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ABSTRACT: A novel method to extract individual free-radical polymerization rate coefficients for butyl acrylate
intramolecular chain transfer (backbitindg,, and for monomer addition to the resulting midchain radikﬁalis
presented. The approach for measutiggdoes 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 coefficilgtis determined from the onset of the sharp decrease of
the apparent propagation rate coefficiew@p'b with decreasing repetition rate, an approach verified by
simulation. With experiments performed betweeh0 and+30 °C, the estimated values are fitted well by an
Arrhenius relation with pre-exponential fact&tky,) = (4.84+ 0.29) x 107 s™* and activation energia(kp,) =

(31.7 + 2.5) kImol~L. At low pulse repetition rates, the experimer‘k@’fp values are related to an averaged
propagation rate coefficiem’?", that is dependent on the relative population of chain-end and midchain radicals.
Evaluated by comparing simulated and experimental molecular weight distribu@iﬂpsovides an estimate for

k;. The Arrhenius parameters aré(k;) = (1.524 0.14) x 10° L-mol-1-s™t andE4(K;) = (28.9+ 3.2) kImol ..

Introduction successfully to many monomet8Benchmarkk, values have
The accuracy and reliability of free-radical propagation rate 2€€n published by an IUPAC subcommittee on “Modeling of
coefficients k,, has been considerably improved by application POlymerization nggcs and Processeso for styrérseveral
of the pulsed laser polymerization (PLP) size exclusion chro- &lkyl methacrylates,® and butyl acrylaté? The reliability of -
matography (SEC) techniqéeThe idea is found in earlier thek, determination is validated by several consistency criteria,
referenced? but it was the development and experimental @mong which the most important are that= 2L, (the chain
verification by Olaj et ak that demonstrated the potential of €NgthLois used for determination ¢, while L, is measured
the technique. A mixture of monomer and photoinitiator is © Check this consistency criterion) and thgt values are
iluminated by laser pulses separated by a timetypically independent from the initiator concentration, the pulse energy

0.01-0.2 s. Each pulse generates a burst of new radicals in the@"d the laser pulse repetition rate. o
reaction mixture that will grow, provided that they escape However, difficulties have appeared in the determination of

termination, to a chain lengthy:12 ko values for alkyl acrylates by the PHSEC technique at
temperatures above 2W. For these monomers, molecular
Lo = k[M]t, Q) weight distributions (MWDs) obtained at 100 Hz (or less) and

higher temperatures show either no structure or a broadened
with [M] being the monomer concentration. There is a high PLP structuré® 22 Intramolecular transfer to polymer is now
probability that the new radicals from the subsequent flash at accepted as the mechanism responsible for this peak broaden-
to will terminate these chains, such that a distinctive peak is ing,!° a conclusion based on numerous experinfénts and
formed in the polymer molecular weight distribution (MWD)  theoretical?34 considerations. In addition, the deviation of the
corresponding tho, usually determined from the inflection point  stationary polymerization kinetics of alkyl acrylates from the
on the low-molecular-weight side of the pelakince radicals behavior of other monome¥s4! can also be attributed to
have a certain probability to survive the burst of termination at intramolecular transfer to polymé¥:42.43
to and to terminate at a later pulse, the relative concentration of  |ntramolecular transfer to polymer, a mechanism often
polymer with chain lengthd, = 2Lo, L2 = 3Lo, ..., is also  referred to as backbiting, generates a tertiary (midchain) radical,
increased. As a result, the technique produces a well-structuredrt, by abstraction of a hydrogen atom from an acrylate unit on
MWD with peaks at chain lengtho and its multiples. Using  the backbone of the secondary (chain-end) radigatist likely
eq 1 to determing, the PLP-SEC technique has been applied via the formation of a six-membered ring, as shown in Scheme
1 for butyl acrylate (BA). Subsequent addition of monomer to
* Corresponding author. E-mail: mbuback@gwdg.de. Fax: 49 551-39- R!creates a short-chain branch (SCB) in the polymer and leads

31-44. . _ to re-formation of a chain-end radical. The propagation rate
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Scheme 1. Formation of a Midchain Tertiary Radical (R) by
Intramolecular Chain Transfer of a Chain-End Secondary
Radical (R%), 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
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radical (denoted byc).2”*43The relative concentrations of
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carbons vid®C NMR has been used to determikg, applying
the expression for branching level (BE:

