poly-
merization there is a temperature at which the reverse
reaction, depolymerization, can no longer be considered
insignificant. The propagation step is thus reversible,
although often considered irreversible, and thus a
thermodynamic equilibrium can be attained (see ref 28
and the literature cited therein for a description of the
theoretical background) While we wish to employ depro-
pagation approaches (in the long term) to achieve
macromolecular imprints, depolymerization can also be
used to achieve molecular weight control in certain
copolymerization systems.30 The thermodynamic equi-
librium associated with depolymerization can be de-
scribed by the magnitude of the free energy difference,
∆G, between the polymer and the monomer (eq 2)

and is thermodynamically favored when ∆G is negative.
The heat of polymerization, ∆H, of all (viable) free
radical polymerizations is negative with values typically
in the range of -30 to -80 kJ mol-1.31 Free radical
polymerization entropies are also typically negative in
the range -100 to -120 J K-1 mol-1.31 Thus, under low-
temperature conditions, the exothermicity of the reac-
tion exceeds the entropic term and ∆G is negative. At
elevated temperatures, the entropic term becomes sig-
nificantly larger until the enthalpic and entropic terms
are equal. The temperature at which T∆S ) ∆H is the
temperature where ∆G ) 0 and propagation and depro-
pagation display identical rates (no net polymerization).
This temperature is known as the ceiling temperature
of the polymer and is denoted Tc.24 The kinetic inter-
pretation of the propagation and depropagation effects
is described by eqs 3 and 4, respectively.

where Ri represents the growing radical of length i and
M the monomer, kp denotes the propagation rate coef-
ficient and kdp the depropagation rate coefficient. The
depropagation process results in a lowering of the rate
of polymerization, Rp, according to eq 5

where kp
eff is the effective rate coefficient of propagation

defined by eq 6:

The depropagation effect is therefore inversely propor-
tional to the monomer concentration. Understanding
and consequently being able to model the effects of
depropagation are necessary for the development of
uniform polymeric products, especially in the case of
living/controlled polymerizations such as the RAFT
process. To model polymerization processes at temper-
atures where depropagation becomes relevant, the
depropagation kinetics of the species must be known.
The depropagation kinetics are governed by the en-
thalpy, ∆H, and entropy, ∆S, of the polymerizing
monomer and can be rationalized as depicted below.

where E and A are the activation energies of the forward
(subscript p) and reverse (subscript dp) rate reactions
as expressed in the usual Arrhenius form. To our
knowledge, the only published data for the enthalpies
of polymerization of any of the monomers considered in
the present study is for DMI by Dainton et al., who
determined (via reaction calorimetry) an enthalpy, ∆H,
of 60.5 kJ mol-1 at 27 °C.32 To our knowledge, no
entropy measurements for itaconates have previously
been reported in the literature.

Experimental Section
Materials. Dicyclohexyl itaconate (DCHI) was prepared via

the method of Velickovic33 with the following modifications:
After the reaction, the mixture was distilled twice under
reduced pressure (1 mmHg). Between distillations the crude
DCHI was dissolved in a minimal amount of chloroform and
dripped slowly into n-hexane. The formed white solid was
filtered off, and the n-hexane evaporated. The crude DCHI was
subsequently dissolved in a minimal amount of chloroform
again and percolated through a basic alumina column with
chloroform as the solvent. The percolate was collected and
placed on the high-vacuum line to remove the solvent, leaving
a highly viscous colorless oil (for a detailed NMR characteriza-
tion see ref 13). Dibutyl itaconate (DBI, Aldrich, 96%) was
purified by percolating over a column of activated basic
alumina. Dimethyl itaconate (DMI, Aldrich, 99% purity) was
used as received. The photoinitiator 2,2-dimethoxy-2-pheny-
lacetophenone (DMPA) (Aldrich, 99%) was used as received.
Tetrahydrofuran (THF, Aldrich) for SEC measurements was
refluxed over potassium, distilled, and stabilized with 2,6-di-
tert-butyl-p-cresol. N-Methylformamide (Aldrich, 99%) and
cyclohexanone (Ajax Chemicals, 99%) were used as received.
The thermal initiator azobis(isobutyronitrile) (AIBN, Aldrich,
99%) was recrystallized twice from cyclohexane prior to use.

Polymerizations. All samples consisted of monomer or a
monomer/solvent mixture (total volume 1.0 mL) with a pho-
toinitiator concentration between 5 × 10-3 and 3.5 × 10-2 mol

∆G ) ∆H - T∆S (2)

Ri
• + M 98

kp
Ri+1

• (3)

Ri+1
•98

kdp
Ri

• + M (4)

Rp ) kp[M][R•] - kdp[R
•] )

(kp -
kdp

[M])[M][R•] ) kp
eff[M][R•] (5)

kp
eff ) kp -

kdp

[M]
(6)

∆H ) Ep - Edp (7)

