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ABSTRACT: A novel method to extract individual free-radical polymerization rate coefficients for butyl acrylate
intramolecular chain transfer (backbiting),kbb, and for monomer addition to the resulting midchain radical,kp

t , is
presented. The approach for measuringkbb does not require knowledge of any other rate coefficient. Only the
dispersion parameter of SEC broadening has to be determined by fitting measured MWDs or should be available
from separate experiments. The method is based upon analysis of the shift in the position of the inflection point
of polymer molecular weight distributions produced by a series of pulsed-laser polymerization (PLP) experiments
with varying laser pulse repetition rate. The coefficientkbb is determined from the onset of the sharp decrease of
the apparent propagation rate coefficient (kp

app) with decreasing repetition rate, an approach verified by
simulation. With experiments performed between-10 and+30 °C, the estimated values are fitted well by an
Arrhenius relation with pre-exponential factorA(kbb) ) (4.84( 0.29)× 107 s-1 and activation energyEa(kbb) )
(31.7 ( 2.5) kJ‚mol-1. At low pulse repetition rates, the experimentalkp

app values are related to an averaged
propagation rate coefficient,kp

av, that is dependent on the relative population of chain-end and midchain radicals.
Evaluated by comparing simulated and experimental molecular weight distributions,kp

av provides an estimate for
kp

t . The Arrhenius parameters are:A(kp
t ) ) (1.52( 0.14)× 106 L‚mol-1‚s-1 andEa(kp

t ) ) (28.9( 3.2) kJ‚mol-1.

Introduction

The accuracy and reliability of free-radical propagation rate
coefficients,kp, has been considerably improved by application
of the pulsed laser polymerization (PLP) size exclusion chro-
matography (SEC) technique.1 The idea is found in earlier
references,2,3 but it was the development and experimental
verification by Olaj et al.1 that demonstrated the potential of
the technique. A mixture of monomer and photoinitiator is
illuminated by laser pulses separated by a timet0, typically
0.01-0.2 s. Each pulse generates a burst of new radicals in the
reaction mixture that will grow, provided that they escape
termination, to a chain lengthL0:1,2

with [M] being the monomer concentration. There is a high
probability that the new radicals from the subsequent flash at
t0 will terminate these chains, such that a distinctive peak is
formed in the polymer molecular weight distribution (MWD)
corresponding toL0, usually determined from the inflection point
on the low-molecular-weight side of the peak.1 Since radicals
have a certain probability to survive the burst of termination at
t0 and to terminate at a later pulse, the relative concentration of
polymer with chain lengthsL1 ) 2L0, L2 ) 3L0, ..., is also
increased. As a result, the technique produces a well-structured
MWD with peaks at chain lengthL0 and its multiples. Using
eq 1 to determinekp, the PLP-SEC technique has been applied

successfully to many monomers.4,5 Benchmarkkp values have
been published by an IUPAC subcommittee on “Modeling of
Polymerization Kinetics and Processes” for styrene,6 several
alkyl methacrylates,7-9 and butyl acrylate.10 The reliability of
thekp determination is validated by several consistency criteria,7

among which the most important are thatL1 ) 2L0 (the chain
lengthL0 is used for determination ofkp, while L1 is measured
to check this consistency criterion) and thatkp values are
independent from the initiator concentration, the pulse energy
and the laser pulse repetition rate.

However, difficulties have appeared in the determination of
kp values for alkyl acrylates by the PLP-SEC technique at
temperatures above 20°C. For these monomers, molecular
weight distributions (MWDs) obtained at 100 Hz (or less) and
higher temperatures show either no structure or a broadened
PLP structure.10-22 Intramolecular transfer to polymer is now
accepted as the mechanism responsible for this peak broaden-
ing,10 a conclusion based on numerous experiments23-31 and
theoretical32-34 considerations. In addition, the deviation of the
stationary polymerization kinetics of alkyl acrylates from the
behavior of other monomers35-41 can also be attributed to
intramolecular transfer to polymer.35,42,43

Intramolecular transfer to polymer, a mechanism often
referred to as backbiting, generates a tertiary (midchain) radical,
Rt, by abstraction of a hydrogen atom from an acrylate unit on
the backbone of the secondary (chain-end) radical Rs, most likely
via the formation of a six-membered ring, as shown in Scheme
1 for butyl acrylate (BA). Subsequent addition of monomer to
Rt creates a short-chain branch (SCB) in the polymer and leads
to re-formation of a chain-end radical. The propagation rate
coefficient for monomer addition to the midchain radical,kp

t , is
significantly lower than addition to the secondary chain-end
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radical (denoted bykp
s).27,30,43 The relative concentrations of

the two types of radicals can be estimated assuming that they
achieve a dynamic equilibrium; i.e., making the quasi-steady
state assumption on Rt:42

In eq 2, kbb is the backbiting rate coefficient,kt
tt is the rate

coefficient for termination of two midchain radicals,kt
st is the

rate coefficient for cross-termination of the two radical types,
and other side reactions (i.e.,â-scission of tertiary radicals) are
assumed negligible. The rate of polymerization for the system
is

wherexMCR ()[Rt]/([Rt] + [Rs])) is the fraction of midchain
radicals. Equations 2 and 3 lead to the definition of an average
propagation rate coefficient (or effective propagation rate
coefficient) for the two-radical system, assuming that the
probability of propagation is much higher than termination for
midchain radicals (kp

t [M] . kt
tt[Rt] + kt

st[Rs] in eq 2, the so-
called long-chain hypothesis):27,42,44

which, askp
t , kp

s, is transformed to

It is also useful to remember thatkp
av is related to the fraction

of midchain radicals in the system; from eq 3,kp
av ) kp

s(1 -
xMCR) for kp

t , (kp
s[Rs])/[Rt].