L=t (6)
KM + Ky,

The so-obtained Arrhenius parameters aig{kp,) = 29.8
kJmol~t and A(ksp) = 4.31 x 107 s71.2° (The values reported
here are recalculated from the BL dat&%imsing the IUPAC
valued? for k; 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 éPal.,
with the difference in activation energies between back-
biting and monomer addition to midchain radical estimated as
AE; = Eqkor) — Ed) = 18.8 kdmolL. This value is
surprising, as it suggests, in conjunction with the above-
mentioned value oE4(kpn) = 29.8 kdmol™1, that the activation
energy for monomer addition to midchain radicafg(k;), is
only 11 kJmol™1, a value much lower than the 34 -kdol!
measured for polymerization of the butyl acrylate dirffelt
could well be that the experimental conditions used in the ESR
PLP study do not allow the relative concentrations ®aRd R

the two types of radicals can be estimated assuming that theyt© reach an equilibrium ratio, especially at low temperatures,
achieve a dynamic equilibrium; i.e., making the quasi-steady Violating the quasi-steady-state assumption and/or long-chain

state assumption ontFe

R Koo
T ttr ot @)
RT  KM] +KIR] + KR

In eq 2, kyy is the backbiting rate coeﬁ‘icienk{t is the rate
coefficient for termination of two midchain radicals) is the

hypothesis for midchain radicals and underestimaﬁa@%).
Nonetheless, the wotk provides an upper bound estimate of
68 L-mol~1-s! for k:) at 50°C, about 400 times lower than the
value ofk;.*3

In this work, we revisit the analysis of the MWDs produced

by PLP-SEC to obtain estimates of bokgy andk; for BA.
Simulations by Nikitin et af344indicate that the PLP-generated

rate coefficient for cross-termination of the two radical types, MWDs yield valuable information, even if the growing radicals

and other side reactions (i.8-scission of tertiary radicals) are

are subjected to backbiting events during the time between

assumed negligible. The rate of polymerization for the system subsequent pulses. The apparent propagation rate coefficient

IS

R, = (K[R] + KIRNIM] = (KXycg +
K1 = X)) IMI(R T + [RY) = K'MI(RT + [RY) (3)

wherexucr (=[RY/([RY + [R9])) is the fraction of midchain

(k3™, as measured from the first inflection point on the low-
molecular-weight side of the MWND) varies with pulse repetition
rate (PRR) between two limiting values. At high repetition rate,
k;pp provides a measure of the chain-end propagation rate
coefficient ((Z), as the chains associated with the inflection
point do not undergo any backbiting events between pufses.

radicals. Equations 2 and 3 lead to the definition of an average As PRR is decreased, a greater fraction of chains undergo
propagation rate coefficient (or effective propagation rate backbiting in the time between pulses; the slow reinitiation of
coefficient) for the two-radical system, assuming that the these midchain radicals back to chain-end radicals by monomer

probability of propagation is much higher than termination for

midchain radicals[M] > KR + K{R9 in eq 2, the so-
called long-chain hypothesigj#244

v _ _ k;—k’;)
Rl @
Kop

which, ask; < kz is transformed to

It is also useful to remember thbgv is related to the fraction
of midchain radicals in the system; from eqi§; = k(1 —

Xucr) for k; < (KRR

Some efforts have been made toward the evaluatiok,pf

andk:) for butyl acrylate (BA). First, a measure of quaternary

addition (see Scheme 1) shifts the inflection point to a value
lower than the expected positioc?” < k). As PRR is
decreased even further, a chain has the opportunity to undergo
several backbiting-reinitiation cycles in the dark time between
pulses, such tha¢’ provides a measure &, defined by eq

4. This approach has been experimentally explored by Casti-
gnolleg® for BA polymerization initiated by pulsed UV lamp
radiation at 15C, under which conditionk‘;"was estimated to

be about 4800 imol~*-s™*. However, theki™ 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 ik™ 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,*” and the data were used to estiméggk  for AA
under these conditions to be 2.4 niot!. The kinetics of AA
polymerization in the aqueous system is complicated by the
variation ofk; with acid concentration and degree of ioniza-
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tion4849 Therefore, we have returned to the BA system to
investigate the feasibility of determining kinetic coefficients

from the variation ink;” 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 rimbl
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 temperatut®,(
0, +10, +20, and+30 °C) while being exposed to pulsed laser
radiation for 10 to 50 pulses at-300 Hz and energies of-530
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 af@5with tetrahydrofuran
as the eluent (1 mimin~! flow rate) on a system composed of a
Waters HPLC pump (model 515), a JASCO AS-2055-plus au-
tosampler, three PSS SDV columnsu@® particle size; 19 10, . . .
and 16 A pore sizes) and a Waters re/f(ractive index detector (model tions31° For the higher laser repetition ratés<{ 100 and 62
2410). The SEC setup was calibrated with polystyrene standardsHz) the MWDs satisfy the main criterion of the PEBEC

w(logM)

-3 T T T T
4.0 45 6.0

65
log M
Figure 1. Experimental MWDs (a) and associated first-derivative

curves (b) produced by PLP of butyl acrylate atZD and different
laser pulse repetition rates.

of narrow polydispersityNl, = 410 to 2 000 000 gnol~! PSS,

method for determining<f,: the second inflection point at

Mainz, Germany). The obtained MWDs are recalculated according chain length_; ~ 2L, is clearly observed in the first-derivative

to the principle of universal calibration using Marklouwink
parameters for linear polyBAK( = 1.22 x102 mL-g%, a =
0.700)* 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 &
on PRR found by simulatioff, 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:

plots. Lowering of the PRR results in MWDs without clear PLP
structure, due to the influence of intramolecular chain trariéfer.

