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ABSTRACT: The radical propagation rate coefficients, k,,, of methyl acrylate (MA) and 2-ethylhexyl
acrylate (EHA) have been determined in bulk via high frequency (500 Hz) pulsed laser polymerization
coupled to size exclusion chromatography (PLP—SEC) up to elevated temperatures (20 < 7/°C < 80). Prior
to the analysis of the generated polymeric material, an investigation into the branching behavior of the
generated polymers has been undertaken, employing the concept of local dispersity, D(V.). In addition, the
Mark-Houwkink-Kuhn-Sakurada parameters for both poly(MA) and polyEHA were determined at each
studied reaction temperature. The temperature averaged values read (K = 10.2 x 107> dL g~ '; o = 0.741)
and (K=9.85 x 107°dL g '; o = 0.719) for poly(MA) and polyEHA, respectively. The local dispersity
data indicate that branching in polyEHA may be considerably more prevalent than in poly(MA), as with
increasing temperature polymer microinhomogeneities are observed. Consequently, the Arrhenius param-

eters for k, of EHA are beset with a larger error than those of MA. The dCthdthn /Parameters in the tem-

perature range between 20and 80 °Cread: E\M* =
10’ L-mol ™ '-s7!; EABHA =

Introduction

Despite the advanced level of new developments in the field of
synthetic polymer chemistry, there is today still demand for
precise and accurate rate coefficients of the individual reactions
occurring in free-radical polymerizations. Without knowledge of
such parameters, the design of novel processes and the refinement
of existing techniques is hampered. In particular, the kinetic
modeling of reactions on laboratory or large scale reactors relies
mostly on the availability of correct and reliable kinetic rate
coefficients. With advanced polymer1zat10n systems such as atom
transfer radical polymerization, ATRP,' revers1ble addition—
fragmentation chain transfer polymenzatlon RAFT,” or nitroxide-
mediated polymerization, NMP,? the focus is often on the specific
questions that arise from the specific control mechanism,
yet in many cases even the fundamental coefficients of initia-
tion, propagation, and termination are only known with limited
accuracy.*’

The rate coefficient to which the most direct access is available
by modern laser polymerization methods is the propagation rate
coefficient, k. This coefficient can be determined via analysis of
the typical molecular weight pattern that is generated upon
sequential initiation and termination of growing chains caused
by irradiation with a pulsed laser. The pulsed laser polymerization—
size exclusion chromatography technique, PLP—SEC (for
details regarding the technique see below)—developed in
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18.5(+0.8 to —0.9) kJ-mol ' and AM
158 (+1.6to —1.4) kJ-mol ' and 4®HA =

2.5(+1.2to O6)><
9.1 (+10.1to —2.9) x 10°L-mol'-s

the late 1980s®—has proven to be very reliable as the accuracy of
the method is virtually only llmlted by the accuracy of the deter-
mination of molecular weights.” Indeed, a large number of data
was provided in the past 20 years for a multitude of radically
polymerizable monomers; for selected monomers, an [TUPAC
working party has collated benchmark values so that standard-
ized values have become available, including for n-butyl acrylate.®
For the academically and industrially important class of acrylate
monomers, only few data are available, a fact that was also noted
by the TUPAC working party. The lack of wide ranging data is
due to two intrinsic problems that are associated with acrylates.
One is the general failure of the PLP—SEC experiment at elevated
temperatures due to significant side reactions. The other problem
is the accurate determination of molecular weight distributions
via standard size exclusion chromatography (SEC). Both have
their origin in the formatlon of so-called midchain radicals during
the polymerization process.”” ' Thereby, the radical center at the
growing chain end (which is of secondary nature) is transformed
into a tertiary radical by a proton shift reaction or transfer
to polymer, respectively. These transfer reactions can occur via
different pathways, either inter- or intramolecularly. Midchain
radicals, MCR, can undergo a multitude of reactions, namely
addition to monomer (at a largely reduced reaction rate),
termination or f-scission. The MRC location on the polymer
backbone where the radical is transferred to is generally random,
with the exception of the [1,5] H-shift that is occurring via a
favored six-membered ring structure, in which case the reaction is
referred to as backbiting. The exact mechanisms and the implications
that follow from these reactions have been described in detail and
thus are not reiterated here.®'*'>~'* A detailed overview over the
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consequences of transfer to polymer can be found here'* and in
the references cited therein. For the purposes of the current study,
it is sufficient to note that from the different mechanisms either
short chain branches are formed in the residual polymer from
backbiting or long chain branches from random transfer. Addi-
tionally, a general retardation occurs due to the relatively high
stability of the MCRs before they undergo further addition of
monomer units. On the basis of the above background, the
inherent problems in acrylate PLP—SEC can be understood:
The retardation of the reaction leads to a loss of the time-chain-
length correlation'® on which the PLP—SEC technique is based.
Concomitantly, the branching itself leads to incorrect calibra-
tions of an SEC apparatus. Hamielec predicted this as branched
polymers behave differently from their linear counterparts with
respect to their hydrodynamic volume and therefore elution
volume on a chromatography column."”~'7 Our exper1mental
investigations have confirmed the effect to be significant.'®