∆S ) R ln(Ap/Adp) + R ln[M] (8)

kp ) Ap exp(-Ep/RT) (9)

kdp ) Adp exp(-Edp/RT) (10)
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L-1. Prior to laser irradiation, all samples were thoroughly
deoxygenated with a nitrogen stream for a period of 10 min.
A Continuum Surelite I-20-Nd:YAG pulsed laser system was
used to generate radiation bursts (20 ns) at a wavelength of
355 nm with a single pulse energy ranging between 15 and
30 mJ and a beam diameter of 6 mm. Care was taken to ensure
a homogeneous intensity profile over the whole optical cross
section. The applied laser pulse patterns were controlled with
an external digital pulse generator (Quantum Composer 9412A
and 9612 models). Isothermal reaction conditions were main-
tained using a recirculating bath including a feedback loop
through a thermocouple attached to the side of the reaction
cell. The experimental rig employed is very similar to the one
described previously.34 The bath fluid used was a 50:50 mix
of ethylene glycol and water. The samples for the multipulse
initiated PLP were irradiated with 4-20 repetitive bursts of
5-30 laser pulses (with pulse frequencies of 10 or 20 Hz),
leading to an overall polymerization time of 0.33-6 min,
depending on the individual dark time between bursts, t0. The
samples for conventional PLP were irradiated with single laser
pulses of between 0.202 and 20 Hz with an overall polymer-
ization time of 5-62 min. Cell design limits the study to
atmospheric pressure; thus, the maximum temperature is
determined by the normal boiling point of the monomer or the
monomer/solution mixture. Monomer/solvent mixtures were
prepared at room temperature (20 °C) on a molar basis, with
monomer concentrations at the respective reaction tempera-
tures calculated by assuming volume additivity35 using pure
component densities measured via an Anton Paar (5000)
density meter. The complete collection molecular weight data
obtained in the present study can be found in the Supporting
Information section in Tables S1-S7.

Size Exclusion Chromatography. Chain length distribu-
tions (CLDs) for pDMI were measured via SEC on a Shimadzu
modular LC system comprising a DGU-12A solvent degasser,
a LC-10AT pump, a SIL-10AD autoinjector, a CTO-10A column
oven, and a RID-10A refractive index detector. The system was
equipped with a Polymer Laboratories 5.0 µm bead-size guard
column (50 × 7.5 mm), followed by three linear PL columns
(105, 104, and 103 Å). The eluent was THF at 40 °C with a
flow rate of 1 mL min-1. Calibration curves were generated
using both poly(methyl methacrylate) and polystyrene stan-
dards in molecular weight ranges between 500 and 106 g mol-1.
The injection volume was 50 µL (5 mg mL-1). SEC traces were
evaluated using the Cirrus 1.0 software package (PL). The
Mark-Houwink-Kuhn-Sakurada (MHKS) constants of poly-
styrene (K ) 14.1 × 10-5 dL g-1 and a ) 0.70)36 and poly-
(methyl methacrylate) (K ) 12.8 × 10-5 dL g-1, a ) 0.697)37

were subsequently used to create a universal calibration curve
which, in conjunction with the MHKS constants of pDMI (THF,
K ) 46 × 10-3 mL g-1, a ) 0.510), provided access to absolute
molecular weight distributions for pDMI. CLDs for pDBI and
pDCHI were determined using a similar SEC system with a
column temperature of 25 °C. The Mark-Houwink-Kuhn-
Sakurada (MHKS) constants of pstyrene and p(methyl meth-
acrylate) were then used to create a universal calibration curve
which, in conjunction with the MHKS constants of pDCHI
(THF (25 °C), K ) 23.3 × 10-3 mL g-1, a ) 0.580), provided
access to absolute molecular weight distributions. MHKS
constants of pDBI (toluene (25 °C), K ) 5.7 × 10-3 mL g-1, a
) 0.70) provided access to absolute molecular weight distribu-
tions for pDBI. There are currently no MHKS constants
available for pDBI in THF. However, it has recently been
demonstrated that those obtained in toluene can be used in
THF systems.38

On-Line Fourier Transform-Near Infrared (FT-NIR)
Spectroscopy. FT-NIR spectroscopy was employed to ensure
that monomer to polymer conversions did not exceed 5% in
each case. Monomer to polymer conversions were determined
by transferring a portion of the irradiated (PLP) mixture after
reaction into a 1 mm optical path length Infrasil cell (Starna
Optical), and the decrease of the intensity of the first vinylic
stretching overtone of the monomer at v ) 6166 cm-1 (in the
case of DCHI, with a slightly different vmax value for DBI and
DMI) compared to a nonreacted sample was determined. The

FT-NIR measurements were performed using a Bruker IFS66\S
Fourier transform spectrometer equipped with a tungsten
halogen lamp, a CaF2 beam splitter, and a liquid nitrogen
cooled InSb detector. Each spectrum in the spectral region of
8000-4000 cm-1 was calculated from the coadded interfero-
grams of 12 scans with a resolution of 2 cm-1. For conversion
determination, a linear baseline was selected between 6240
and 6120 cm-1. The integrated absorbance between these two
points was subsequently used to calculate the monomer-to-
polymer conversion via Beer-Lambert’s law. Other integration
methods or methods using only the variation of the peak height
at 6166 cm-1 have been tested in this study and yield identical
results.