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 tgf(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 magnitudet@sry, =
1/kyp = 0.005 s, calculated using the Arrhenius parameters for

*A low number of pulses were used to reduce broadening of | ‘o Jiterature2? However, a sufficient fraction of radicals

the MWD due to initiator consumption (changes in initial radical

grow exclusively by chain-end propagation without undergoing

concentration) and monomer conversion (changes in monomMerhackpiting during the period between pulses, thus producing a

concentration).

characteristic PLP structure at chain lengthLowering PRR

*A large sample volume was chosen to produce an amountyo 39 Hz and below, results in a greater fraction of radicals that

of polymer sufficient for SEC analysis even at rather low
monomer-to-polymer conversions.

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

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

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 timgcr = 1/(k:,[M])) is

«High initiator concentration and laser energy were used, to fast relative to that of backbiting. This is not observed in Figure

approach the high termination rate conditithand to ensure
chain-length control by laser pulsing.

1: the MWDs are broadened and contain no PLP structure, thus
violating the IUPAC consistency criteria for determination of

The MWDs obtained in these experiments are shown in propagation rate coefficients by the PEBEC method. Nev-
Figure la together with the associated first-derivative curves ertheless, these MWDs should not be considered as meaningless;
(Figure 1b). The features of the distributions and their derivative as they arise from termination of radicals subjected to backbiting
curves are in accord with the earlier experimental observa- events, they contain valuable information about rate coefficients
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Table 1. Arrhenius Parameters for the Rate Coefficients Used for

Simulation of Butyl Acrylate Polymerization
pre-exponential activation
factor, energy,

L-mol~tstors? kJmol* reference
k; 2.21x 107 17.9 10 %\o
Kop 4.84x 107 317 this work 2
K 1.52x 10° 28.9 this work =
ke 2.9x 1P 32.6 52
K® 1.34x 10° 5.6 5
K 2.74x 10° 5.6 this work, 5, 43
K 1.8x 107 5.6 this work, 5, 43
K 2.0x 10° 46.1 52

associated with midchain radical formatidg and subsequent
monomer additionkf).

Model of Acrylate Polymerization. The mechanistic model
of acrylate polymerization at temperatures below 80s given
in Scheme 2. As the model is used to analyze low-conversion
kinetic data, intermolecular chain transfer to polymer is not
included, nor igB-scission of tertiary radicals since the mech-
anism has been found to be of negligible importance in this
temperature regim&: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 -4 . . — : .
with lifetime t, with newly generated short radicals. The different 4048 50 53 60 63
reactivity of midchain (B and chain-end (B radicals in log M
propagation and termination mechanisms is explicitly consid- Figure 2. Simulated MWDs (a) and associated first-derivative curves

PSR - b) produced by PLP of butyl acrylate at 20 and different laser pulse
ered, and termination is assumed to take place exclusively bygei)gtition ratesyf. Calculate)é for )[/M]= 7.02 motL-%, [Rg] = 6.5p><

combination. 106 mol-L~%, and bo = 0.04. Other rate coefficients are chosen
according to Table 1.

Scheme 2. Acrylate Polymerization Mechanism

o ] K . The model of butyl acrylate polymerization is implemented
initial propagation step f+M—R] 0) using the simulation program PREDICI (polyreaction distribu-
5 tions by countable system integratiGyersion 6.22p.academic,
propagation R+M—R’, (i) on an Intel Celeron 1.8 GHz computer. MWDs are calculated
for pseudostationary conditions, by considering only the polymer
backbiting Flgﬁ, Rf (iii) 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,

. . . . K s .
addition to midchain radical 'tRi_ M= R\ (+SCB) (V) Figure 2 presents the MWDs calculated for BA polymeriza-

S tion at 20 °C, with PRRs,f, chosen to be the same as for
chain transfer to monomer R M — P, + R} ) experiments given in Figure 1 and rate coefficients as specified
" in Table 1. The additional parameters required for simulation

Rit + M P+ Ri (vi) are the concentration of radicals produced per laser pulgg, [R

= 6.5 x 107° mol-L~1, and the dispersion parameter used to

L L ke . i =
termination by combination Ri R*— P, (vii) represent SEC broadening of .the Mqu 0.04. The
] 1 evaluation of these parameters is described below. The calcu-

lated distributions in Figure 2 capture the features of the

t
t t—) m . . B . . - . .
Ri+R— Py (viii) experimental distributions and their first-derivative curves very
et _ well. As observed experimentally, the simulated distributions
R'+ R — P (ix) exhibit no PLP structure at repetition rates of 39 Hz and below.