The problem of chain growth retardation can largely be
overcome by employing fast pulse rates.”*** With the usage of
a 500 Hz excimer laser, k;, for n-butyl acrylate became available
for temperatures exceedmg 70 °C, whereas with the older 100 Hz
systems, only data up to ambient temperature could be collated®
(transfer to polymer reactions are associated with a higher
activation energy than propagation, thus the disturbing influ-
ences of these reactions are not as severe at lower temperatures).
The ks obtained with the 500 Hz laser system are in excellent
agreement with the low-temperature data that were collated by
the IUPAC Smce then we have 1nvest1gated various acrylate
monomers>*? as well as acrylonitrile?® and vinyl acetate?’” with
the high- frequency laser setup.

In the current contribution we aim to fill an existing gap and
provide accurate propagation rate coefficient data for the mono-
mers methyl acrylate, MA, and 2-ethylhexyl acrylate, EHA. Both
monomers are extensively employed in polymer design and only
insufficient propagation rate data is available to date,* even
though MA is probably the best studied acrylate monomer after
n-butyl acrylate with regard to its polymerization kinetics. As
noted above, SEC of polyacrylates is far from simple and
problems in the accurate determination of molecular weights
have been observed including polyEHA?" and polyMA.*° Before
presenting the results from PLP for the two monomers, we will
therefore discuss the separation of polyMA and polyEHA in SEC in
detail to arrive at a as reliable as possible determination of molecular
weights and at an error estimate for obtained data. In this context, we
employ the concept of local dispersity, i.e. the instantaneous dis-
persity of polymers at a given elution volume.'® Local dispersities
above one are a signature for problems in determination of molecular
weights,'* and preliminary observations have shown that this
concept is useful for the evaluation of PLP data of acrylates.”!

Experimental Part

Materials. Methyl acrylate (MA, VWR, 99%), 2-ethylhexyl
acrylate (EHA, Acros, 99%), 2,2-dimethoxy-2-phenylacetophe-
none (DMPA, Aldrich, 99%), and toluene (Scharlau, HPLC grade)
were used as received. Hydroquinone (Aldrich), methanol (VWR),
and tetrahydrofuran (Scharlau, HPLC grade) were all used as
received.

Pulsed Laser Polymerization Experiments. Bulk monomer
solutions containing 5 x 107> mol L™! 2,2-dimethoxy-2-phenyl-
acetophenone (photoinitiator) were transferred into sample
vials (containing close to 0.4 mL of reaction solution each)
which were sealed with rubber septa. Oxygen was removed by
purging the samples with nitrogen for approximately 2 min. The
sample vial was subsequently placed into a stainless steel sample
holder that was brought to the required temperature by a
thermostat (VWR 1196D). The temperature was measured
directly at the sample. The samples were allowed to equilibrate
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at the reaction temperature for close to 5 min and subsequently
initiated by laser pulsing. Laser initiation was achieved by a
Coherent Xantos XS-500 excimer laser operated at the XeF-line
of 351 nm. The laser beam, which was adjusted to an energy of
close to 2.5 mJ/pulse hitting the sample, was redirected to
illuminate the vial from the bottom. High repetition laser
pulsing might induce a temperature increase. Measurement of
the temperature in the sample was carried out in a previous study>
and an average increase of less than 1 °C was observed. A
temperature increase due to imperfect heat dissipation is thus
negligible. After polymerization, a hydroquinone/methanol
solution was added to the samples which are then left for evapora-
tion of the solvent and monomer. Monomer conversion was
determined gravimetrically.