Some efforts have been made toward the evaluation ofkbb

andkp
t for butyl acrylate (BA). First, a measure of quaternary

carbons via13C NMR has been used to determinekbb, applying
the expression for branching level (BL):29

The so-obtained Arrhenius parameters are:Ea(kbb) ) 29.8
kJ‚mol-1 andA(kbb) ) 4.31× 107 s-1.29 (The values reported
here are recalculated from the BL data in29 using the IUPAC
values10 for kp

s in eq 6.) The fraction of midchain radicals in
the BA system has been measured by electron spin resonance
spectroscopy (ESR) under PLP conditions by Willemse et al.,30

with the difference in activation energies between back-
biting and monomer addition to midchain radical estimated as
∆Ea ) Ea(kbb) - Ea(kp

t ) ) 18.8 kJ‚mol-1. This value is
surprising, as it suggests, in conjunction with the above-
mentioned value ofEa(kbb) ) 29.8 kJ‚mol-1, that the activation
energy for monomer addition to midchain radicals,Ea(kp

t ), is
only 11 kJ‚mol-1, a value much lower than the 34 kJ‚mol-1

measured for polymerization of the butyl acrylate dimer.45 It
could well be that the experimental conditions used in the ESR-
PLP study do not allow the relative concentrations of Rs and Rt

to reach an equilibrium ratio, especially at low temperatures,
violating the quasi-steady-state assumption and/or long-chain
hypothesis for midchain radicals and underestimatingEa(kp

t ).
Nonetheless, the work30 provides an upper bound estimate of
68 L‚mol-1‚s-1 for kp

t at 50°C, about 400 times lower than the
value ofkp

s.43

In this work, we revisit the analysis of the MWDs produced
by PLP-SEC to obtain estimates of bothkbb and kp

t for BA.
Simulations by Nikitin et al.33,44indicate that the PLP-generated
MWDs yield valuable information, even if the growing radicals
are subjected to backbiting events during the time between
subsequent pulses. The apparent propagation rate coefficient
(kp

app, as measured from the first inflection point on the low-
molecular-weight side of the MWD) varies with pulse repetition
rate (PRR) between two limiting values. At high repetition rate,
kp

app provides a measure of the chain-end propagation rate
coefficient (kp

s), as the chains associated with the inflection
point do not undergo any backbiting events between pulses.10

As PRR is decreased, a greater fraction of chains undergo
backbiting in the time between pulses; the slow reinitiation of
these midchain radicals back to chain-end radicals by monomer
addition (see Scheme 1) shifts the inflection point to a value
lower than the expected position (kp

app < kp
s). As PRR is

decreased even further, a chain has the opportunity to undergo
several backbiting-reinitiation cycles in the dark time between
pulses, such thatkp

app provides a measure ofkp
av, defined by eq

4. This approach has been experimentally explored by Casti-
gnolles46 for BA polymerization initiated by pulsed UV lamp
radiation at 15°C, under which conditionskp

av was estimated to
be about 4800 L‚mol-1‚s-1. However, thekp

app variation with
repetition rate was found to be not reproducible, as the pulse
energy of the lamp was not well stabilized. Thus, Castignolles
recommended application of the PLP technique.

Very recently the variation inkp
app with PLP repetition rate

was reported for nonionized acrylic acid (AA) pulsed laser
polymerization in the aqueous phase (9.6 wt % AA in water)
at 6 °C,47 and the data were used to estimatekbb/kp

t for AA
under these conditions to be 2.4 mol‚L-1. The kinetics of AA
polymerization in the aqueous system is complicated by the
variation of kp

s with acid concentration and degree of ioniza-

Scheme 1. Formation of a Midchain Tertiary Radical (Rt) by
Intramolecular Chain Transfer of a Chain-End Secondary

Radical (Rs), where Monomer Addition to the New Midchain
Radical Structure Creates a Short-Chain Branch in the Polymer

and Leads to Reformation of a Chain-End Radical

[Rt]

[Rs]
)

kbb

kp
t [M] + kt

tt[Rt] + kt
st[Rs]

(2)

Rp ) (kp
t [Rt] + kp

s[Rs])[M] ) (kp
t xMCR +

kp
s(1 - xMCR))[M]([R t] + [Rs]) ) kp

av[M]([R t] + [Rs]) (3)

kp
av ) kp

s -
kp

s - kp
t

1 +
kp

t [M]

kbb

(4)

kbb

kp
t

) [M] ( kp
s

kp
av

- 1) (5)

BL )
kbb

kp
s[M] + kbb

(6)
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tion.48,49 Therefore, we have returned to the BA system to
investigate the feasibility of determining kinetic coefficients
from the variation inkp

app with PRR by PLP-SEC.

Experimental Part

Butyl acrylate (Fluka, 99% purity) is purified by passing through
a column filled with inhibitor remover (Aldrich) to remove
hydroquinone monomethyl ether, and is treated by several freeze-
pump and thaw cycles to remove dissolved oxygen. DMPA (2,2-
dimethoxy-2-phenylacetophenone, Aldrich, 99% purity) or MMMP
(2-methyl-4-(methylthio)-2-morpholinopropiophenone, Aldrich, 98%
purity) is added to the monomer at concentrations 5 to 16 mmol‚L-1

under an argon atmosphere, and the mixture is transferred to a
QS110 optical cell (Hellma-Worldwide) with a path length of 10
mm. The sample is maintained at the reaction temperature (-10,
0, +10, +20, and+30 °C) while being exposed to pulsed laser
radiation for 10 to 50 pulses at 3-100 Hz and energies of 5-30
mJ per pulse to allow for about 0.5% monomer conversion to
polymer; the LPX 210i excimer laser (Lambda Physics) of 20 ns
pulse width was operated on the XeF line at 351 nm. Within one
series of experiments in which laser pulse repetition rate is varied,
the type and the concentration of initiator and laser pulse energy
were the same, such that the concentration of radicals generated
per pulse should remain constant. As the number of pulses and
thus monomer conversion were low, no temperature increase in
the cell was observed during pulsing. The reaction mixture after
PLP was poured into a sample vial containing hydroquinone
monomethyl ether (Fluka) in methanol to stop post-polymerization
and precipitate the formed polymer. Residual monomer and
methanol were evaporated by freeze drying under high vacuum.

