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B INTRODUCTION

Pulsed laser polymerization (PLP) coupled with size exclusion
chromatography(SEC) has been adopted by the IUPAC as the
method of choice to determine propagation rate constants of
monomers in free-radical polymerization.' > Benchmark values
for some important monomers are available.*”® Recently, the use
of PLP has been extended to the estimation of rate constants of
other reaction mechanisms of free-radical polymerization such as
propagation rate constants of tertiary radicals in acrylates'® and
termination rate coefficients.'' In PLP experiments, the mono-
mer (optionally solvent) and a photoinitiator are irradiated by a
laser pulse. The radicals generated by this pulse will grow and
eventually terminate resulting in a decreasing radical concentra-
tion. The concentration of radicals sharply increases with the
subsequent pulse, and this leads to the sudden termination of a
large fraction of radicals generated by the previous pulse. Still a
fraction of the radicals produced in the first pulse survives until
radicals generated in the subsequent pulses terminate them.
Thus, the degree of polymerization of a polymer chain that
grows over 1 laser pulses before being terminated is given by:

L, = nk,[MJtg; n = 1,2,... (1)
where [M] is the concentration of monomer, t4 is the time
between pulses, namely, the inverse of the laser pulse frequency,
and k;, is the propagation rate constant. It is well accepted that L,
is best identified with the first inflection point on the low
molecular weight side of the MWD peak.476 In practice, the
inflection point is determined at the first maximum of the first
derivative of the W(log M) vs log M curve.'” In the PLP
experiments, several consistency tests must be fulfilled in order
to obtain reliable k;, values. The most important are as follows: 1)
the occurrence of at least a secondary inflection point, L,, located
at twice the molecular weight of the first inflection point; (ii) the
k, value has to be independent of the radical concentration and
pulsed frequency used in the experiments.

The consistency requirements are fulfilled as long as the
initiation and termination of radicals are mostly controlled by
the laser pulses; in other words as far as the time-chain length
correlation given by eq 1 is maintained. If other reaction events
occur between pulses distorting the time-chain length correlation,
the accurate determination of k, might not be possible. Thus,
Arzamendi et al.'> demonstrated by means of Monte Carlo
simulations of PLP/SEC experiments that at low laser frequencies
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(up to 100 Hz) the difficulties encountered to obtain the pro-
pagation rate constants of n-butyl acrylate at temperatures above
30 °C"* ' were due to the backbiting process that converted the
secondary radicals to tertiary radicals. The tertiary radicals are
much less reactive than the secondary ones and this leads to a
distribution of the average propagation rate of each growing
chain resulting in a featureless MWD, which cannot be used to
determine k, (in this work, k,, refers to the propagation rate
coefficient of secondary radicals). As the activation energy of the
backbiting is higher than that of the propagation (see Table 2)
the formation of the tertiary radicals is substantial at tempera-
tures above 30 °C. Therefore, the PLP/SEC method was not
consistent and k;, values could not be accurately measured. The
level of branching predicted by the Monte Carlo simulations
were in agreement with branching measured in poly(n-butyl
acrylate) produced in PLP experiments carried out at 100 Hz at
different temperatures and monomer concentrations.'” Simulations
showed that a branching density of 0.3% (3 branches per 1000
monomer molecules polymerized) was enough to produce a
featureless MWD." Recently, Barner-Kowollik et al."® showed
that PLP/SEC experiments of n-BA carried out at 500 Hz
allowed to obtain k;, values at temperatures well above 30 °C.
The k,, data gathered in the range 10 to 70 °C at this frequency
agreed very well with the data obtained by the working party of
the TUPAC at lower frequencies in the range —65 and 20 °C.*
The authors claimed that at this high frequency the occurrence of
the backbiting process is considerably reduced, even at tempera-
tures above 30 °C, and therefore well-defined MWD structures
are obtained in the PLP/SEC experiments leading to an accurate
determination of k,. However, the authors did not report the
branching level of the polymers produced in the PLP experi-
ments carried out at high frequencies. In addition, no clear reason
for the reduction of the backbiting was offered.