Characterization. For the determination of molecular weight
distributions (MWD) obtained from PLP, a Varian system
comprising an auto injector, a Polymer Laboratories 5.0 um
bead-size guard column, followed by three linear PL columns
(PLgel 5 um MIXED-C) and a differential refractive index
detector using THF as the eluent at 40 °C with a flow rate of
1 mL-min~" was used. The SEC system was calibrated using
narrow polystyrene and poly(methyl methacrylate) standards
(PSS) ranging from 160 to 6 x 10° gmol~'. The resulting molec-
ular weight distributions have been recalibrated employing the
specific Mark—Houwink—Kuhn—Sakurada parameters of the
corresponding polymer, for polystyrene (K = 14.1 x 10 >dL-g "
and oo = 0.70)*® and poly(methyl methacrylate) (K = 12.8 x
107°dL-g 'and o = 0.69).%

The triple-detection chromatographic setup used for the
determination of local dispersities and MHKS parameters
consisted of a modular system (Polymer Standard Service,
PSS, Mainz/Agilent 1200 series) incorporating an ETA2010
viscometer (WGE Dr. Bures) and a light-scattering unit (PSS
SLD7000/BI MA, Brookhaven Instruments). Sample separa-
tion is achieved via two linear columns provided by PSS (SDV-
Lux-1000 A and 10° A, 5 um) with THF as the eluent at 35 °C
with a flow rate of I mL-min~'. The system was calibrated using
polystyrene standards (PSS, see above). The employed triple
detection column system features a lower resolution and thus the
molecular weight distributions—although being prepared via
PLP experiments—employed to derive the local dispersities, do
not feature a PLP distribution. The refractive index increment
dn/dc, where n is the refractive index and c¢ is polymer concen-
tration, employed in calculation of the molecular weights read
for polyMA dn/dc = 0.068 mL-mg ',** and for poly(2-EHA)
dn/de = 0.070 mL-mg~'.3! Tt should be noted that dn/dc is
associated with some uncertainty and slightly different values
from the ones given can be found in the literature.'”° The
discrepancy is however small and close analysis of the data
shows that only minor changes in the resulting molecular
weights and dispersities are obtained when other values for
dn/dc are used.

For data treatment, the raw data are corrected for the
interdetector delay using WinGPC before D(V,) is actually
calculated. As is commonly carried out for branched polymers,
the light scattering raw data were fitted according to Berry.*
The obtained M, (V.)are then smoothed to remove noise from
the signal using Origin software. The Universal calibration
curve from refractometer-viscometer SEC is fitted using a fifth
order polynomial function. The data from the viscometer are
directly processed without applying any smoothing procedure
as the scatter of the residual plots were sufficiently low through-
out the whole study. The M(V,) and M (V) curves were not
fitted, since it often results in mathematical artifacts when
constructing the dispersity plot.

Results and Discussion

The Local Dispersity of Poly(methyl acrylate) and Poly-
(2-ethylhexyl acrylate) Determined via SEC. As branched
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polymers have a different hydrodynamic volume compared
to linear polymer chains and thus different retention times on
a SEC column, the material that is eluted at any given time is
structurally not homogeneous but consists of a distribution
of polymers with the individual sizes depending on the
degrees of branching. The conventional calibration of SEC
thus must in principle fail if the material shows inhomo-
geneous branching; the Mark—Houwink—Kuhn—Sakurada
MHKS relation that correlates the molecular weight M of a
polymer with its intrinsic viscosity [#] (and hence also its
hydrodynamic volume HV) via the parameters K and o can
no longer be used for universal calibration, because the
MHKS relation []= K-M®* is only strictly valid for poly-
mers with identical chain architecture, and thus the param-
eters may vary if chain branching occurs.

The number of branches in a polyacrylate increases with
temperature as expected from semiquantitative studies,*
and recently demonstrated by precise and accurate melt-
state NMR measurements.”’** The rate of backbiting (and
most likely also of random transfer) increases rapidly with
temperature,®® and at 60 °C already over 2% of branches (per
polymerized monomer unit) in the polymer can be found, as
has been shown, e.g., for poly(n-butyl acrylate).* The occur-
rence of branching thus poses a severe problem for the
analysis of polyacrylate samples via conventional SEC as
the exact branching distribution in the samples is unknown:
neither for the individual length of branches nor in rela-
tion to overall molecular weight. In particular, long chain
branches that are formed upon random transfer to polymer
events were found to have a profound effect on the molecular
weight distribution.'®*' Long-chain branched polymers
have a smaller hydrodynamic volume compared to short-
chain branched or strictly linear polymers at a given molec-
ular weight. Thus, at different elution volumes, a mixture of
linear, short-chain branched and long-chain branched poly-
mers will elute that are not identical in molecular weight,
with the exact difference being unknown.'® Such a variety of
chain architectures will undoubtedly affect the molecular
weight distribution analysis, especially with respect to the
determination of the inflection points, which need to be
determined for arriving at propagation rate coefficients via
the PLP—SEC technique. To address the above problem and
to provide a method for other researchers to analyze poly-
acrylate based samples, we present a procedure that first
characterizes the polymer samples with respect to their
branching homogeneity. To achieve the above aim, the
so-called local dispersity D(V,) of the sample at any given
elution volume was determined. Local dispersity is a concept
introduced by Hamielec for branched poly(vinyl acetate).
For each elution volume element, V., the local number-
average molecular weights, M (V,), can be determined via
viscometry in conjunction with universal calibration data
treatment. At the same time, local weight-average molecular
weights, M, (V.), are accessible via a light scattering detector
The ratio My (Ve.)] Mn(V.) is subsequently defined as the
local dispersity, D(V,). This definition is analogous to the
concept of dispersity of a polymer, yet the local dispersity is
calculated for each elution volume element instead for the
entire chromatogramm. If homogeneous material is eluted
on the SEC system, D(V,) = 1 is obtained as both viscometry
and light scattering result in the same molecular weight
(assuming that the separation on the column is almost
perfect and indeed monodisperse material is eluted).! Is
the sample branched, however, then different molecular
weights elute as described above. Thus, the number and the
weight-average molecular weight differ, resulting in a local
dispersity exceeding unity.'® Thus, D(V,) can be employed as
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Figure 1. Plot of D(V.) for a PLP sample produced at 71 °C in com-
parison to the RI detector signal of the same sample. The gray vertical
lines indicate the limits (half height of the chromatogram) in which the
average D(Ve) (dashed line) is deduced.