The SEC analyses were performed at 35°C with tetrahydrofuran
as the eluent (1 mL‚min-1 flow rate) on a system composed of a
Waters HPLC pump (model 515), a JASCO AS-2055-plus au-
tosampler, three PSS SDV columns (5µm particle size; 105, 103,
and 102 Å pore sizes) and a Waters refractive index detector (model
2410). The SEC setup was calibrated with polystyrene standards
of narrow polydispersity (Mp ) 410 to 2 000 000 g‚mol-1

, PSS,
Mainz, Germany). The obtained MWDs are recalculated according
to the principle of universal calibration using Mark-Houwink
parameters for linear polyBA (K ) 1.22 ×10-2 mL‚g-1, a )
0.700).14 Data acquisition and processing were carried out using
the WinGPC software (PSS, Mainz, Germany).

Results and Discussion

Experiments at 20 °C. To confirm the dependence ofkp
app

on PRR found by simulation,44 PLP experiments have been
carried out with BA at 20°C, with laser repetition rate varied
between 100 and 11 Hz. Experimental conditions were carefully
selected for these (and all) experiments as follows:

•A low number of pulses were used to reduce broadening of
the MWD due to initiator consumption (changes in initial radical
concentration) and monomer conversion (changes in monomer
concentration).

•A large sample volume was chosen to produce an amount
of polymer sufficient for SEC analysis even at rather low
monomer-to-polymer conversions.

•The reaction mixture was protected from ambient light to
minimize formation of background non-PLP polymer.

•The optical setup was carefully aligned to minimize non-
uniform irradiation of the sample cell.

•High initiator concentration and laser energy were used, to
approach the high termination rate conditions50 and to ensure
chain-length control by laser pulsing.

The MWDs obtained in these experiments are shown in
Figure 1a together with the associated first-derivative curves
(Figure 1b). The features of the distributions and their derivative
curves are in accord with the earlier experimental observa-

tions.13,16 For the higher laser repetition rates (f ) 100 and 62
Hz) the MWDs satisfy the main criterion of the PLP-SEC
method for determiningkp

s: the second inflection point at
chain lengthL1 ≈ 2L0 is clearly observed in the first-derivative
plots. Lowering of the PRR results in MWDs without clear PLP
structure, due to the influence of intramolecular chain transfer.10

It is worthwhile expanding on the processes that control the
PLP structure introduced earlier. The sharp peak observed in
the MWDs generated at laser repetition rates of 100 and 62 Hz
is the result of termination of secondary radicals that have
survived the pulse separation time oft0 (0.01 or 0.016 s). A
fraction of the radicals undergoes intramolecular chain transfer
to polymer during this time interval, as the characteristic time
for backbiting is of the same order of magnitude ast0; τbb )
1/kbb ) 0.005 s, calculated using the Arrhenius parameters for
kbb from literature.29 However, a sufficient fraction of radicals
grow exclusively by chain-end propagation without undergoing
backbiting during the period between pulses, thus producing a
characteristic PLP structure at chain lengthL0. Lowering PRR
to 39 Hz and below, results in a greater fraction of radicals that
undergo backbiting prior to the arrival of the subsequent laser
pulse. As monomer addition to these midchain radicals is slow,
the linear relationship between chain length and time (eq 1) is
lost. Previous modeling work has indicated that a weak PLP
structure may be maintained if the rate of monomer addition to
the midchain radical (characteristic timeτMCR ) 1/(kp

t [M])) is
fast relative to that of backbiting.51 This is not observed in Figure
1: the MWDs are broadened and contain no PLP structure, thus
violating the IUPAC consistency criteria for determination of
propagation rate coefficients by the PLP-SEC method. Nev-
ertheless, these MWDs should not be considered as meaningless;
as they arise from termination of radicals subjected to backbiting
events, they contain valuable information about rate coefficients

Figure 1. Experimental MWDs (a) and associated first-derivative
curves (b) produced by PLP of butyl acrylate at 20°C and different
laser pulse repetition rates.
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associated with midchain radical formation (kbb) and subsequent
monomer addition (kp

t ).
Model of Acrylate Polymerization. The mechanistic model

of acrylate polymerization at temperatures below 80°C is given
in Scheme 2. As the model is used to analyze low-conversion
kinetic data, intermolecular chain transfer to polymer is not
included, nor isâ-scission of tertiary radicals since the mech-
anism has been found to be of negligible importance in this
temperature regime.27,28The added complexity of chain-length
dependent (CLD) termination is not considered; CLD termina-
tion has negligible effect on the position and breadth of the
main MWD peak which is controlled by termination of radicals
with lifetime t0 with newly generated short radicals. The different
reactivity of midchain (Ri

t) and chain-end (Ri
s) radicals in

propagation and termination mechanisms is explicitly consid-
ered, and termination is assumed to take place exclusively by
combination.

Table 1 contains the frequency factors and activation energies
of the rate coefficients for the reactions given in Scheme 2.
The Arrhenius parameters for the rate coefficients of backbiting
and addition to midchain radical are determined in this work,
as presented later. The activation energies for the termination
rate coefficientskt

ss, kt
tt andkt

st are chosen to be the same as in
ref 5, and the pre-exponential factors are calculated from the
lumped rate coefficientskt

ss/(kp
s)2, θ1 ) (2kt

stkbb)/(kt
sskp

t ), andθ2

) (kt
tt/kt

ss)(kbb/kp
t )2 reported in ref 43 from analysis of experi-

mental rate data at 50°C based upon the mechanistic set of
Scheme 2.