Differential Scanning Calorimetry (DSC). The heats of
polymerization, ∆H, of DCHI and DBI in bulk were determined
in duplicate experiments via on-line DSC. Monomer with AIBN
(5 × 10-2 mol L-1) was thoroughly deoxygenized via nitrogen
purging and handled inside a glovebag filled with dry nitrogen
gas. Exactly weighed amounts of solution (close to 70 mg) were
loaded to aluminum pans that were sealed with aluminum lids.
The polymerization heat was determined isothermally at 60
°C via measuring the heat flow vs an empty sample pan in a
differential scanning calorimeter (Perkin-Elmer DSC 7 with
a TAC 7/DX thermal analysis instrument controller). After
completion of the reaction, the remaining monomer concentra-
tion was determined via FT-NIR spectrometry, by dissolving
the entire contents of the DSC pan in a known quantity of
tetrahydrofuran (THF) and subsequent comparison with a
sample containing a known quantity of monomer and THF.
The derived enthalpies are given (together with other param-
eters) in Table 2.

Solvent Selection. The selection of appropriate solvents
for the present study of the depropagation kinetics of sterically
hindered monomers is driven by two considerations: (i) the
solvent needs to display a sufficiently high boiling point in
order to investigate polymerizations at elevated temperatures
(T > 80 °C); (ii) the solvent should not participate in transfer
to solvent reactions to any noticeable extent, since these
transfer processes interfere considerably with the PLP meth-
odology. Although DBI undergoes intramolecular chain trans-
fer reactions at elevated temperatures,39 these reactions may
be suppressed by the presence of amide compounds.40 It has
been suggested that it is primarily the hydrogen-bonding
ability of the amide species with the itaconate moieties that
suppress the possible intra- and intermolecular transfer reac-
tions previously described. In addition, it has also been
suggested that the bulkiness of the amide compound is one of
the important factors in controlling the hydrogen-bonding
interaction.39,40 Thus, N-methylformamide was selected as
solvent for DBI and DMI since it also has a sufficiently high
boiling point (Tb ) 198 °C). For the DCHI polymerization,
cyclohexanone was selected as solvent, mainly driven by a low
solvent to monomer transfer constant41 and a high boiling point
(Tb ) 153 °C). The reason that cyclohexanone was used instead
of N-methylformamide is associated with the significantly
decreased likelihood of backbiting reactions occurring in DCHI
systems as a result of the extremely large substituent groups
of the DCHI monomer.

Monomer and Solvent Densities. The densities, d, neces-
sary for the calculation of monomer concentration for each
experiment were determined using a DMA 5000 density meter
(Anton Paar) in the temperature range between 20 and 90 °C.

Table 1. Density/Temperature Relationships in the
Temperature Range 20-90 °C for the Monomers and

Solvents Employed in the Present Study

monomer/solvent density function

DMI d/g mL-1 ) 1.14265 - 0.00107T
DBI d/g mL-1 ) 1.00083 - 0.0009T
DCHIa d/g mL-1 ) 1.0751 - T × 8.774 × 10-4 +

T2 × 5.940 × 10-7

cyclohexanone d/g mL-1 ) 0.966 - 0.0009T
N-methylformamide d/g mL-1 ) 1.0209 - 0.0009T

a Density function determined previously.13
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The best fit equations to the density data are collated in Table
1. The individually measured density vs temperature relation-
ships can be found (alongside the best fit lines) in the
Supporting Information (Figures S1-S4).

Simulations. All simulations of chain length distributions
were carried out using the program package PREDICI (Polyre-
action Distributions by Countable System Integration), version
5.36.3, on a Pentium M, 1.6 GHz Intel-IBM-compatible com-
puter.

Results and Discussion

Experimental Results of Multipulse-Initiated
PLP of Bulk DCHI. The monomer of greatest interest
and with potentially the largest applicability of all the
itaconate monomers studied in the present work is
DCHI. DCHI is the largest and most sterically hindered
of the monomers studied and appears to have the
greatest radical stability due to its steric bulk. The
ability to obtain well-resolved PLP distributionsswell
into a temperature region where depropagation can no
longer be neglectedsevidences the slow propagation
rate of the monomeric species as well as free radical
stability. Figure 1 depicts MWD’s and derivative plots
from PLP experiments at temperatures between 20 and
100 °C.

The multimodal distributions (20 < T < 90 °C) are
typical of molecular weight distributions (MWDs) pro-
duced by PLP. Values of kp

eff are calculated using eq 1
from the inflection point of the distribution determined
from the maximum on the corresponding derivative plot.
The increase in kp

eff is typical of the normal increase
caused by its Arrhenius temperature dependence up to
60 °C. However, beyond this temperature the increase
of kp

eff halts and subsequently drops as the temperature
is further increased to 90 °C: depropagation has started
to significantly affect kp

eff. At 90 °C, L1 falls back to a
lower molecular weight; kp

eff is almost the same as that
determined at 60 °C. No kp

eff information can be
obtained from the PLP generated MWD at 100 °C
(under a variety of conditions, including variations in
the dark time, number of cycles, and laser intensity),
which does not display any structure associated with
pulsed laser control and is shifted to lower molecular
weight values. This latter result suggests that 100 °C
is approaching the ceiling temperature of the system:
the rate of depropagation approaches that of propaga-
tion and the relative rate of chain transfer increases,
resulting in a dramatic decrease in the average molec-
ular weight and a loss of characteristic PLP features.
The qualitative behavior illustrated in Figure 1 is

captured quantitatively by transforming measured in-
flection points to kp

eff values. Figure 2 depicts an
Arrhenius plot of all of the kp

eff data for bulk DCHI,
including the low temperature (20-50 °C) results
published previously.13 The data are summarized in
Table 2 together with the results from other systems
under consideration in this study (see below).