Table 1. Average Local Dispersities of Polyacrylate Samples Made
via PLP at Different Reaction Temperatures

poly(methyl acrylate) poly(2-ethylhexyl acrylate)

7/°C DV 7/°C DY)
19.8 1.20 10.1 0.95
29.9 1.17 20.0 1.31
40.3 1.30 29.7 1.14
50.2 1.09 40.8 1.42
60.6 1.08 50.8 1.52
70.0 1.15 60.9 1.43
81.2 1.18 71.2 1.64

81.2 1.96

a quantitative measure for the level of branching in a sample,
even if the number of branches itself cannot be estimated
from it. As proposed before,?! the local dispersity can also be
employed to estimate the error from conventional SEC
analysis by assuming that the “true” molecular weight lies
within the local molecular weight distribution, whose broad-
ness is given by the local dispersity, i.e., M (V) and M (V).
Thus, for a D(V,) of for example 1.2, a error of the molecular
weight determination of 20% can be envisaged.

A plot of D(V,) for a PLP sample made from EHA at 71 °C
is shown as an example in Figure 1. The D(V,) plot is
superimposed with the RI detector signal to allow for an
estimation of the polymer concentration at the given elution
volumes.

As can be observed from Figure 1, the local dispersity
changes with the elution volume, but goes through a plateau
value at elution volumes where most of the polymer is eluted.
Such behavior is not seen for all samples, but for many.
D(V,) plots for all analyzed samples can be found in the
Supporting Information. The lower local dispersities at
the shoulder of the distribution does not necessarily reflect
a better homogenity of the samples. It may just be a con-
sequence of the lower signal-to-noise ratio of both the
viscosimeter and the light-scattering detector and thus a
largely reduced sensitivity.>® Therefore, to quantify D(V,)
for polymers made a different reaction temperatures, the
average dispersity is taken at half the height of the elugram
(RIsignal),and D(V,)is determined as the mean value falling
in this region. The resulting average values are collated in
Table 1 and visualized in Figure 2.

Itis important to note that although in Figure 2 a linear fit
of the data has been carried out, this fit should be considered
an aide to guide the eye to discern trends in the data rather
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Figure 2. Average local dispersities of polyacrylate samples made via
PLP at different reaction temperatures.

than as a statement that a linear relationship between
D(V.) and temperature for either polyEHA or poly(MA)
exists. Nevertheless, trends can clearly be observed. At first
glance—surprisingly—almost no dependence of the local
dispersity on temperature is seen in the poly(MA) samples.
Between 20 and 80 °C all data scatter around D(V,) = 1.2
indicating a relatively high consistency of the heterogeneity
of the polymer samples. This should, however, not be inter-
preted in the way that predominantly linear chains are
formed; a consistency can also indicate a relatively evenly
distributed amount of chain branches. Thus, larger D(V,)
do not necessarily indicate a higher degree of branching.
A similar effect has been observed before for poly(n-butyl
acrylate) and it was concluded that for n-butyl acrylate
mostly short-chain branched material is formed under some
PLP conditions that is, however, relatively homogeneous.
It is known that methyl acrylate features a very similar
propensity toward midchain radical formation compared
to n-butyl acrylate under PLP conditions as was determined
via ESR spectroscopy.’’ Thus, a similar conclusion as for
n-butyl acrylate may be drawn for MA, i.e. the formation of
mainly short chain branches, with limited heterogeneity in
SEC due to branching.