The model of butyl acrylate polymerization is implemented
using the simulation program PREDICI (polyreaction distribu-
tions by countable system integration),53 version 6.22p.academic,
on an Intel Celeron 1.8 GHz computer. MWDs are calculated
for pseudostationary conditions, by considering only the polymer
produced after the initial transient period has passed (generally
less than five pulses). SEC broadening of the calculated MWD
is introduced according to the procedure described in ref 54.

Figure 2 presents the MWDs calculated for BA polymeriza-
tion at 20 °C, with PRRs,f, chosen to be the same as for
experiments given in Figure 1 and rate coefficients as specified
in Table 1. The additional parameters required for simulation
are the concentration of radicals produced per laser pulse, [R0]
) 6.5 × 10-6 mol‚L-1, and the dispersion parameter used to
represent SEC broadening of the MWD,bσ ) 0.04. The
evaluation of these parameters is described below. The calcu-
lated distributions in Figure 2 capture the features of the
experimental distributions and their first-derivative curves very
well. As observed experimentally, the simulated distributions
exhibit no PLP structure at repetition rates of 39 Hz and below.
At the same time, these distributions still shift to higher MWs
with the increase of pulse separation time since the position of
the peak is controlled by the burst of radical termination
occurring att0. The peak provides a measure of the apparent
propagation rate coefficient,kp

app, evaluated by applying the
standard PLP-SEC methodology (i.e., by using the inflection
point on the low-molecular weight side of the peak to determine
kp

app). This paper outlines the procedure by which the variation
of kp

app with PRR is used to estimatekbb and kp
t . It is first

demonstrated using simulated distributions (with known input
rate coefficients), and is then applied to the analysis of the
experimental MWDs.

Table 1. Arrhenius Parameters for the Rate Coefficients Used for
Simulation of Butyl Acrylate Polymerization

pre-exponential
factor,

L‚mol-1 s-1 or s-1

activation
energy,

kJ‚mol-1 reference

kp
s 2.21× 107 17.9 10

kbb 4.84× 107 31.7 this work
kp

t 1.52× 106 28.9 this work

ktr,M
s 2.9× 105 32.6 52

kt
ss 1.34× 109 5.6 5

kt
st 2.74× 108 5.6 this work, 5, 43

kt
tt 1.8× 107 5.6 this work, 5, 43

ktr,M
t 2.0× 105 46.1 52

Figure 2. Simulated MWDs (a) and associated first-derivative curves
(b) produced by PLP of butyl acrylate at 20°C and different laser pulse
repetition rates,f. Calculated for [M]) 7.02 mol‚L-1, [R0] ) 6.5 ×
10-6 mol‚L-1, and bσ ) 0.04. Other rate coefficients are chosen
according to Table 1.

Scheme 2. Acrylate Polymerization Mechanism

initial propagation step R0 + M 98
ki

R1
s (i)

propagation Ri
s + M 98

kp
s

Ri+1
s (ii)

backbiting Ri
s98

kbb
Ri

t (iii)

addition to midchain radical Ri
t + M 98

kp
t

Ri+1
s (+SCB) (iv)

chain transfer to monomer Ri
s + M 98

ktr,M
s

Pi + R1
s (v)

Ri
t + M 98
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Method Development

Before discussing howkp
app is related to other kinetic

coefficients, it is important to first discuss how it is determined
from the measured MWDs. Close examination of Figures 1 and
2 reveals that the first-derivative curve obtained at 62 Hz
contains a broader maximum followed by a sharper peak.
Another example is shown in Figure 3, where both experimental
and simulated MWDs of BA polymerization at 20°C with a
pulse repetition rate of 49 Hz show two peaks in the first
derivative curves. One arises from the termination of radicals
that have undergone backbiting and the other comes from
termination of secondary radicals that have escaped backbiting.
These two peaks are easily distinguished: the peak formed from
the radicals that have delayed growth due to a backbiting event
is located at lower MW; this peak is also considerably broader
than the other, as it is made up of the population of chains that
have undergone multiple kinetic events of different time scaless
chain-end radical propagation, backbiting, and (perhaps) mid-
chain radical propagation. The sharper peak at higher MW
results from termination of the radicals that have grown without
undergoing backbiting, and is used to calculate the value of
kp

app. This situation only occurs at intermediate PRR; higher
PRRs give distributions that have a sharper primary inflection
point (and sometimes also a secondary inflection point), and
lower PRRs give distributions with broader first-derivative
curves having a single inflection point.

Using this approach, the variation ofkp
appwith repetition rate

for BA polymerization at 20°C has been evaluated from
simulated MWDs. The results presented in Figure 4 are
calculated for two concentrations of laser-produced primary
radicals per pulse, [R0] ) 1.0× 10-6 and 1.0× 10-5 mol‚L-1,

with the other rate coefficients as given in Table 1. The values
of kp

app vary between two limiting values that are relatively
insensitive to the input value of [R0]. At high repetition rates,
kp

app is close to the input value for the propagation rate
coefficient of secondary radicals,kp

s. This result is expected, as
the peak is formed by the termination of secondary radicals that
have not been subjected to backbiting. The slight offset between
kp

app and the input value ofkp
s for [R0] ) 1.0 × 10-5 mol‚L-1

is because the system is approaching the high termination limit,
where the MWD peak position is a better measure ofL0 than
the point of inflection, as discussed elsewhere.50 At low
repetition rates,kp

app approaches a constant value that is close
to kp

av, as calculated by eq 4. Between these two plateau values,
kp

app decreases with decreasing repetition rate according to a
sigmoidal shape, with the steepness of the decline being affected
by the concentration of radicals generated per pulse. The
repetition rate at which a sharp decrease inkp

app is observed as
PRR is lowered is denoted byfo; this repetition rate is also the
last at which the sharp peak in the first-derivative curve
associated withkp

s is observable. The features of the curve in
Figure 4 provide the basis for the procedures for evaluating
individual rate coefficients.