At the same time, these distributions still shift to higher MWs

Table 1 contains the frequency factors and activation energieswith the increase of pulse separation time since the position of
of the rate coefficients for the reactions given in Scheme 2. the peak is controlled by the burst of radical termination
The Arrhenius parameters for the rate coefficients of backbiting occurring atto. The peak provides a measure of the apparent
and addition to midchain radical are determined in this work, propagation rate coefficienk’™, evaluated by applying the
as presented later. The activation energies for the terminationstandard PLPSEC methodology (i.e., by using the inflection
rate coefficientsc™, k' andk’ are chosen to be the same as in  point on the low-molecular weight side of the peak to determine
ref 5, and the pre-exponential factors are calculated from the k‘;p"). This paper outlines the procedure by which the variation
lumped rate coefficient&¥(K)%, 61 = (2kk,p)/(KKK;), and 6, of kP with PRR is used to estimatie, and k. It is first
= (k{t/kfs)(kbblk;)2 reported in ref 43 from analysis of experi- demonstrated using simulated distributions (with known input
mental rate data at 50C based upon the mechanistic set of rate coefficients), and is then applied to the analysis of the
Scheme 2. experimental MWDs.
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Figure 4. Variation of apparent propagation rate coeﬁiciekﬁ‘?p,

with laser pulse repetition raté, simulated for PLP of butyl acrylate

at 20°C. The MWDs have been calculated for [M] 7.02 motL ™2,

bo = 0.04, [R] = 1.0 x 1076 (O) and 1.0x 1075 (O) mol-L~%. The
other rate coefficients are chosen according to Table 1. Horizontal

dashed lines indicate the input valueskjf(upper) andk;’ (lower).

with the other rate coefficients as given in Table 1. The values
of k3™ vary between two limiting values that are relatively
insensitive to the input value of jR At high repetition rates,
k" is close to the input value for the propagation rate
coefficient of secondary radicalk;f,. This result is expected, as
the peak is formed by the termination of secondary radicals that

(a) and associated first- derivative curves (b) produced by PLP of butyl have not been subjected to backbiting. The slight offset between

acrylate at 20C at a laser repetition rate 49 Hz. Simulated MWD has
been calculated for [M} 7.02 motL™?, [Ro] = 6.5 x 107® mol-L™?,
andbo = 0.04. The other rate coefficients are chosen according to
Table 1.

Method Development

Before discussing howk™ is related to other kinetic
coefficients, it is important to first discuss how it is determined

ko?*Pand the input value of; for [Rg] = 1.0 x 1075 mol-L~*

is because the system is approaching the high termination limit,

where the MWD peak position is a better measuré othan

the point of inflection, as discussed elsewh@reAt low

repetition ratesk" approaches a constant value that is close

to k3", as calculated by eq 4. Between these two plateau values,
PP decreases with decreasing repetition rate according to a

sigmoidal shape, with the steepness of the decline being affected

from the measured MWDs. Close examination of Figures 1 and by the concentration of radicals generated per pulse. The

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 2C with a
pulse repetition rate of 49 Hz show two peaks in the first

derivative curves. One arises from the termination of radicals

repetition rate at which a sharp decreaskgﬁ‘i is observed as
PRR is lowered is denoted by, this repetition rate is also the
last at which the sharp peak in the first-derivative curve
associated witkkf) is observable. The features of the curve in
Figure 4 provide the basis for the procedures for evaluating
individual rate coefficients.

that have undergone backbiting and the other comes from
termination of secondary radicals that have escaped backbiting. Evaluation of ku,. The decrease of pulse repetition rate results
These two peaks are easily distinguished: the peak formed fromin @ broadening of the PLP-generated MWD as the fraction of
the radicals that have delayed growth due to a backbiting eventchains that undergoes intramolecular chain transfer increases,
is located at lower MW; this peak is also considerably broader and a sharp decreasekjf” occurs af,. According to reaction
than the other, as it is made up of the population of chains thatiii in Scheme 2, the fraction of radicals that are not subjected
have undergone multiple kinetic events of different time seales  to backbiting is proportional to expksst), wheret is the time
chain-end radical propagation, backbiting, and (perhaps) mid- after generation of these radicals by a laser pulse. If this fraction
chain radical propagation. The sharper peak at higher MW is too low (PRR less thaff), an insufficient population of
results from termination of the radicals that have grown without polymer molecules are formed to produce a sharp peak in MWD
undergoing backbiting, and is used to calculate the value of (and in the first-derivative plot). The lowest fractioxgin, Of