A different situation is seen for polyEHA: While at low
reaction temperatures (10 °C), a local dispersity of virtually
unity is seen—and thus an ideal case of chain separation—a
strong increase of D(V.) with reaction temperature is
observed; at 80 °C, D(V%,) is already as high as 2. High local
dispersities were indeed observed for polyEHA before.?!
No data on the rate of backbiting or the accumulated
amount of MCRs under PLP conditions are available for
this monomer. The degree of branching has been measured
by *C NMR for poly(n-butyl acrylate)®® and polyEHAY
obtained by identical conventional radical polymerization
processes and the one of polyEHA is signiﬁcantl;/ higher but
close to the one of poly(n-butyl acrylate).”® Further-
more, EHA polymerizaiton behaves similarlz to other acry-
lates in terms of macromonomer formation.*” It can thus be
assumed, that EHA also undergoes extensive transfer to
polymer reactions in a similar fashion to other acrylates
under almost identical reaction conditions.*! If the rate of
backbiting (or B-scission, respectively) would be very differ-
ent from the other acrylate monomers, the same product
(macromonomers) would not be formed. A possible expla-
nation for the large difference in behavior with respect to the
local dispersity between MA and EHA can be given if one
assumes that EHA undergoes significantly more long-chain
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Figure 3. Linear regions of intrinsic viscosity for polyEHA from which
MHKS parameters were determined. The linear black line represents
the best fit of all data presented in the figure. The temperature under
which the individual polyEHA samples were generated are found in the
legend.

branching than short-chain branching. Long chain-branches
have a more profound effect on the hydrodynamic volume of
a polymer coil thus increasing the size-disparity at a given
elution volume. It may be hypothezised that EHA, by virtue
of its relatively bulky ester side chain, hinders the formation
of a six-membered ring transition structure that is often
suggested for the backbiting reaction, leading to more ran-
dom transfer events. However, regardless of the reason for
the larger D(V,) values, an increased uncertainty in molec-
ular weight distribution must be envisaged for EHA.

After the poylmer samples were analyzed with respect to
branching, a further step that needs to be taken to allow for a
comprehensive molecular weight analysis via conventional
SEC is the determination of MHKS parameters. Because of
the varying degrees of branching, especially with polyEHA, a
change in the observable MHKS parameters with changing
reaction conditions must be taken into account as a worst
case scenario. The same data that have been used to derive
the local dispersity plots can also be used to determine the
MHKS relation for each sample by directly plotting the
measured intrinsic viscosity [#] vs the molecular weight as
determined by the light scattering detector. In Figure 3,
overlaps of the MHKS plots for PLP samples of polyEHA
generated under various reaction conditions are depicted.
According data are given for poly(MA) in Figure 4. As
constant D(V.) was seen with poly(MA), more samples have
been analyzed for polyEHA.

Within the experimental scatter, no trend can be seen with
changing reaction temperature for polyEHA. The combined
data can in fact be represented by a joint linear fit (that is
represented by the thick black line). The MHKS param-
eters (Table 2) significantly differ from the ones obtained
for linear polyEHA .2%#**3 Inspection of Figure 4 suggest the
conclusion that even though apparently an increased
branching heterogenity exist within the polyEHA samples
(see Figure 2), the MHKS relation can stil be used as fit-
ting parameter. Such a finding is quite serendipitous as it
allows one to analyze all polyEHA samples with the same set
of MHKS parameters, as is usually carried out with non-
branched polymers. A very similar result is—not supris-
ingly—obtained for poly(MA). Only the plot determined
on the sample generated at 60 °C does not overlap with the
other data. For the 60 °C data set a significantly different
pair of MHKS values are obtained when the traces are fitted
individually (from the 60 °C data alone, o = 0.54 is deduced)
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As no trend with increasing temperature for the individual
samples is observed, it can be assumed with reasonable
confidence that the 60 °C data point represent an outlier.
Thus, analogues to polyEHA, a joint fit of all traces has been
carried out without taking the 60 °C data set into account.
The resulting K and a from the joint fits are provided in
Table 2. The poly(MA) parameters were thus determined
from PLP samples prepared in bulk in the temperature
range between 20 and 85 °C, with a molecular weight range
of 1.6x10% to 2x 10° g-mol . The poly(2-EHA) parameters
were determined predominantly from samples made under
PLP conditions in bulk, yet including a few samples in
solution (toluene) in the temperature range between 15
and 80 °C, with a molecular weight range of 6500 to 6 x
10° g-mol .

Determination of Propagation Rate Coefficients over a
Wide Temperature Range for Methyl Acrylate and 2-Ethyl-
hexyl Acrylate. With these data at hand, one can now
proceed to analyze the PLP samples for their characteristic

o
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e joint fit — 600°C

1.0 — 198°C — 70.0°C

— 299°C —— 866°C
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Figure 4. Linear regions of intrinsic viscosity for poly(MA) from which
MHKS parameters were determined. The linear black line represents
the best fit of all data presented in the figure. The conditions under
which poly(MA) samples were generated are found in the legend.