Evaluation of kbb. The decrease of pulse repetition rate results
in a broadening of the PLP-generated MWD as the fraction of
chains that undergoes intramolecular chain transfer increases,
and a sharp decrease inkp

app occurs atfo. According to reaction
iii in Scheme 2, the fraction of radicals that are not subjected
to backbiting is proportional to exp(-kbbt), wheret is the time
after generation of these radicals by a laser pulse. If this fraction
is too low (PRR less thanfo), an insufficient population of
polymer molecules are formed to produce a sharp peak in MWD
(and in the first-derivative plot). The lowest fraction,xmin, of
secondary radicals (with respect to total radical concentration
at timet ) 1/fo) that still allows for the observation of the sharp
peak in the first-derivative curve associated withkp

s can be
assumed to be independent of the particular polymerization
conditions,xmin ) exp(-kbb/fo) ) const. The simulation results
shown in Figure 4 indicate thatfo is indeed not sensitive to [R0],
such that it is possible to conclude thatkbb is directly
proportional tofo:

Figure 3. Experimental (solid line) and simulated (dashed line) MWDs
(a) and associated first- derivative curves (b) produced by PLP of butyl
acrylate at 20°C at a laser repetition rate 49 Hz. Simulated MWD has
been calculated for [M]) 7.02 mol‚L-1, [R0] ) 6.5 × 10-6 mol‚L-1,
and bσ ) 0.04. The other rate coefficients are chosen according to
Table 1.

Figure 4. Variation of apparent propagation rate coefficient,kp
app,

with laser pulse repetition rate,f, simulated for PLP of butyl acrylate
at 20°C. The MWDs have been calculated for [M]) 7.02 mol‚L-1,
bσ ) 0.04, [R0] ) 1.0 × 10-6 (0) and 1.0× 10-5 (O) mol‚L-1. The
other rate coefficients are chosen according to Table 1. Horizontal
dashed lines indicate the input values ofkp

s (upper) andkp
av (lower).

kbb ) ap fo (7)
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This expression can be used to determine the absolute value of
kbb from the dependency ofkp

app on repetition rate, provided
that the value of the proportionality constantap that relateskbb

to fo may be determined. In Figure 4, for example, the input
value forkbb is 109 s-1 and the critical repetition rate is 49 Hz;
thus the value ofap is evaluated to be 2.22.

To confirm the validity of eq 7, values offo have been
evaluated by simulation from distributions calculated at different
temperatures using the model outlined above. The corresponding
values ofap determined according to eq 7 are shown in Figure
5, with the values ofkbb calculated according to the Arrhenius
dependence in Table 1. The value ofap is indeed seen to be
constant, with a value of 2.16( 0.03. Further simulations
indicate that the value is dependent on the amount of SEC
broadening that occurs; for the same input value ofkbb, fo shifts
to a lower value as the broadening parameterbσ is decreased
(and the MWDs become sharper), such that the value of the
proportionality constantap increases. Therefore, the value of
bσ must be determined experimentally in order to relatefo to
kbb.

Evaluation of kp
av and kp

t . It is seen in Figure 4 that,
although the values ofkp

app at low PRR approach a constant
value close to the simulation input value forkp

av, there is an
offset by as much as 30%. At these lower repetition rates, a
larger fraction of the radicals terminate before the next pulse
arrives, compared to the system at high PRR. This increases
the relative offset betweenkp

app and kp
av compared to that

between kp
app and kp

s. In addition, the peak formed from
termination of radicals that are subjected to backbiting is broader
compared with the peak formed as a result of termination of
secondary radicals that have escaped intramolecular transfer to
polymer. Thus, the associated inflection point from the first
derivative curve systematically underpredictskp

av. The magni-
tude of the offset depends on the value of the initial radical
concentration produced by a pulse, [R0], and on the extent of
broadening. An iterative approach has been developed to
estimate kp

av (and thus kp
t ), as will be detailed with the

experimental results. First, however, the estimation ofbσ and
[R0] is presented.

Evaluation of bσ and [R0]. MWDs generated by PLP can
exhibit broadening for numerous reasons. Many of them are
related to experimental conditions during pulsing: radical
concentrations may vary spatially or with the number of pulses
because of initiator consumption, laser attenuation, nonuniform
irradiation, and/or inhibition.55 As mentioned previously, every

attempt was made to minimize these experimental broadening
effects. In addition, natural broadening occurs due to the
stochastic nature of free-radical polymerization, and also results
from dispersion effects during MW separation in the SEC
columns. As can be seen in Figures 1 and 2, the narrowest MWD
peaks are obtained (both experimentally and via simulation) at
higher laser repetition rates. Thus, it is these distributions that
are selected for estimating the value ofbσ. The width∆log M,h

of the peak at some heighth < hmax, wherehmax is the maximum
height of the peak, is considered. This value ofh should be
selected large enough such that∆log M,h is measured for the
narrow peak associated with the termination of chain-end
radicals controlled by the laser repetition rate, as this width is
mainly dependent on Poisson broadening, kinetic broadening
(due to termination not occurring instantaneously att0), and
instrumental broadening. The value ofbσ is then estimated by
obtaining the best match between the experimental and simulated
widths∆log M,h, as illustrated in Figures 6 and 7 for BA pulsed
at 49 Hz and-10 °C. The measured and simulated (with
dispersion parameterbσ ) 0.049) MWDs are normalized such
that the ordinates of the peak maxima for both distributions are
equal to unity. Within one series of experiments carried out at
the same initiator concentration and pulse energy, the values
of bσ estimated for different distributions are close to each other.
In addition, the value is not particularly sensitive to the choice
of h; the value ofbσ changes only from 0.048 to 0.050 ash is
decreased from 0.95 to 0.55.