The aim of this work is 2-fold. First, to unveil the reasons for
the reduction of the backbiting when pulse laser frequency is
increased in PLP experiments. Second, to provide a map of the
temperature-pulse frequency plot where the accurate determina-
tion of k;, is possible. The polymerization of n-butyl acrylate was
used as case study.
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Table 1. Average Characteristic Times of the Different
Processes”

average characteristic

process time tq (s, at 40 °C)

propagation of ty = 1/(k,[M]) 627 x 10°°
secondary radicals

propagation of t = 1/(ky[M]) 625 x 103
tertiary radicals

intramolecular chain ty = 1/kyp 23 %1073
transfer to polymer

intermolecular chain t, = 1/(k°'[Pol]) 16.95/[Pol]
transfer to polymer

chain transfer of secondary ts = 1/(kg°"[M]) 0.11
radicals to monomer

chain transfer of tertiary te =1/ (ke ™" [M]) 35
radicals to monomer

[-scission t; = 1/kg 31

propagation to pendant ts = 1/(kya [ TDB]) 8 x 10°/[TDB]

double bond

bimolecular termination of to = 1/(kt;[R,]) 1.9 x 107*?
secondary radicals

bimolecular termination of tio = 1/(kt;[R,]) 3.6 x 10728
tertiary radicals

bimolecular cross-termination tiy = 1/(kt;5[R]), 263 x 1073°

of secondary and i=lor2

tertiary radicals
“[M] = 6.9 mol/L. [Pol] and [TDB] refer to polymer and terminal
double bond concentrations. ” For a reference value of [R;] = [R,] =1 X
10~ mol/L.

Table 2. Values of the Rate Coeflicients Used in the Monte
Carlo Simulations of the Polymerization of n-BA

Arrhenius
pre-exponential  activation value at
parameter factor energy, kJ/mol 40 °C  reference

k, (L/mol s) 221 x 107 17.9 22744 8

k,* (L/mol s) 1.52 x 10° 289 22.8 10
ke, (s71) 1.81 x 107 27.7 433 20
k2! (L/mol s) 248 x 10° 27.7 59%x 102 21
k2™ (L/mol s) 2.88 x 10° 32.6 1.04 22
kg™ (L/mols)  2.00 x 10° 46.1 40x 107 22
kg (s 1.49 x 10° 63.9 32x107° 23
kmac (L/mol s) ky X 0.5 - 12509 19
ky (L/mol s) 1.3 x 10" 8.4 515 x 10° 11

28x10° 20
379 x 107 11,20

129 x 107 4.0
(ktlktz)(ls -

ky (L/mol s)
ke12(L/mol s)

B MONTE CARLO SIMULATIONS OF PLP EXPERIMENTS

The kinetic scheme considers initiation of radicals by a laser
pulse, propagation of secondary radicals, formation of tertiary
radicals by means of backbiting and intermolecular chain transfer
to polymer of secondary radicals, propagation of tertiary radicals,
chain transfer to monomer of both radicals, 5-scission of tertiary
radicals, propagation to chains containing terminal double bonds
(formed by either 3-scission and chain transfer to monomer),
and termination by combination of both type of radicals.'>"?

Each reaction event has an average characteristic time, which is
given by the inverse of the rate of the process (f;= 1/R,,, Table 1).
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Figure 1. Simulated branching density as a function of temperature for
PLP experiments of n-BA in bulk conditions at different frequencies.
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Figure 2. Comparison of the distribution of the characteristic times of
the backbiting reaction mechanism at different temperatures and the
laser pulsed frequencies. The vertical lines correspond to the time
between pulses (inverse of the laser pulse frequencies in seconds).