Table 2. Gobal MHKS Parameters for Poly(MA) and polyEHA As
Determined from Samples Prepared at Temperatures Ranging from
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peak patterns and molecular weights via conventional SEC.
The detailed procedure and the theory behind PLP can be
found elsewhere,® %?* thus only a short summary of the
principle behind PLP is provided here. By the incidence of
each laser pulse, initiator-derived radicals are formed which
subsequently start chain growth in the dark-time period. As
no initiation takes place in the time after a pulse was applied,
a close-to monodisperse growth of macroradicals can be
assumed and hence the length of a radical be correlated with
the time after the laser pulse. With each subsequent laser
pulse, not only are new radicals generated, but also most of
the growing chains are terminated. A few radicals may
however survive and grow for multiple dark time periods.
The resulting molecular weight distribution is complex and
multimodal, yet characteristic for PLP. For the evaluation of
propagation rate coefficients from these distributions, it is
sufficient to state that k,, is always determined from the
molecular weight at the first inflection point (or in principle
from any higher inflection points) of the multimodal molec-
ular weight distribution. The propagation rate coefficient,
ky is thus readily deduced via:

Li = kp-cm-i-ty, wherei = 1,2,3, ... (1)
where L is the degree of polymerization at the inflection
points, ¢y is the monomer concentration and 7, is the
darktime between two consecutive laser pulses. A collation
of the molecular weight distributions and their first deriva-
tives used for the determination of the inflection points of all
PLP samples are given in the Supporting Information. All
relevant information derived from these plots for the mono-
mer MA are given in Table 3.

Monomer concentrations are calculated from the mono-
mer density p(7) (see Supporting Information for further
details). The resulting k,, from the first point of inflection is
provided in Table 2. Additionally, the ratio of the propaga-
tion rate coefficient determined from the first inflection point
over the propagation rate determined from the second point
of inflection is listed. This ratio can serve as a quality measure
for the experiment as in principle kp,; and k,,, should be
identical. Deviations between 5 and 25% are however com-
monly seen.”>*~%’ This is often observed with acrylate mono-
mers and can be attributed to the occurrence of MCRs.'

20 to 80 °C MCRs decrease the average propagation rate due to their
5 = significantly lower reactivity. It should be noted that such a
polymer K x10°/dL-g a decrease in the average propagation rate allows in principle
poly(MA) 10.2 0.741 for the determination of the midchain radical specific rate
polyEHA 9.85 0.719 coefficients, which was however not the scope of the present
Table 3. Evaluated Data for the Determination of k, for MA“
T/°C n ep/mol-L7! log(M,/g-mol ") log(M>/g-mol ") kp.l/L‘molf1 7! ko1 /kpso
11.3 60 11.20 4.258 4.509 9401 1.12
11.9 100 11.19 4.298 4.553 10320 1.11
19.8 600 11.08 4.395 4.674 13011 1.05
20.4 100 11.07 4.388 4.665 12826 1.06
29.7 500 10.94 4.475 4.735 15851 1.10
30.8 100 10.93 4.419 4.678 13944 1.10
40.3 200 10.80 4.593 4.847 21079 1.11
40.3 250 10.80 4.601 4.851 21480 1.12
50.2 200 10.66 4.679 4.906 26041 1.19
50.4 250 10.66 4.683 4911 26297 1.19
60.5 200 10.53 4.758 4.962 31654 1.25
60.6 150 10.52 4.763 4971 31965 1.24
70.9 150 10.39 4.800 5.005 35328 1.25
71.0 100 10.39 4.800 4.996 35332 1.27
81.2 100 10.26 4.767 5.022 33123 1.11
81.2 200 10.26 4.767 33123

“n gives the number of pulses applied during the experiment and M; represents the respective molecular weights at the inflection points.
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study. Such a retardation effect, while also present in the first
dark-time period between two consecutive laser pulses, has
more severe effects on the second inflection points compared
to the first due to the fact that the radicals had twice as much
time to undergo a transfer step. The data from Table 3 is
depicted in Figure 5 in the form of an Arrhenius plot. A good
linearity of the data is seen between 10 and 60 °C. For the
higher temperatures (7' > 70 °C), k,, levels off and does not fit
the Arrhenius behavior anymore. Such an observation,
accompanied by a concomitant loss of a second inflection
point at 80 °C, is commonly observed for other acrylates
(including n-butyl acrylate) under the same reaction
conditions.?***?* Further indicated in the plot are error
margins for each data point. The analysis of the local
dispersities for each temperaure suggests that the relative
error of k;, should be constant over the studied temperature
regime, being close to 20%, based on the molecular weight
analysis error induced by the local disperstiy level of 1.2
(see above and Figure 2). To account for additional errors
inherent to the PLP—SEC experiment, an overall error
margin of 30% was assumed for all samples (resulting in