Table 2. Average Effective Propagation Rate Coefficients, kp
eff, for Dicyclohexyl, Dibutyl, and Dimethyl Itaconate at

Varying Reaction Temperatures and Initial Monomer Concentrationsa

T/°C DCHI3.6M
bulk DCHI3.1M DCHI2.7M DCHI2.5M DCHI1.8M DBI4.1M

bulk DMI7.1M
bulk DMI3.1M

0 0.7 2.5 3.6
10 1.2 3.8 5.1
20 2.0b 1.2 5.4 8.4
25 2.4c

30 2.8b 1.7 7.1 12.0
40 3.7b 3.1 2.5 2.2 8.8 17.5 15.0
50 4.7c 3.9 3.5 2.9 2.8 11.4 23.5 21.6
60 6.8 5.6 4.1 3.3 3.5 13.4 30.7 25.0
70 7.8 6.2 5.4 4.1 4.4 13.0 42.8 33.3
80 7.7 6.4 5.8 13.2 48.7 38.8
90 6.6 4.5 10.5 50.1

a kp
eff was calculated from the first point of inflection of the associated molecular weight distributions. Only those distributions that

clearly displayed multiple overtones were used to derive kp
eff values. The complete collation of the associated molecular weight data (L1

to L3) can be found in the Supporting Information Tables S1-S7. b Average of the data deduced in this study and previously reported13

kp
eff values. c Previously reported data.13

Figure 1. (a) Full molecular weight distributions generated
via multipulse pulsed laser dicyclohexyl itaconate bulk free
radical polymerization using 2,2-dimethoxy-2-phenylacetophe-
none as photoinitiator in the temperature range between 20
and 100 °C. (b) Corresponding first derivatives of the same
molecular weight distributions from which the inflection points
were collected to deduce the effective propagation rate coef-
ficients, kp

eff, listed in Table 2.
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The solution datasalso presented in Table 2sare
discussed later (see below). The straight line plotted in
Figure 2 results from an Arrhenius fit to the (bulk) data
collected at temperatures below 61 °C. The resulting
Arrhenius parameters (in the temperature range be-
tween 0 < T < 60 °C) read Ep ) 26.5 kJ mol-1 and ln
Ap ) 11.5 L mol-1 s-1.42 These numbers are relatively
close to a similar data set reported in a slightly smaller
temperature region (20 < T < 50 °C, Ep ) 22.8 kJ mol-1

and ln Ap ) 9.76 L mol-1 s-1).13 The extrapolation of
the Arrhenius line in Figure 2 to higher temperatures
clearly does not provide an adequate representation of
the experimental data, which begins to deviate from kp
predictions at a temperature of 70 °C. The value of kp

eff

at 90 °C is 6.8 L mol-1 s-1. This is a factor of 2.3 times
lower than the extrapolated kp value from the Arrhenius
plot. Clearly, the effects of depropagation cannot be
neglected at this temperature. An estimation method
previously employed in a depolymerization study by
Hutchinson et al.18 has been used to estimate the
parameters Edp and Adp, where estimates of kdp are
calculated for the data points collected in the region
where depropagation is effective and cannot be ne-
glected. A linearized fit is performed via eq 11 in the
region of effective depolymerization (temperature range
between 70 and 90 °C) where eq 12 is employed to
determine values for kdp-der (derived depropagation rate
coefficient):

where kp-ext is calculated assuming the forward Arrhe-
nius parameters (Ap and Ep) are valid over the entire
temperature range. The linearized plot fitted to eq 11
is shown in Figure 3. The above analysis procedure
yields numbers for activation parameters Adp and Edp
for the depropagation reaction, i.e., ln Adp/s-1 ) 29.9 and
Edp ) 80.0 kJ mol-1. The values are very close to
previously reported numbers in methacrylate systems.18

From the complete set of the forward and reverse
Arrhenius parameters, the polymerization enthalpy and

entropy can be calculated via eqs 7 and 8: ∆H ) -53.5
kJ mol-1 and ∆S ) -142.3 J mol-1 K-1. The above
analysis is supported by an independent measurement
of the enthalpy carried out via monitoring the heat of
polymerization via isothermal differential scanning
calorimetry (DSC, see Experimental Section), which
returned a value of ∆H ) -55.0 kJ mol-1. The com-
pleted parameter set for all monomers is collated in
Table 3.