The time actually spent in each individual reaction event is
distributed around the average characteristic time of the
process. It was assumed that, for all reaction events, they were
distributed according to a Gaussian distribution of variance
0% =0.5. On the other hand, in PLP experiments a huge number
of radicals are generated at each pulse time and although most
of the radicals generated in the previous pulse terminate some
of them survive one or more pulses. The fraction of radicals that
survive a pulse is given by ot = 1/(1 + k[R]otq) where k, is
the termination rate coefficient, [R], is the concentration of
radicals at the beginning of the pulse and t4 is the inverse of the
pulse frequency.'® For PLP experiments of n-BA at low pulse
frequencies (<200 Hz) the fraction of radicals that survive a
pulse is small and hence f; can be considered as the life
expectancy of a growing radical. However, as the pulse fre-
quency increases, Q. increases and hence the life expectancy of a
substantial fraction of the growing radicals is higher than ¢,.
In the Monte Carlo simulation, 10000 radicals with a con-
centration of 1 X 10> mol/L were considered to be produced by
each laser pulse. The events that each of these radicals undergo
(analyzed sequentially) were selected based on the probability of
the corresponding reaction mechanism, provided that the time
needed to undergo the chosen reaction did not exceed the life

expectancy of the radical. Specifically, for each chain that has
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been growing a time £, the next reaction event was chosen by a
unit-interval uniformly distributed random number, r;, according
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Figure 3. Temperature—pulse frequency map for accurate determina-
tion of the k;, for n-BA.

to the following relation

k—1 k

S p<n<yon

i=1 i=1
where P,was the probability of reaction i given by

. R
— ZPi =1

i=

(3)

where R, is the rate of the ith reaction and Re is the number of
reactions that the radical can undergo.
The chosen reaction (k) was allowed to occur if

tee + 1k < nyity (4)
Otherwise, a new possible next event was chosen from eq 2. In
eq 4, t,. was the time that the chain has been growing, t', the time
needed to undergo reaction k (obtained from the Gaussian
distribution around the characteristic time of reaction k), t4 the
time between pulses and n,, is the number of pulses that a
growing radical might survive. In other words, n,tq is the life
expectancy of the growing radical. A random number, r,, was
used to determine r1,,.. The value of 1, was calculated as follows:
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Figure 4. Simulated MWD (solid line) and derivative (dashed) generated in PLP experiments of n-BA carried out in bulk conditions at 40 °C.

(a) 100 Hz; (b) 150 Hz; (c) 200 Hz; (d) 250 Hz.
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Figure 5. Simulated MWD (solid line) and derivative (dashed) gener-
ated in the PLP experiments of n-BA carried out in bulk conditions at
100 °C and 1000 Hz.

ifr, is between L and 1 — @, 1, = 1;if rp is between 1 — otand 1 —
o?, fps = 2; if 5 is between 1 — 0% and 1 — o, fps =3 and so on.

The values of the kinetic parameters used in the simulations
are given in Table 2

B RESULTS

PLP experiments for n-BA under bulk conditions were simu-
lated at temperatures from —40 to 140 °C at laser pulse
frequencies in the range 10—2000 Hz. Figure 1 presents the
effect of the temperature and pulse frequency (only four pulse
frequencies are shown for clarity) on the branching density
(number of tertiary radicals that propagated or terminated
divided by the total number of polymerized monomer units).
Figure 1 plots the branching density in percentage.

It can be seen that branching density increased with tem-
perature, and for a given temperature, the increase in laser
pulse frequency considerably reduced the branching density.
For instance, at 40 °C and 100 Hz, branching density was ca.
0.3% (3 branches per 1000 monomer molecules) whereas at
500 Hz, the branching density was well below 0.1%, and the
branching density was negligible at higher frequencies. The
simulation model clarified the reasons for the decrease of
branching density as the pulse frequency increased. Under
the conditions used for the PLP of acrylates, branching mainly
results from the intramolecular chain transfer to polymer
(followed by propagation of the resulting tertiary radical).
Figure 2 compares the distribution of the characteristic time for
the backbiting process at 20, 50, and 100 °C with the time
between laser pulses at 100, 500, and 1000 Hz indicated by the
vertical lines in the plot. It can be seen that at 20 °C the
characteristic times for backbiting were shorter than the time
between laser pulses at 100 Hz, and hence backbiting could
occur. On the other hand, the characteristic times for back-
biting were longer than the time between laser pulses at S00
and 1000 Hz, and therefore backbiting was less probable (for
instance, it led to a negligible branching at 500 Hz) or virtually
impossible at 1000 and above. As temperature increases, the
characteristic times for backbiting decrease, and hence back-
biting could occur at higher pulse frequencies, but in any case,

the likelihood of occurrence of backbiting decreased with the
pulse frequency. Consequently, the reason for the decrease of
branching density with pulse frequency was that the time
between laser pulses became shorter than the characteristic
time for the backbiting.