+15% error limits). For the fitting of the data, a nonlinear
least-squares method as implemented in the software Con-
tour 2.02 by van Herk was employed.** For the weighting of
the error, a normal distribution was assumed. Such an
assumption may not be entirely justified as the potentially
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Figure 5. Arrhenius plot for the propagation rate coefficient of MA
based on the data given in Table 3.
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erroneous determination of molecular weights is not statis-
tical, yet such data treatment seems to be justifiable. A mini-
mum in the sum of squares space (straight line in Figure 5)
is found for the activation energy En = 18.5 (+0.8 to —0.9)
kJ-mol~" and the frequency factor 4 =2.5 (+1.2 to —0.6) x
107 L-mol~'-s™! in the temperature range between 10 and
60 °C. Even though relatively large errors were assumed for
the molecular weight characterization, the residual error is
relatively small with approximatly 1 kJ-mol ', in the range
of errors found in previous studies on acrylate systems.>>>#>3

The propagation rate coefficient of MA has been pre-
viously targeted in PLP experiments and with 100 Hz lasers,
data for low temperatures were obtained. Manders*
obtained an activation energy of 17.7 kJ-mol ™" with an asso-
ciated frequency factor of 1.7 x 107 L-mol '-s~!. In the
same laboratories, Willemse et al. arrived at an activation
energy of 18.3kJ-mol 'and 4 = 2.4 x 10" L-mol '.s7'.%¢
In addition, Buback and co-workers have studied the low-
temperature proyagation rate coefficient of methyl acrylate
via PLP—SEC.*’ These authors, however, studied the influ-
ence of pressure on ky,, and only limited temperature depen-
dent data was obtained thus disallow for a determination
of activation energy and pre-exponential factor. From the
studies available in literature, the value from Willemse et al.
is not affected by branching of the samples as it was
determined on the basis of molecular weight determinations
via MALDI—ToF mass spectrometry and thus appears to be
more reliable.** However, due to the limitation of the applied
repetition rate, only the temperature range of —25 to +8 °C
could be studied. A commencing influence of backbiting
even at these low temperatures cannot be excluded due to the
comparatively low laser repetition rate of 100 Hz. Thus, even
though the experimental error in the temperature range was
assumed to be very low, an increased error could not have
been excluded for the extrapolation to the temperature range
that was covered in the current study. Similar to n-butyl
acrylate,”® however, the low-temperature data obtained
from 100 Hz experiments are in excellent agreement with
the results from the present study.

The resulting k,, data for polyEHA are collated in Table 4
and plotted in Figure 6. Monomer concentrations were again
calculated on the basis of literature reported temperature
dependent density data p(7) (see Supporting Information for
further details).*® A similar behavior of the propagation rate
coefficient as for MA can be observed: up to 60 °C a good
linearity of the Arrhenius plot is observed with deviations for
the data points obtained at 70 and 80 °C. The agreement
between the resulting k,, from the first two inflection points is

Table 4. Evaluated Data for the Determination of &, for EHA“

T/°C n ep/mol-L7! log(M,/g-mol ") log(M>/g-mol ") kp.l/L‘molf1 7! ko1 /kpso
10.1 850 4.85 4.271 4.563 10440 1.02
10.2 850 4.85 4313 4.561 11500 1.13
20 750 4.80 4.409 4.775 14490 0.86
20.7 750 4.80 4.425 4.774 15050 0.89
29.7 600 4.76 4.481 4.779 17280 1.01
29.8 600 4.76 4.504 4.791 18190 1.03
40.8 500 4.71 4.578 4.838 21820 1.10
40.9 500 4.71 4.573 4.833 21550 1.10
50.8 450 4.67 4.652 26090

50.8 450 4.67 4.606 23470

60.8 350 4.62 4.721 30860

60.9 350 4.62 4.751 33060

71.2 350 4.58 4.725 31450

71.2 350 4.58 4.800 37400

81.2 300 4.54 4.758 34250

81.5 300 4.53 4.825 39990

“n gives the number of pulses applied during the experiment and M; represents the respective molecular weights at the inflection points.
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Figure 6. Arrhenius plot for the propagation rate coefficient of EHA
based on the data given in Table 4.