PP This situation only occurs at intermediate PRR; higher secondary radicals (with respect to total radical concentration
PRRs give distributions that have a sharper primary inflection attimet = 1/f) that still allows for the observation of the sharp
point (and sometimes also a secondary inflection point), and peak in the first-derivative curve associated wia;hcan be
lower PRRs give distributions with broader first-derivative assumed to be independent of the particular polymerization
curves having a single inflection point. conditions Xmin = exp(—kyp/fo) = const. The simulation results

Using this approach, the variation kff® with repetition rate shown in Figure 4 indicate théjis indeed not sensitive to (R
for BA polymerization at 20°C has been evaluated from Such that it is possible to conclude thég, is directly
simulated MWDs. The results presented in Figure 4 are Proportional tofo:
calculated for two concentrations of laser-produced primary

radicals per pulse, [if= 1.0 x 10°%and 1.0x 105 mol-L ™, Kop = @ o (7)
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Figure 5. Proportionality constana, determined for different tem-  Figure 6. Experimental (solid line) and simulated (dashed line) MWDs

peratures according to eq 7, with values,afetermined from simulated ~ for PLP of butyl acrylate at-10°C and a laser pulse repetition rate 49
MWDs for BA polymerization at different pulse repetition rates using Hz. Simulated MWD has been calculated for [M] 7.26 molL %,
the model given in Scheme 2 and rate coefficients in Table 1, with [Ro] = 1.0 x 107 mol-L~* andbo = 0.049. Other rate coefficients

[Ro] = 1.0 x 1075 mol-L~* andbo = 0.04. are chosen according to Table 1.
This expression can be used to determine the absolute value of 104 w(logh) [R], /mol-L"
koo from the dependency d€™ on repetition rate, provided e)q;)eriment
that the value of the proportionality constagtthat relateps 0.8+ 1 810"
to f, may be determined. In Figure 4, for example, the input : »
value forkyy is 109 s and the critical repetition rate is 49 Hz; o6d 1 A
thus the value of, is evaluated to be 2.22.
To confirm the validity of eq 7, values df, have been 0.4
evaluated by simulation from distributions calculated at different
temperatures using the model outlined above. The corresponding 024
values ofa, determined according to eq 7 are shown in Figure
5, with the values okyy, calculated according to the Arrhenius O
dependence in Table 1. The valueafis indeed seen to be 0'04,0 45 50 55 60
constant, with a value of 2.16 0.03. Further simulations log M
indicate that the value is dependent on the amount of SEC gigyre 7. Experimental (solid line) and simulated (dashed and dotted
broadening that occurs; for the same input valuk,gff, shifts lines) MWDs for PLP of butyl acrylate at10°C and a laser repetition

to a lower value as the broadening paraméteis decreased  rate of 49 Hz. Simulated MWD has been calculated for [¥]7.26
(and the MWDs become sharper), such that the value of the MOlL ", bo=0.049 and [ as indicated. The other rate coefficients
proportionality constané, increases. Therefore, the value of are chosen according to Table 1.

bo must be determined experimentally in order to refgt®

Kot attempt was made to minimize these experimental broadening

) av ¢ _ N effects. In addition, natural broadening occurs due to the

Evaluation of k;* and k. It is seen in Figure 4 that,  gocnastic nature of free-radical polymerization, and also results
although the values ot at low PRR approach a constant  fom dispersion effects during MW separation in the SEC
value close to the simulation input value i, there is an  columns. As can be seen in Figures 1 and 2, the narrowest MWD
offset by as much as 30%. At these lower repetition rates, a peaks are obtained (both experimentally and via simulation) at
larger fraction of the radicals terminate before the next pulse pigher laser repetition rates. Thus, it is these distributions that
arrives, compared to the system at high PRR. This increasesgre selected for estimating the valuebaf The width Ajog mn
the relative offset betweei;™ and k' compared to that  of the peak at some height< hmax Wherehmaxis the maximum
between k™" and k;. In addition, the peak formed from  height of the peak, is considered. This valuehoshould be
termination of radicals that are subjected to backbiting is broader selected large enough such th&gg v is measured for the
compared with the peak formed as a result of termination of narrow peak associated with the termination of chain-end
secondary radicals that have escaped intramolecular transfer tqadicals controlled by the laser repetition rate, as this width is
polymer. Thus, the associated inflection point from the first mainly dependent on Poisson broadening, kinetic broadening
derivative curve systematically underpredikfs The magni- (due to termination not occurring instantaneouslytgat and
tude of the offset depends on the value of the initial radical instrumental broadening. The valuelsf is then estimated by
concentration produced by a pulsegRand on the extent of  obtaining the best match between the experimental and simulated
broadening. An iterative approach has been developed towidths Agmn, as illustrated in Figures 6 and 7 for BA pulsed
estimate k' (and thusk), as will be detailed with the  at 49 Hz and—10 °C. The measured and simulated (with
experimental results. First, however, the estimatiob@ofnd dispersion parametéxr = 0.049) MWDs are normalized such
[Rq] is presented. that the ordinates of the peak maxima for both distributions are