The increase of branching density with temperature for a given
pulse frequency was due to two reasons. First, because the
characteristic time for backbiting decreased reducing the effect
of the time between laser pulses on the occurrence of backbiting.
Second, the activation energy for backbiting is higher than that of
the propagation.

A consequence of the occurrence of substantial backbiting is
that the molecular weight distribution is broadened by the
stochastic switch between secondary and tertiary radicals (for a
given growing time, chains that suffer backbiting are shorter
than those that do not). This leads to a featureless molecular
weight distribution, which cannot be used to accurately esti-
mate k,,. An extensive simulation study was carried out aiming
to determine the temperature-pulse frequency map where
accurate determination of k, for BA can be obtained (see
Supporting Information). Figure 3 presents this map. The
map shows three regions separated by thick border lines.
Accurate estimation of k;, can be achieved in the center region.
The criterion used to draw the upper border (gray areas) was
the minimum pulse frequency needed to obtain a significant
MWD at a given temperature (or for a given laser pulse
frequency, the maximum temperature at which the MWD
changes from a PLP structure to a featureless MWD).

Figure 4 illustrates this transition at 40 °C. This plot presents
the MWD together with the derivative of the w(log M) used to
compute k. It can be seen that a featureless MWD was obtained
at 100 Hz, whereas a well-defined MWD was obtained for pulse
frequencies greater than 200 Hz. The reason for the featureless
MWD obtained at low frequencies was the occurrence of back-
biting. Higher frequencies reduce the backbiting and hence allow
the k, to be accurately estimated at higher temperatures.

The area at the bottom of Figure 3 also separates a region were
PLP structure cannot be obtained. In this region (very low
temperatures and high frequencies), the reason for the feature-
less MWD was not backbiting, but the very short lifetime of the
chains (due to the high frequencies) and the low termination
rate of the chains that reduced the termination of radicals during
the pulse required to obtain a significant MWD.'® In order to
escape from this low termination region, one needs to reduce the
frequency, which will increase the likelihood of backbiting, and
hence limit the maximum temperature attainable. As shown in
the temperature-pulse frequency map at frequencies lower than
1000 Hz the low termination region does not create featureless
MWD and hence k, can be obtained at low temperatures.
Therefore, experiments should be carried out at least at two
frequencies if the kp value in a broad temperature range (—40/
140 °C) is required.

As discussed in the Supporting Information, the thickness of
the frontiers between the different areas are affected by the
standard deviation used in the Gaussian distribution that was
applied to each chain length in order to mimic instrumental
broadening of the SEC measurements. Nevertheless, the useful-
ness of the map is not significantly affected, and it may be used to
guide future experimental work.

Thus, Figure 3 shows that accurate estimation of k;, can be
obtained at 100 °C using a pulse frequency of 1000 Hz (the
corresponding MWD and derivative of w(log M) are presented
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in Figure S). It is interesting to pointing out that in the region
useful for accurate estimation of k;,, the branching level was lower
than 0.3%.

The methodology presented in this work can be used to build
maps of the PLP feasibility regions for any monomer. As the
accuracy of the map increases with the accuracy of the rate
coeflicients, an iterative process can be envisaged. Preliminary
maps based on uncertain rate coeflicients are used to guide the
first experiments that are used to improve the accuracy of the
coeflicients, which in turn lead to better and more accurate
maps.

B CONCLUSIONS
The branching density of poly(butyl acrylate) produced by

pulse laser polymerization at a given temperature decreases by
increasing the pulse frequency of the laser source because the
characteristic time of backbiting (which is the main mechanism
leading to the formation of branches) becomes larger than the
time between laser pulses. The feasibility region in the tempera-
ture-pulse frequency map in which k;, can be accurately estimated
has been identified. This map may be used to guide experimental
work aiming at estimating the k;, at higher temperatures. An
interesting finding is that in the feasibility region, the branching
level was lower than 0.3%. This work was carried out with n-butyl
acrylate but the methodology can be used to build maps for other
monomers.
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