Effect of Depropagation on the Resulting Mo-
lecular Weight Distributions in Multipulse PLP of
DCHI. It is mandatory to establish in a quantitative
fashion why multipulse PLP fails to yield well-struc-
tured molecular weight distributions under conditions
where propagation becomes prominent. For this pur-
pose, a relatively simple kinetic scheme was imple-
mented into the PREDICI program package comprising
pulsed initiation, propagation, depropagation, and bi-
molecular termination. The simulation returned the full
molecular weight distributions, which were subse-
quently subjected to an algorithm which introduced SEC
broadening (σ(log M) ) 0.05). Finally, the distributions
were analyzed analogous to the experimental distribu-
tions to yield the effective rate coefficient of depropa-
gation, kp

eff. The rationale behind the simulations was
as follows: A reaction condition (i.e., multipulse se-
quence) was selected at which a well-structured MWD
resulted under actual experimental conditions at a
temperature where depropagation reactions are non-
dominating. The simulation was carried out andsnot
surprisinglysthe initial input value for kp was returned
upon analysis of the MWD. Subsequently, the simula-
tion was repeated, this time however with a nonzero
value for the rate coefficient of depropagation. In a
stepwise fashion, the depropagation rate coefficient was
increased and the resulting effect on the MWD observed.
The simulation was carried out for a reaction temper-
ature of 20 °C, for which the following rate coefficient
values are valid: kp ) 2.04 L mol-1 s-1, kdp (see Figure
4), kt,d ) 147 L mol-1s-1, kt,c ) 49 L mol-1 s-1 (indices
“d” and “c” correspond to disproportionation and com-
bination with 25% of termination by combination),13 ki
) 20.4 L mol-1 s-1, and primary radical termination kt

p

) 106 L mol-1 s-1.12 The rate coefficient of depropagation
was varied between 0 and 6 s-1. For the simulations a
primary free radical concentration generated by each

Figure 2. Experimental effective propagation rate coef-
ficients, kp

eff, obtained via multipulse pulsed laser polymeri-
zation for bulk dicyclohexyl itaconate free radical polymeri-
zation between 0 and 90 °C. The data have been analyzed by
a conventional Arrhenius analysis (full line) for the forward
propagation rate coefficient, kp, in the temperature between 0
and 60 °C as well as via the methodology described in text
(dotted line).

ln(kdp-der) ) ln(Adp) - (Edp/R)(1/T) (11)

kdp-der ) (kp-ext - kp
eff)[M] (12)

Figure 3. Depropagation rate coefficients, kdp, obtained in
dicyclohexyl itaconate bulk free radical polymerization as a
function of reaction temperature (70 < T < 90 °C). The
associated preexponential factor, Adp, and activation energy,
Edp, of depropagation can also be found in Table 3.

Macromolecules, Vol. 38, No. 14, 2005 Depropagation Kinetics of Monomers 5949



laser pulse of 3 × 10-6 mol L-1 was assumed. The pulse
pattern was composed of a 20 Hz burst of 1 s, followed
by a dark time period 9 s.

Inspection of Figure 4 clearly demonstrates that, with
increasing proportions of depropagation present in the
reaction sequence, the obtained molecular weight dis-
tributions lose their structural distinctions. At a depro-
pagation level of kdp ) 2 s-1 a clear PLP structure can
be detected in the molecular weight distribution, while
at a depropagation level of 4 s-1 the PLP structure is
clearly starting to disappear. At a depropagation level
of 6 s-1, no PLP structure is observable. We also
evaluated other multipulse burst patterns in the simu-
lations, and it comes at no surprise that a change in
the multipulse burst pattern does not allow for obtaining
well-structured PLP distributions under strong depro-
pagation influences. These findings are in complete
agreement with the corresponding experimental data,
where we could not identify PLP conditions that allowed
for the generation of well-structured and self-consistent
(i.e., having overtones) molecular weight distributions
under strong depropagation conditions. Thus, the ex-
perimental observation that no PLP distribution can be
obtained beyond certain temperatures, coupled with the
nonlinear Arrhenius relationships, provides evidence
that depropagation becomes prominent. At first sight,
it comes at some surprise that no PLP structures can
be observed at an effective kp in the depropagation
region, whereas a clear distribution can be observed an
identical effective kp at lower temperatures. Certainly
one of the underpinning reasons for this behavior is
associated with a broadening effect in the chain lengths
of the propagating radical population due to the larger
number of propagation (and depropagation) events that
occur during each dark time interval. It is worthwhile
to test whether the numbers determined for the DCHI
bulk system for kp and kdp describe the actual experi-
mentally determined molecular weight distributions. We
simulated the molecular weight distributions for 30 and
80 °C (i.e., in the nondepropagation and depropagation
regimes) and compared the simulation output with the
experimental data. Not surprisingly, the agreement

between the simulated and modeled distributions is
good (see Figure S5 in the Supporting Information as
well as the caption to this figure for the modeling
parameters). It should be kept in mind when comparing
the experimental and simulation output that there is
unavoidably a degree of uncertainty about the magni-
tude of the actual radical concentration generated per
single laser pulse and the ratio of combination to
disproportionation. Thus, although correct values for the
kinetic rate coefficients were employed, the actual peak
heights of the simulated distributions can differ from
those observed experimentally. The situation could be
improved via a distribution data fitting procedure.
However, we do not wish to embark on such an exercise,
which is beyond the scope of the present study (please
see ref 43 for a good example on PLP distribution fitting
and optimization).

Experimental Results of Multipulse-Initiated
PLP of DCHI in Solution. Equation 6 indicates that
the relative importance of depropagation is inversely
proportional to the monomer concentration and in fact
increases as the monomer concentration is decreased.
It can thus be anticipated that as the monomer concen-
tration decreases, the kp

eff values determined will devi-
ate from kp at lower temperatures. Experiments were
thus conducted to determine kp

eff with 85, 75, 70, and
50 mol % of [DCHI]bulk (using cyclohexanone as the
solvent). Figure 5 shows the data obtained at these
monomer concentrations as well as a theoretical de-
scription for kp

eff using the activation parameters de-
termined from the DCHI bulk systems (i.e., Ap, Ep, Adp,
and Edp). The theoretically expected kp

eff values were
thus obtained by using eqs 7-12 under variation of the
monomer concentration. The results are also collated
in Table 2.