Evaluation of bo and [Ro]. MWDs generated by PLP can equal to unity. Within one series of experiments carried out at
exhibit broadening for numerous reasons. Many of them are the same initiator concentration and pulse energy, the values
related to experimental conditions during pulsing: radical of bo estimated for different distributions are close to each other.
concentrations may vary spatially or with the number of pulses In addition, the value is not particularly sensitive to the choice
because of initiator consumption, laser attenuation, nonuniform of h; the value ofbo changes only from 0.048 to 0.050 lass
irradiation, and/or inhibitiol¥> As mentioned previously, every  decreased from 0.95 to 0.55.
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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 shortlong termination. The termination rate
coefficientsk®, k', andk" values are assumed known accord-
ing to Table 1; only the value for [l must be estimated in
order to characterize the termination event fully. In addition,
the determination of [R is important for the procedure used
to evaluatekg" and k;, values. The fitting of experimental
MWDs to estimate rate coefficients is well established. Moad
et al>6 were the first to use the MWDs produced by PLP to
estimatek; with known values of [B]. Here we do the opposite,
using the experimental MWDs to estimateg]Rssuming that
the values ofk™ K, and k' are known. The mode of
termination is chosen to be predominantly by combination in
accordance with the literatfe 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 combinatior?’ Figure 6 presents the result of fitting of the
measured MWD. According to this simulation the best value
of [Ro] is found to be 1.0x 107% mol-L~1. MWDs calculated
for [Ro] = 8.0 x 10 and 1.25x 1075 mol-L~! 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 [ff = 8.0 x 1078 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 [R] = 1.25x 1075 mol-L ! deviates consider-
ably from the one in the experiment. Therefore, the intermediate
value [R] = 1.0 x 1075 mol-L~! (Figure 6) is chosen as the
best value to reproduce the experimental MWD. Note that the
estimate of the peak widti\(og m,n) and thusbo are relatively
insensitive to [R], such that both parameters can be determined
simultaneously from fitting.

Analysis of Experimental MWDs. The measured depend-
encies ofl<§pp 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 3C, the results of two series of PLP
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temperature range of10 to +30 °C results in eq 8.

In(ky/s ) = 17.7— 38121 /K™ (8)

The Arrhenius plot is shown in Figure 9. The associated
values of pre-exponential factor and activation energyfere
(4.84 £ 0.29) x 10’ st and E, = (31.7 & 2.5) kImol ™,
respectively.

The remaining task is to estimakg’ (and thusk) from the
limiting values ofk}" found at low pulse repetition rates. This
has been accomplished as follows:

(i) According to the simulation results of Figure 4, the values
for k" are expected to be higher th&ff” at low repetition
rates. An initial guess fok2' is made based upon the experi-
mental results in Figure 8. The values 2600, 3700, 4700, 5600,
and 6850 mol~1-s71 have been chosen at temperaturds,

0, +10, +20, and+30 °C, respectively.

(ii) Assumingbo = 0.04, initial values ok, are estimated
from the experimentally determined values ff at each
temperature.

(i) eq 5 is then used to evalualle‘p values. These first
estimates forky,, and k. 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. Valuebofand
[Ro] 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 fobo and [R)] are used to update the,
estimates; eq 8 reports the final Arrhenius parametersgor
determined after convergence of this procedure.

(v) The estimate fok;“’ at each temperature is updated by
simulating MWDs obtained at low laser pulse repetition rates,
using the predetermined valuestofand [R]. The aim of these
simulations is to determine the differentg, between the input
value ofks” and the value ok;™ for the lowest repetition rates
examined experimentally, as illustrated in Figure 10a for the
set of experiments at 10 °C; K° represents the value &

experiments are shown. The horizontal dashed lines in each plotdetermined from the simulated MWDs. The difference has been

indicate the input values okg (based upon the IUPAC
expression of Table 1) arid" (calculated using eq 4 with the
Arrhenius parameters fdg,, and k:, estimated in this work).

The k™ values obtained at high repetition rates are slightly
lower, but still within 20%, of the IUPACk; values. This

difference is also seen in the simulation results shown as Figure

4 for [Rg] = 1.0 x 107°> mol-L~L. Under these high termination
rate limit conditions, it has been shown that the inflection point
can underestimate the true experimental v&lg.0 °C, a lower
value of [R], 3.0 x 10°® mol-L~1, is estimated, and the
measuredc value is in excellent agreement with the IUPAC
ks value.