Figure 5. Proportionality constantap determined for different tem-
peratures according to eq 7, with values offo determined from simulated
MWDs for BA polymerization at different pulse repetition rates using
the model given in Scheme 2 and rate coefficients in Table 1, with
[R0] ) 1.0 × 10-5 mol‚L-1 andbσ ) 0.04.

Figure 6. Experimental (solid line) and simulated (dashed line) MWDs
for PLP of butyl acrylate at-10 °C and a laser pulse repetition rate 49
Hz. Simulated MWD has been calculated for [M]) 7.26 mol‚L-1,
[R0] ) 1.0 × 10-5 mol‚L-1 and bσ ) 0.049. Other rate coefficients
are chosen according to Table 1.

Figure 7. Experimental (solid line) and simulated (dashed and dotted
lines) MWDs for PLP of butyl acrylate at-10 °C and a laser repetition
rate of 49 Hz. Simulated MWD has been calculated for [M]) 7.26
mol‚L-1, bσ ) 0.049 and [R0] as indicated. The other rate coefficients
are chosen according to Table 1.
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The sharp MWD peak results from termination of secondary
radicals and thus is also influenced by the rate of termination,
in particular by short-long termination. The termination rate
coefficientskt

ss, kt
tt, andkt

st values are assumed known accord-
ing to Table 1; only the value for [R0] must be estimated in
order to characterize the termination event fully. In addition,
the determination of [R0] is important for the procedure used
to evaluatekp

av and kp
t values. The fitting of experimental

MWDs to estimate rate coefficients is well established. Moad
et al.56 were the first to use the MWDs produced by PLP to
estimatekt with known values of [R0]. Here we do the opposite,
using the experimental MWDs to estimate [R0] assuming that
the values of kt

ss, kt
tt, and kt

st are known. The mode of
termination is chosen to be predominantly by combination in
accordance with the literature46 and also with the recent
observation that the distribution immediately before and after
the termination-controlled peak have similar heights for PLP-
generated MWDs obtained at conditions close to the high
termination rate limit when termination occurs predominately
by combination.57 Figure 6 presents the result of fitting of the
measured MWD. According to this simulation the best value
of [R0] is found to be 1.0× 10-5 mol‚L-1. MWDs calculated
for [R0] ) 8.0× 10-6 and 1.25× 10-5 mol‚L-1 are compared
to the same experimental MWD in Figure 7. Though the
distribution of macromolecules before the peak is well fitted
for the MWD calculated using [R0] ) 8.0× 10-6 mol‚L-1, the
shoulder after the peak deviates clearly from the one in the
experimental MWD. The distribution before the peak for MWD
calculated with [R0] ) 1.25× 10-5 mol‚L-1 deviates consider-
ably from the one in the experiment. Therefore, the intermediate
value [R0] ) 1.0 × 10-5 mol‚L-1 (Figure 6) is chosen as the
best value to reproduce the experimental MWD. Note that the
estimate of the peak width (∆log M,h) and thusbσ are relatively
insensitive to [R0], such that both parameters can be determined
simultaneously from fitting.

Analysis of Experimental MWDs. The measured depend-
encies ofkp

app on PRR for butyl acrylate at temperatures of
-10, 0,+10, +20, and+30 °C are presented in Figure 8. At
temperatures of 10 and 30°C, the results of two series of PLP
experiments are shown. The horizontal dashed lines in each plot
indicate the input values ofkp

s (based upon the IUPAC
expression of Table 1) andkp

av (calculated using eq 4 with the
Arrhenius parameters forkbb andkp

t estimated in this work).

The kp
app values obtained at high repetition rates are slightly

lower, but still within 20%, of the IUPACkp
s values. This

difference is also seen in the simulation results shown as Figure
4 for [R0] ) 1.0× 10-5 mol‚L-1. Under these high termination
rate limit conditions, it has been shown that the inflection point
can underestimate the true experimental value.50 At 0 °C, a lower
value of [R0], 3.0 × 10-6 mol‚L-1, is estimated, and the
measuredkp

app value is in excellent agreement with the IUPAC
kp

s value.

Table 2 summarizes the final set of parameters and rate
coefficients estimated from data at each temperature. Recall that
the reported values forfo are proportional tokbb, with the
proportionality constant being dependent on SEC broadening.
For the distributions between 0 and 30°C, bσ is found to be
close to the value of 0.04, resulting in an estimate forap of
2.16 according to simulation. At-10 °C, the distributions are
well fit with bσ ) 0.051, and anap value of 1.67 is estimated.
Thus, kbb values have been estimated at each temperature
according to eq 7. Linear least-squares fitting of the Arrhenius
relation ln(kbb) ) ln A - Ea/RT to these values for the

temperature range of-10 to +30 °C results in eq 8.

The Arrhenius plot is shown in Figure 9. The associated
values of pre-exponential factor and activation energy areA )
(4.84 ( 0.29) × 107 s-1 and Ea ) (31.7 ( 2.5) kJ‚mol-1,
respectively.