Inspection of Figure 5 indicates indeed that with
increasing solvent concentration it becomes increasingly
difficult to obtain structured molecular weight distribu-
tions that allow for the extraction of kp

eff values at
higher temperatures. Only at the lowest solvent con-
centration (closed squares) was it possible to obtain a

Figure 4. Calculated full molecular weight distributions (via
PREDICI) resulting from multipulse pulsed laser polymeri-
zation (PLP) experiments of bulk dicyclohexyl itaconate. The
simulation assumes a range of values for the depropagation
rate coefficient, kdp, and examines its effect on the applicability
of the PLP method (for details, including the simulation input
parameters, see text).

Figure 5. Experimental effective propagation rate coef-
ficients, kp

eff, obtained via multipulse pulsed laser polymeri-
zation for dicyclohexyl itaconate in solution (cyclohexanone)
free radical polymerization between 20 and 90 °C. The
polymerizations were carried out with varying mol % of solvent
as indicted within the figure. The bulk data have been
analyzed by a conventional Arrhenius analysis (thick full line)
for the forward propagation rate coefficient, kp, as well as via
the methodology described in text (thin full line), and the
resulting activation parameters have been used to model the
solvent experiments.
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kp
eff value in the depropagation region. At the next

highest concentration (open diamonds) it can just be
seen that the kp

eff levels off. For the two highest
concentrations, we could not identify PLP-SEC condi-
tions that lead to structured molecular weight distribu-
tions. However, this observation in itself suggests that
depropagation becomes more pronounced at lower tem-
peratures as the solvent concentration is increased. As
the simulated kp

eff curves in Figure 5 demonstrate, the
effect of solvent addition on kp

eff is relatively small (e.g.,
at 70 °C the kp

eff for the highest solvent concentration
is reduced by approximately 25%). If one considers that
the determined kp

eff values are beset with an error of
between (20 and (30% (a value which is the generally
accepted accuracy of PLP-SEC based kp determination,
see for example the IUPAC PLP-SEC benchmark paper
on styrene16), the expected effects almost lie within this
error range. Inspection of Figure 5 also shows that, with
increasing concentration of the solvent, there tends to
be a general lowering of kp

eff, which is also observed in
the temperature region where there should be no
depropagation. The simulated kp

eff curves show a quan-
titative mismatch between the predictions and the
experimental data. Decreasing the monomer concentra-
tion at elevated temperatures leads to a lower value of
kp

eff than expected. Such a deviation was also noted in
the early study of the depolymerization kinetics of
n-dodecyl methacylate by Hutchinson et al.18 and the
literature cited therein.44-46 It is not unreasonable to
attribute this mismatch to a solvent effect on kp

eff. The
mismatch becomes more pronounced as the monomer
concentration is decreased, with a kp

eff in 50 mol %
solution approximately 50% lower than that in bulk (see
Figure 5 in the low-temperature region).

Experimental Results of Multipulse-Initiated
PLP of DBI in Bulk and Solution. If DBI is of less
steric bulk than DCHI, one would expect that its ceiling
temperature is somewhat higher. Electronically, both
DBI and DCHI are very similar, and thus the activation
energies of the propagation reaction observed for DBI
and DCHI should be very similar, but there should be
a pronounced difference in the preexponential factor due
to steric reasons. Surprisingly, there is a difference in
both the preexponential factor (decreasing from ln Ap/L
mol-1 s-1 ) 11.5 to ln Ap/L mol-1 s-1 ) 10.4) andsvery
pronouncedsthe activation energy. The Arrhenius analy-
sis of the data depicted in Figure 6 in the temperature
range between 0 and 50 °C returns an activation energy
for the propagation reaction of close to 21.3 kJ mol-1.
This number is in good agreement with a previously
reported value of 19.4 kJ mol-1 for the same quantity.47

While it cannot be excluded that the absolute values of
the propagation rate coefficient are somewhat affected
(and thus the derived number for Ap) by the use of
Mark-Houwink-Kuhn-Sakurada (MHKS) parameter
valid for toluene in THF solution (although the effects
should be minor), it is even more unlikely that their
relative position and thus the activation energy is
affected. It has been demonstrated in an earliers
smaller temperature rangesstudy on DMI that the use
of various Mark-Houwink parameters does indeed not
effect the observed activation energy.14

In the high-temperature regime (at temperatures
exceeding 60 °C), the data depicted in Figure 6 demon-
strate that the effective rate coefficient of depropagation
does not further increase as predicted by the Arrhenius
relationship for the forward reaction, thus indicating

the onset of depropagation. Similarly to the experiments
carried out with DCHI, we attempted to obtain effective
propagation rate coefficients for DBI in solution at
temperatures exceeding 70 °C. However, it was not
possible to identify any PLP conditions under which
structured molecular weight distributions could be
obtained. Such an observation may by itself suggest that
depropagation becomes more pronounced at higher
temperatures as the solvent concentration is increased
(as pointed out in the DCHI section as well). However,
it also should also be noted that there has been a
detailed study of DBI free radical polymerization with
regard to possible backbiting and transfer to polymer
reactions in these systems.40 Within this study it has
been shown that the stereochemistry of the generated
pDBI depends on the polymerization temperature.
Polymers with a wide range of tacticities, from syndio-
tactic to isotactic-rich, can be obtained, which has been
demonstrated by 13C NMR spectroscopy. The same
study reported that DBI undergoes intramolecular chain
transfer reactions at elevated temperatures, which can
(at least partly) be suppressed by the addition of amides
to the reaction mixture (see the above section on solvent
selection). It cannot be excluded that the tendency of
DBI to from midchain radicals influences its suitability
for PLP-SEC experiments.