Table 2 summarizes the final set of parameters and rate
coefficients estimated from data at each temperature. Recall tha
the reported values fof, are proportional toky, with the
proportionality constant being dependent on SEC broadening.
For the distributions between 0 and 30, bo is found to be
close to the value of 0.04, resulting in an estimate dgiof
2.16 according to simulation. At10 °C, the distributions are
well fit with bo = 0.051, and amy, value of 1.67 is estimated.

calculated for five repetition rates; at the lowest value (3 Hz)
A,y is estimated to be 655-mol~1-s71, and the variation in
ko™ with repetition rate is well described by an exponential
function in which a, b, and c are constants:
ka*P=a+ b x exp(d/Hz) 9)

(vi) Equation 9 is also suitable to describe the difference
betweenki™ and k3" for the experimental data. The nonlinear
least-squares fitting of the experimental points-at0 °C
by eq 9 results ink™ (L-mol *s7) = 1802 + 152.3 x

exp(0.20&/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 2084miol s,

Therefore, the corrected value fidf’ is calculated askﬁx"’°+
Aq) = 2739 L'mol~1-s71,

It should be stressed that this final estimated valuekfbr
does not differ greatly from the initial guess of 2600riol1-s™1,
The same was found at all temperatures: the preliminary values
estimated folky, andky'’ (and thusk;) by eq 5) were within 5%

Thus, ko, values have been estimated at each temperatureof the final converged values in all cases. Therefore, there was

according to eq 7. Linear least-squares fitting of the Arrhenius
relation Inkey) = In A — EJRT to these values for the

no need to reestimate the valuesbof and [R)] (determined
using the initial guesses fdg, and k;).
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Figure 8. Dependency of apparent propagation rate coefficifit, on pulse repetition ratd, obtained by PLPSEC experiments for butyl

acrylate at-10, 0,+10, +20, and+30 °C. At temperatures of 1
circles. The horizontal dashed lines indicate the IUPAC valukf;czind
parameters foky, and k; obtained in this work), respectively.

The final estimates fokgv at each temperature are used to
evaluatek! according to eq 5 and are summarized in Table 2.

and 3C, the results of two series of experiments are shown, by squares and

the estimated value &’ (determined on the basis of the Arrhenius

atoms. Because of the minor difference in activation energy,
the kpp values of the present work are by about a factor of 2

These values are fitted by the Arrhenius relation, according to below the ones reported from Plessis et al. (see Figure 9).

In(k/L-mol 5% = 14.23— 34757 YK (10)

The Arrhenius plot is shown in Figure 11. The associated
values of pre-exponential factor and activation energylare
(1.52 4+ 0.14) x 1 L-mol~*s™! and E; = (28.9 + 3.2)
kJ-mol~1, respectively.

Comparison of kg, and k; Estimates with Literature
Data. The Arrhenius parameters fég, obtained in our work
(Ea= 31.7 kdmol~! andA = 4.84 x 10’ s1) for butyl acrylate
polymerization are not significantly different from the ones
determined by Plessis et Al(E; = 29.8 kdmol™! and A =
4.31 x 10’ s71) via 13C NMR analysis of quaternary carbon

Although the experimental data in ref 29 provide a more direct
measure ok, the NMR signal-to-noise ratio may cause an
appreciable scatter of the data, as can be seen from Figure 9.
Interestingly, thek,, 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
ko"Pwith pulse repetition rate, in particular the strong decrease
at the repetition raté,, as observed in our experiments, may
not be simulated via the literatute, data. Furthermore, the
Plessis et aky, data cannot represent the sharp PLP peak found
in BA polymerization experiments at 60C using a pulse
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2700
Table 2. Values of Parameters and Rate Coefficients Estimated from
the_E_xperimentaI Depenqgncy of Apparent Propagation Rate 24004
Coefficient on Pulse Repetition Rate Measured by PLPSEC for
Butyl Acrylate

T, bo Rl fo @ e k‘r 21007
°C mol-L=1  Hz st L-molls? L-moltst
—-10 0.051 1.0<10°5 15 167 251 2739 2.7 1800+ o b)

0 0.039 3.0x10° 19 216 41.0 3727 4.7

10 0.040 7.0« 1@2 31 216 67.0 4776 7.3 3 3 7 f/Hz

a
20 0.040 3655XX ige 49 216 105.8 5802 10.6 Figure 10. Methodology for evaluation ofﬁ" by considering the
30 0.040 1.0« 105 79 2.16 170.6 7193 15.9 variation in ki with repetition rate forf < 10 Hz, illustrated for
25x%x 1052 PLP—-SEC experiments for butyl acrylate-afl0 °C. The lines indicate
aF . o the best fit of the simulated (top) and experimental (bottom) data using
or the data set shown by circles in Figure 8 an exponential function, as described in the text.