The remaining task is to estimatekp
av (and thuskp

t ) from the
limiting values ofkp

app found at low pulse repetition rates. This
has been accomplished as follows:

(i) According to the simulation results of Figure 4, the values
for kp

av are expected to be higher thankp
app at low repetition

rates. An initial guess forkp
av is made based upon the experi-

mental results in Figure 8. The values 2600, 3700, 4700, 5600,
and 6850 L‚mol-1‚s-1 have been chosen at temperatures-10,
0, +10, +20, and+30 °C, respectively.

(ii) Assumingbσ ) 0.04, initial values ofkbb are estimated
from the experimentally determined values off0 at each
temperature.

(iii) eq 5 is then used to evaluatekp
t values. These first

estimates forkbb and kp
t are used to calculate the termination

rate coefficients according the procedure outlined above (these
coefficients were practically the same as the ones in Table 1)
and to simulate the MWDs using the model. Values ofbσ and
[R0] are estimated for each series of experiments by fitting
simulated distributions to the MWDs measured at high repetition
rates, as described above.

(iv) These values forbσ and [R0] are used to update thekbb

estimates; eq 8 reports the final Arrhenius parameters forkbb

determined after convergence of this procedure.
(v) The estimate forkp

av at each temperature is updated by
simulating MWDs obtained at low laser pulse repetition rates,
using the predetermined values ofbσ and [R0]. The aim of these
simulations is to determine the difference∆av between the input
value ofkp

av and the value ofkp
app for the lowest repetition rates

examined experimentally, as illustrated in Figure 10a for the
set of experiments at-10 °C; kp

th,0 represents the value ofkp
app

determined from the simulated MWDs. The difference has been
calculated for five repetition rates; at the lowest value (3 Hz)
∆av is estimated to be 655 L‚mol-1‚s-1, and the variation in
kp

app with repetition rate is well described by an exponential
function in which a, b, and c are constants:

(vi) Equation 9 is also suitable to describe the difference
betweenkp

app andkp
av for the experimental data. The nonlinear

least-squares fitting of the experimental points at-10 °C
by eq 9 results inkp

app (L‚mol-1‚s-1) ) 1802 + 152.3 ×
exp(0.206f/Hz), with the fit to the data also shown in Figure
10b. At the lowest pulse repetition rate of 3 Hz, the apparent
propagation rate coefficient is equal to 2084 L‚mol-1‚s-1.
Therefore, the corrected value forkp

av is calculated as (kp
exp,0 +

∆av) ) 2739 L‚mol-1‚s-1.
It should be stressed that this final estimated value forkp

av

does not differ greatly from the initial guess of 2600 L‚mol-1‚s-1.
The same was found at all temperatures: the preliminary values
estimated forkbb andkp

av (and thuskp
t by eq 5) were within 5%

of the final converged values in all cases. Therefore, there was
no need to reestimate the values ofbσ and [R0] (determined
using the initial guesses forkbb andkp

t ).

ln(kbb/s
-1) ) 17.7- 3812T-1/K-1 (8)

kp
app) a + b × exp(cf/Hz) (9)
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The final estimates forkp
av at each temperature are used to

evaluatekp
t according to eq 5 and are summarized in Table 2.

These values are fitted by the Arrhenius relation, according to

The Arrhenius plot is shown in Figure 11. The associated
values of pre-exponential factor and activation energy areA )
(1.52 ( 0.14) × 106 L‚mol-1‚s-1 and Ea ) (28.9 ( 3.2)
kJ‚mol-1, respectively.

Comparison of kbb and kp
t Estimates with Literature

Data. The Arrhenius parameters forkbb obtained in our work
(Ea ) 31.7 kJ‚mol-1 andA ) 4.84× 107 s-1) for butyl acrylate
polymerization are not significantly different from the ones
determined by Plessis et al.29 (Ea ) 29.8 kJ‚mol-1 and A )
4.31 × 107 s-1) via 13C NMR analysis of quaternary carbon

atoms. Because of the minor difference in activation energy,
the kbb values of the present work are by about a factor of 2
below the ones reported from Plessis et al. (see Figure 9).
Although the experimental data in ref 29 provide a more direct
measure ofkbb, the NMR signal-to-noise ratio may cause an
appreciable scatter of the data, as can be seen from Figure 9.
Interestingly, thekbb data from the two independent experiments
appears to be in closer agreement at the higher temperatures
(see Figure 9), where the S/N ratio of the NMR measurements
should be higher because of a larger content of quaternary
carbon atoms. It should further be noted that the variation of
kp

app with pulse repetition rate, in particular the strong decrease
at the repetition ratefo, as observed in our experiments, may
not be simulated via the literaturekbb data. Furthermore, the
Plessis et al.kbb data cannot represent the sharp PLP peak found
in BA polymerization experiments at 60°C using a pulse

Figure 8. Dependency of apparent propagation rate coefficient,kp
app, on pulse repetition rate,f, obtained by PLP-SEC experiments for butyl

acrylate at-10, 0,+10, +20, and+30 °C. At temperatures of 10 and 30°C, the results of two series of experiments are shown, by squares and
circles. The horizontal dashed lines indicate the IUPAC value ofkp

s and the estimated value ofkp
av (determined on the basis of the Arrhenius

parameters forkbb andkp
t obtained in this work), respectively.

ln(kp
t /L‚mol-1‚s-1) ) 14.23- 3475T-1/K-1 (10)
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repetition rate of 200 Hz.21 Simulation via the Arrhenius
parameters obtained in this work, on the other hand, are able to
predict this peak. Despite these minor differences, the agreement
between the literaturekbb values and the ones from the present
study must be considered to be satisfactory.