To further investigate the change in activation energy
when going from DCHI to DBI, the heat of polymeri-
zation, ∆H, was determined by on-line DSC and was
close to -42.0 kJ mol-1. The effective propagation rate
data was subsequently analyzed by eqs 7-12 in order
to arrive at the activation entropy (which is equivalent
to deducing the value for Adp), which is possible because
all other parameters of the system are known (i.e., Ep,
Ap, and ∆H plus the effective propagation rate coef-
ficients kp

eff as a function of temperature). In effect, a
parameter optimization is carried out to determine the
value ∆S such that eq 8 yields an optimum fit for the
temperature-dependent effective propagation rate data.
The value deduced for ∆S is -110 J mol-1 K-1, consid-
erably lower than the corresponding number for DCHI
(-142 J mol-1 K-1) and DMI (see below, -156 J mol-1

K-1).42 The low entropy is an indication that the system
undergoes a lesser decrease in loss of freedom than both
DCHI and DMI. Interestingly, both pDCHI and pDMI

Figure 6. Experimental effective propagation rate coef-
ficients, kp

eff, obtained via multipulse and conventional pulsed
laser polymerization in bulk dibutyl itaconate free radical
polymerization between 0 and 90 °C. The data have been
analyzed by a conventional Arrhenius analysis (full line) for
the forward propagation rate coefficient, kp, as well as via the
methodology described in text (dotted line).
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prepared under the PLP-SEC conditions of the present
study precipitate very well in methanol at room tem-
perature, whereas pDBI does not (it only precipitates
at much lower temperature, T < -20 °C, in the same
solvent). As inspection of Table 3 indicates, DBI is thus
considerably different to both DCHI and DMI in terms
of its thermodynamic and the related activation param-
eters. Significant differences in activation energy for
monomers belonging to the same familyswhere no such
differences would be expectedshave been observed
before. Of particular note is a pulsed laser study into
the effects of the ester side chain on the propagation
kinetics of alkyl methacrylates.48 In there, it was found
that all studied methacrylates displayed activation
energies of close to 24 kJ mol-1, with the only exception
being dodecyl methacrylate (DMA), which showed an
activation energy of close to 21 kJ mol-1.49 Prima facie,
this discrepancy is as puzzling as the one reported in
the present study. Given the distance between the ester
side chain and the propagating center (corroborated by
a lack of conjugation), one would expect that the ester
side chain does not significantly affect the activation
energy in both cases. In the case of DMA, the discrep-
ancy was explained by assuming that the ester chain is
coiled and part of it could lie relatively near the
propagating radical chain end. Under such circum-
stances, the activation energy could be affected by
through space interactions between the alkyl chain and
the unpaired electron. In the case of DBI, one could
potentially envisage a similar scenario leading to the
same effect, especially because DBI carries two mobile
ester side chains. In the case of DCHI, one would expect
less interaction of the ester group with the radical center
due the inflexibility of the ester group imparted by its
cyclic nature.

Experimental Results of Multipulse-Initiated
PLP of DMI in Bulk and Solution. The least steri-
cally demanding monomer considered in the present
study is DMI. DMI has been studiedsalbeit in a limited
temperature rangespreviously via PLP-SEC. In here,
we extend this initial data set to higher and lower
temperatures and solution polymerization. On the basis
of steric grounds alone, one would expect that DMI has
the highest ceiling temperature and an activation
energy for the forward reaction in line with the number
reported for DCHI. Further, it may be anticipated that
DMI displays the largest preexponential factor, Ap, of
the three monomers. Indeed, inspection of Table 3
largely confirms these expectations. The preexponential
factor is indeed a factor of ≈7 times larger than that
recorded for DCHI, and the activation energies are
(within experimental error) identical (27.8 vs 26.5 kJ
mol-1).