repetition rate of 200 H2! Simulation via the Arrhenius
parameters obtained in this work, on the other hand, are able to 3.0
predict this peak. Despite these minor differences, the agreement
between the literaturk,, values and the ones from the present 259
study must be considered to be satisfactory. —f"

With this work, we also provide an estimate for the rate of g 2.0
monomer addition to midchain radicdk:)[ and its variation 3
with temperature, best described by an activation energy of >
28.9 kdmol1. This value differs substantially from the activa- %
tion energy that can be inferred from the PLEPSR results 109
reported by Willemse et &. However, as discussed in the os

Introduction, it is likely that radical stationarity is not achieved 0.0032 0.0034 0.0036 0.0038
under their experimental conditions. An upper bound of K

t . . . .y
kp may be estimated by examining BA addition to a butyl Figure 11. Arrhenius plot of rate coefficienk:), for the addition of

methacrylgte (BMA,) radical. .While located O,n a .tertiar.y butyl acrylate to the midchain radical formed by backbiting. The line
carbon, this radical is not as hindered as the midchain radical yepresents the best fit of experimental data by eq 10.

that results from backbiting (compare Scheme 3a with Scheme
1). An approximate limiting value is estimated via the simplify- (kpgma) = 22.9 kmol~%; and the reactivity ratio is taken from
ing terminal model approach for copolymerization as literature as
follows:
lemasa = 0.827 exp(282T YK ™) (12)

K uppefL-mol s = LTS (11)

I'aMA BA The latter expression is from a study of BA copolymerization

with methyl methacrylaté? but was found to provide a good

wherergwaga is the reactivity ratio for relative addition rate  representation of the BMA-BA systeffi.Thus:

coefficients of BMA and BA to the BMA radical, an gua is

the BMA homopropagation rate coefficient. As has been shown K yopef L*mol s ™" = 4.6 x 10° exp(~3036T /K ™%) (13)
recently®® the terminal model may be used for deducing

approximatek, values for acrylate methacrylate copolymeriza- ~ Which corresponds to an activation energy of 25.2rial~* and
tions with the two monomers having the same type of alkyl a value of 145 kmol~1-s71 for k:j,uppe,at 20°C.

ester moiety. The IUPAC-recommended Arrhenius coefficfents ~ The midchain radical structure of BA is similar to that formed
for the latter areA(kp gma) = 3.78 x 10° L-mol ts™ andEx by polymerization of BA dimer. Thus, the polymerization
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Scheme 3. Reactions That Provide Bounding Estimates for Butyl Acrylate Addition to an Acrylate Midchain Radical (Shown as
Scheme 1): (a) Butyl Acrylate Addition to a Butyl Methacrylate Radical; (b) Butyl Acrylate Dimer Addition to the Associated
Midchain Radical®

(@)
BMA radical BA BA radical
Cl:OOBU COOBu COOBu ?OOBU
wwown—CH,—C + H =G - CH,—C—CH,—C’
CHj CHj H
(b)
BA dimer radical BA dimer BA dimer radical
COOBu COOBu COOBuU (|:OOBU
. .
wwiww—CHz—T + HC=C > CHZ—C—CHz—(|:
H,C H,C HZC\ H,C
CH; CH, CH, CH,
BuOOC BuOOC BuOOC BuOOC

a See text for further discussion.

behavior of the dimer species provides a lower bound estimatefor the temperature range 6f10 to 30°C, are determined to

for ktp; although the radical structure is similar, the addition of be A(

= (1.52+ 0.14) x 10° L-mol~ls* and Eq(k}) =

bulky BA dimer to the radical may be hindered compared to (28.9+ 3.2) kImol~1. These values indicate that propagation
addition of BA monomer (compare Scheme 3b to Scheme 1). of acrylate dimer provides a good model for monomer addition
Mdller studied the propagation of BA dimer using the PLP  to the midchain radical in this temperature range.

SEC technique and fitted the following Arrhenius expression

to the data®

Ky iowed L*mol st =k 4 o/L-mol st =
9.31x 10° exp(—4065T /K™Y (14)

This corresponds to an activation energy of 33.8rial"* and

a value of 8.8 kmol~*-s™1 for k:mwe, at 20°C. k;, determined

in this work has an activation energy (28.91kdl™1) between
these two limiting values, with the absolute rate coefficiekbt (
= 10.8 L'mol~ts™t at 20 °C according to eq 10) also
intermediate but much closer to the value for BA dimer
polymerization.

Conclusion
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