With this work, we also provide an estimate for the rate of
monomer addition to midchain radical (kp

t ) and its variation
with temperature, best described by an activation energy of
28.9 kJ‚mol-1. This value differs substantially from the activa-
tion energy that can be inferred from the PLP-ESR results
reported by Willemse et al.30 However, as discussed in the
Introduction, it is likely that radical stationarity is not achieved
under their experimental conditions. An upper bound of
kp

t may be estimated by examining BA addition to a butyl
methacrylate (BMA) radical. While located on a tertiary
carbon, this radical is not as hindered as the midchain radical
that results from backbiting (compare Scheme 3a with Scheme
1). An approximate limiting value is estimated via the simplify-
ing terminal model approach for copolymerization as
follows:

whererBMA,BA is the reactivity ratio for relative addition rate
coefficients of BMA and BA to the BMA radical, andkp,BMA is
the BMA homopropagation rate coefficient. As has been shown
recently,58 the terminal model may be used for deducing
approximatekp values for acrylate-methacrylate copolymeriza-
tions with the two monomers having the same type of alkyl
ester moiety. The IUPAC-recommended Arrhenius coefficients8

for the latter areA(kp,BMA) ) 3.78× 106 L‚mol-1‚s-1 andEa-

(kp,BMA) ) 22.9 kJ‚mol-1; and the reactivity ratio is taken from
literature as

The latter expression is from a study of BA copolymerization
with methyl methacrylate,59 but was found to provide a good
representation of the BMA-BA system.60 Thus:

which corresponds to an activation energy of 25.2 kJ‚mol-1 and
a value of 145 L‚mol-1‚s-1 for kp,upper

t at 20°C.
The midchain radical structure of BA is similar to that formed

by polymerization of BA dimer. Thus, the polymerization

Figure 9. Arrhenius plot of backbiting rate coefficient (kbb) for butyl
acrylate. The solid line represents the best fit of experimental data
obtained in this work (0) by eq 8. The dashed line represents the best
fit of experimental data (b) taken from ref 29.

Table 2. Values of Parameters and Rate Coefficients Estimated from
the Experimental Dependency of Apparent Propagation Rate

Coefficient on Pulse Repetition Rate Measured by PLP-SEC for
Butyl Acrylate

T,
°C

bσ [R0],
mol‚L-1

fo,
Hz

ap kbb,
s-1

kp
av,

L‚mol-1‚s-1
kp

t ,
L‚mol-1‚s-1

-10 0.051 1.0× 10-5 15 1.67 25.1 2739 2.7
0 0.039 3.0× 10-6 19 2.16 41.0 3727 4.7

10 0.040 7.0× 10-6 31 2.16 67.0 4776 7.3
3.5× 10-6 a

20 0.040 6.5× 10-6 49 2.16 105.8 5802 10.6
30 0.040 1.0× 10-5 79 2.16 170.6 7193 15.9

2.5× 10-5 a

a For the data set shown by circles in Figure 8

kp,upper
t /L‚mol-1‚s-1 )

kp,BMA

rBMA,BA
(11)

Figure 10. Methodology for evaluation ofkp
av by considering the

variation in kp
app with repetition rate forf < 10 Hz, illustrated for

PLP-SEC experiments for butyl acrylate at-10 °C. The lines indicate
the best fit of the simulated (top) and experimental (bottom) data using
an exponential function, as described in the text.

Figure 11. Arrhenius plot of rate coefficient,kp
t , for the addition of

butyl acrylate to the midchain radical formed by backbiting. The line
represents the best fit of experimental data by eq 10.

rBMA,BA ) 0.827 exp(282.1T-1/K-1) (12)

kp,upper
t / L‚mol-1‚s-1 ) 4.6× 106 exp(-3036T-1/K-1) (13)
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behavior of the dimer species provides a lower bound estimate
for kp

t ; although the radical structure is similar, the addition of
bulky BA dimer to the radical may be hindered compared to
addition of BA monomer (compare Scheme 3b to Scheme 1).
Müller studied the propagation of BA dimer using the PLP-
SEC technique and fitted the following Arrhenius expression
to the data:45

This corresponds to an activation energy of 33.8 kJ‚mol-1 and
a value of 8.8 L‚mol-1‚s-1 for kp,lower

t at 20°C. kp
t determined

in this work has an activation energy (28.9 kJ‚mol-1) between
these two limiting values, with the absolute rate coefficient (kp

t

) 10.8 L‚mol-1‚s-1 at 20 °C according to eq 10) also
intermediate but much closer to the value for BA dimer
polymerization.

Conclusion

The dependence of the apparent propagation rate coefficient,
kp

app, on pulse repetition rate has been measured for PLP of
butyl acrylate at temperatures between-10 and 30°C. At low
repetition rates thekp

app values are determined from the inflec-
tion point of the single peak in MWD. The backbiting rate
coefficient,kbb, at each temperature is determined from the sharp
fall of kp

app with decreasing laser pulse repetition rate. Via this
novel approach,kbb may be obtained without knowing any other
rate coefficient. The dispersion parameter of SEC broadening,
which is required forkbb analysis, has been found by fitting
measured MWDs, but may also be obtained from separate
experiments. Thekbb estimates are fitted well by an Arrhenius
relation resulting in a pre-exponential factor:A(kbb) ) (4.84(
0.29) × 107 s-1 and an activation energy:Ea(kbb) ) (31.7 (
2.5) kJ‚mol-1, in close agreement with the literature values
determined via13C NMR analysis of quaternary carbon atoms.

A procedure is also developed to estimatekp
av from the

values of kp
app measured at low repetition rates, and thus

calculate kp
t , the rate coefficient for BA addition to the

midchain radical. The resulting Arrhenius parameters, once again

for the temperature range of-10 to 30°C, are determined to
be A(kp

t ) ) (1.52 ( 0.14) × 106 L‚mol-1‚s-1 and Ea(kp
t ) )

(28.9( 3.2) kJ‚mol-1. These values indicate that propagation
of acrylate dimer provides a good model for monomer addition
to the midchain radical in this temperature range.
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