Figure 7 shows the dependence of the effective
propagation rate coefficient on the temperature in both
bulk and 50 mol % solution. Inspection of the figure
clearly shows that at temperatures exceeding 70 °C the
bulk polymerization process does not adhere to the

Arrhenius relationship anymore. At 50 mol % solvent
in the reaction mixture, the decrease is not pronounced.
However, a slight effect of the solvent on the propaga-
tion rate coefficientssimilar to that observed in the case
of DCHIscan be observed. The data were analyzed
using an independently determined value for heat of
polymerization, ∆H ) -60.5 kJ mol-1,32 and the activa-
tion parameters obtained for the forward propagation
reaction in the temperature range between 0 and 70 °C
(Ep ) 27.8 kJ mol-1, ln Ap/L mol-1 s-1 ) 13.5) in an
identical fashion as described above for DBI. The
analysis procedure returned a value for the entropy of
polymerization, ∆S, of -156 J mol-1 K-1.42 This number
is similar to the value deduced in DCHI polymerization
for the same parameter (∆SDCHI ) -142 J mol-1 K-1)
but departs markedly from the number obtained for DBI
(see above; ∆SDBI ) -110 J mol-1 K-1). In addition, DMI
displays the largest value for the preexponential factor
of all three monomers, which is associated with the fact
that it has the least steric bulk, and thus the frequency
of successful collisions is considerably higher than in
the case of DBI and DCHI. The dotted line in Figure 7
gives the temperature dependency of kp

eff associated
with the thermodynamic data collated in Table 3. As
mentioned above, the excellent fit of the data with the
measured data points is not surprising, since the dotted
line is effectively the outcome of a fit procedure. It is
noteworthy that the determined set of Arrhenius data
for DMI bulk polymerization describes the temperature
dependent solution data very well (dashed line in Figure
7) simply by adjusting the monomer concentration. The
trend already observed for DCHI that the kp

eff decreases

Table 3. Activation Energies and Preexponential Factors for the Propagation and Depropagation Reaction of
Dicyclohexyl, Dibutyl, and Dimethyl Itaconate as Well as Heats and Entropies of the Polymerization Processes (for

Details See Text)

monomer ln Ap Ep/kJ mol-1 [M]0/mol L-1 ln Adp Edp/kJ mol-1 -∆H/kJ mol-1 -∆S/J mol-1 K-1 Tc/°C

DMI 13.5 27.8 7.1 34.2 88.3 60.5b 156 114
DBI 10.4 21.3/19.4c 4.1 25.0 63.3 42.0a 110 109
DCHI 11.5 26.5 3.6 29.9 80.0 53.5/55.0a 142 114

a Value measured by on-line DSC in the current study. b Value deduced in an earlier calorimetry study.32 c Value determined by Popovic
et al.47

Figure 7. Experimental effective propagation rate coef-
ficients, kp

eff, obtained via conventional pulsed laser polymer-
ization for dimethyl itaconate in bulk and solution (N-
methylformamide, see text) free radical polymerization between
0 and 90 °C. The data have been analyzed by a conventional
Arrhenius analysis (full line) for the forward propagation rate
coefficient, kp, as well as via the methodology described in text
(broken lines).
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at an identical temperature with increasing amounts
of solvent (i.e., the polymer depropagates at lower
temperatures) is also found for DMI.

The thermodynamic data collated in Table 3 can be
employed to calculate the ceiling temperature. Inspec-
tion of Table 3 shows that DMI and DCHI as well as
DBI have ceiling temperatures very close to each other
in the range of 110 °C. The ceiling temperature for the
hindered monomers of the present study thus lies
considerably lower than those observed for pstyrene (Tc
) 310 °C)9 and p(methyl methacrylate) (Tc ) 220 °C),50

but also significantly higher than R-methylstyrene (Tc
) 61 °C).51 The monomers studied in the present
contribution thus represent a compromise between
relatively good polymerizability at nondemanding reac-
tion conditions, while at the same time opening an
avenue to depolymerize the generated material at a
later stage in applications such as macromolecular
imprinting.

Conclusions
In the present study we have presented effective

propagation rate coefficient data, kp
eff, for three steri-

cally hindered monomers in wide temperature ranges
as well as in both bulk and solvent systems. The present
data demonstrate that the stercially hindered monomers
DCHI, DBI, and DMI display relatively low ceiling
temperatures (see Figure 8 for a direct comparison of
the bulk propagation rate coefficients at various tem-
peratures), evidenced by the deviation of the observed
effective rate coefficient of propagation, kp

eff, from the
low-temperature regime Arrhenius analysis.

The data obtained for DCHI allowed for an estimation
of the entropy and enthalpy of polymerization in bulk
directly from the temperature dependent kp

eff data. In
addition, the polymerization enthalpy was also deter-
mined via on-line DSC. For DBI bulk polymerization,
the heat of polymerization was measured only via
differential scanning calorimetry (a literature value is
available for DMI)32 and employed in conjunction with
the propagation rate data to deduce the polymerization
entropy for both monomers. Surprisingly, DBI displays
a very different behavior when compared to DMI and
DCHI, showing a significantly lower activation energy
for the forward reaction and heat of polymerization
accompanied by a relatively high entropy of polymeri-
zation. With increasing amounts of solvent in the

reaction mixture, it is increasingly more difficult to
obtain structured molecular weight distributions that
allow for the deduction of effective propagation rate
coefficients at temperatures where depropagation is
significant. However, this observation may in itself be
an indication that depropagation becomes more promi-
nent at lower reaction temperatures with decreasing
monomer concentration. Further, the addition of a
solvent leads to a significant decrease of the effective
propagation rate coefficients also in the low-temperature
regimes in the case of DCHI polymerizations. The data
gathered in the present contribution will serve as an
important piece of information in guiding material
design based on depolymerization methodologies. In
addition, the data are invaluable in judging the poten-
tial applicability of RAFT-based methodologies toward
obtaining chain length dependent termination rate
coefficients in these systems.
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