slightly better for 2-ethylhexyl acrylate, however, no second
point of inflection was observable from as low as 50 °C on. Such
a finding indicates that more transfer events occur compared
to the other monomers, leading to a blurring of the molec-
ular weight distribution at even lower temperatures (from 50 °C
onward). The hypothesis that during EHA polymerization
more transfer events occur leading to an increased level of
(long)-chain branches is underpinned by the higher local dis-
persity values seen for this monomer (see Figure 2 above, where
the local dispersity exceeds 1.5 from 50 °C onward). Thus, the
disappearance of the second inflection point is not necessarily a
consequence of the retarding action of the midchain radicals
and— consequently—the data between 50 and 60 °C can be
used to derive an activation energy. It should, however, be
noted that fitting the data only in the range up to 50 °C would
yield a slightly larger activation energy. This increase is not
significant within the scatter of the data.

For the fitting of the data to an Arrhenius equation, an
identical procedure as for MA was applied. The difference
with the EHA data is, however, that in this case no even
distribution of the relative errors can be assumed. Again, a
minimum error of 30% was assumed, however for all
samples where average D(V,) above 1.3 were identified, the
error was calculated based on each individual local dispersity
value as outlined above, leading to 50% error margins at
60 °C. The resulting Arrhenius parameters are thus beset with a
considerably larger error and read E5 = 15.8 (+1.6to —1.4)
kJ-mol "and 4 = 9.1 (+10.1 to —2.9) x 10° L-mol '-s™"
for the temperature range up to 60 °C. The scatter of the
data between MA and EHA k, is comparable. Thus, the
increased error in the activation energy can be attributed to
the decreased accuracy of the SEC analysis. Castignolles
determined the temperature dependence of EHA k,, with
Ea =16.9 kJ mol™" and a frequency factor of 4 = 13.1 x
10° L-mol'-s™ " in the temperature range of —35°C < T'<
25°C (including reinjection of samples).*>** Hutchinson and
co-workers determined some propagation rate coefficients,
yet in the range 5 °C < T =< 25 °C and did not determine the
activation energy in such a narrow temperature range.>
Taking the higher relative error into account, a gratifying
generally good agreement with the existing literature data is
observed, however with data derived from a significantly
larger temperature range.

The identified activation energy of EHA is significantly
below the one found for MA and also lower than for other
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alkyl acrylates.’>** However—also for the corresponding
methacrylates—a decrease in E by close to 2—2.5 kJ-mol™
is observed when going from the methyl and the butyl ester to
2-ethylhexyl methacrylate.*>' A physical explanation for
this reduction cannot readily be provided, yet the manifest
assumption of the bulky, yet flexible ester side chain having
an influence on the dynamics of the growing macroradicals
appears to be reasonable.

Conclusions

The determination of free radical polymerization propagation
rate coefficients, k,, for acrylates can be complicated by side
reactions that secondary propagating radicals undergo, which
typically involves the formation of midchain radicals. On the one
hand, these side reactions can lead to a blurring of the molecular
weight distribution during the PLP experiments—particularly at
elevated temperatures—invalidating the chain length—time cor-
relation. These effects can to some degree be compensated by
employing high repetition rate lasers (i.e., 500 Hz) as in the
present study. On the other hand, the long and short chain
branches which are generated during the polymerization process
can severely complicate the SEC analysis of the PLP samples. In
the current contribution, we have thus subjected polymers pre-
pared in a wide temperature range (from 20 to 80 °C) to a
procedure which allowed for the estimation of their so-called
local dispersity, D(V,), in order to get an indication of the local
inhomogenieties of the polymeric materials and thus a measure
for the potential SEC error when using a conventional calibra-
tion. The local dispersity value represents a measure for the
degree of branching in a polymer samples. Interestingly, poly-
(MA) samples displayed—as a function of temperature—con-
siderably lower dispersities than samples of polyEHA. The
obtained local dispersity values allowed for an estimation of
the SEC error, which would ultimately beset the derived Ar-
rhenius parameters of the propagation rate coefficient. The
potentially higher branching level in EHA—caused by a more
pronounced transfer activity—also manifested itself in less struc-
tured molecular weight distributions for polyEHA at elevated
temperatures (from 50 °C onward). The key information on the
present study is thus centered on the estimation—to the best of
our knowledge for the first time—of errors in the PLP—SEC of
acrylates caused by the SEC analysis as well as the provision of
Arrhenius parameters of k, for MA and EHA for temperatures of
up to 70 °C. The obtained activation energies and pre-exponential
factors are in good agreement with previous data obtained in a more
limited temperature range up to 20 °C employing 100 Hz lasers. As
error besetting &, exhibits a strong systematic component, the
estimate of the error will in future allow for more meaningful studies
into the variation of k;, with the alkyl side chain group within the
acrylate family.
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