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ABSTRACT: The chain-length dependence of the termination rate coefficient, kt, of bulk homopolymerizations
of n-butyl methacrylate (n-BMA) and tert-butyl methacrylate (t-BMA) at ambient pressure and temperatures
between -30 and 60 °C has been studied via the single pulse-pulsed laser polymerization-electron spin resonance
(SP-PLP-ESR) technique. The decay of radical concentration, cR, after laser SP initiation is monitored with a
high time resolution of microseconds by ESR spectroscopy. Radical chain length, i, increases linearly with time
t after applying the laser pulse. The experimental kt

i,i values refer to rate coefficients for termination of two radicals
of identical chain length i. The variation of kt

i,i with chain length is adequately represented via the composite
model proposed by Smith et al., in which two power-law expressions, kt

i,i ∝ i-R, are contained with the exponents
Rs and Rl referring to short-chain and long-chain radicals, respectively. The transition between the two regimes
occurs at the crossover chain length, ic. The rate coefficients extrapolated for termination of two radicals of chain
length unity, kt

1,1, are almost identical for n-BMA and t-BMA with an activation energy of EA(kt
1,1) ≈ 10 kJ

mol-1. The Rs values are close to each other: 0.65 ( 0.10 (n-BMA) and 0.56 ( 0.10 (t-BMA). Both Rl values
are found to be 0.20 ( 0.05, which is close to the theoretical value of Rl ) 0.16. The crossover chain lengths are
ic ≈ 50 for n-BMA and ic ≈ 70 for t-BMA. The minor differences in composite-model parameter values of
n-BMA and t-BMA are assigned to differences in chain mobility.

Introduction

Because of diffusion control, with contributions from trans-
lational, segmental, and reaction diffusion, termination is the
most complex reaction step in free-radical polymerization.1

Particularly clear evidence for the termination rate coefficient,
kt, being diffusion controlled is provided by the so-called
Norrish-Trommsdorff2,3 or gel effect, which is caused by a
decrease in kt due to viscosity increasing upon monomer-to-
polymer conversion and to a concomitant increase in polymer
molecular weight. Mostly chain-length-averaged values for kt,
〈kt〉 , have been experimentally determined. The techniques for
determination of 〈kt〉 as well as the difficulties involved in
deducing reliable termination rate coefficients have been recently
reviewed.1,4 Only a few methods for investigations into chain-
length-dependent (CLD) termination have been proposed and
tested so far. They are based on the control of radical chain
length by either using RAFT (reversible addition-fragmentation
chain transfer) agents or by applying single pulse-pulsed laser
polymerization (SP-PLP) techniques. Under RAFT control,
chain length i scales with monomer-to-polymer conversion,
whereas in SP-PLP, the radical chain length is proportional to
the time after applying a laser pulse. With both techniques,
narrow chain-length distributions of radicals are established,
which enormously simplifies the kinetic treatment, as the
multitude of kt

i,j values, referring to termination of two radicals
of arbitrary size, essentially reduces to kt

i,i, representing the
termination of radicals which are identical in chain length. The
chain-length dependence of kt

i,i may be represented by the power-
law expression

In order to take into account that the chain-length dependence
of kt is more pronounced for shorter chains (i < ic) than for

larger radical chain lengths (i > ic), Smith et al.5 proposed a
composite model for kt

i,i at low degrees of monomer conversion,
which consists of two such power-law expressions:

The power-law exponents, Rs and Rl, refer to short-chain and
long-chain radicals, respectively; ic is the so-called crossover
chain length separating the short-chain and long-chain regimes;
kt

0 is the termination rate coefficient for the hypothetical situation
of two radicals of chain length unity terminating by segmental
diffusion (see below). CLD termination of short chains is
assumed to be governed by center-of-mass diffusion. Thus, Rs

may be expected to be in the range 0.5 and 1 with these lower
and upper limiting values being associated with center-of-mass
diffusion of random coils and of rodlike chains, respectively.6

Radicals of chain lengths exceeding ic are less rapidly diffusing
and may get entangled which considerably increases the contact
time of two such radicals. The associated termination mechanism
is denoted as segmental diffusion (SD) control. According to
theory, the associated power-law exponent Rl is 0.16.7-9

An easy access to model-independent kt
i,i values has been

devised and used by Vana et al.10 Within the so-called RAFT-
CLD-T method, the rate of polymerization, Rp, during the course
of a RAFT-mediated polymerization is detected via differential
scanning calorimetry (DSC). This method is widely applicable,
although kt determination via RAFT-CLD-T is associated with
the same difficulties as met in other stationary polymerization
techniques: initiator concentration, initiator efficiency, and
initiator decomposition rate coefficients need to be known for
estimating ktkp

-2, from which the coupled parameter kt is
obtained via the propagation rate coefficient, kp. The latter
coefficient has been determined for most common monomers
via the IUPAC-recommended pulsed laser polymerization-size
exclusion chromatography (PLP-SEC) method.11,12 Instationary
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polymerization experiments, on the other hand, allow for
deducing kt values without the necessity of knowing initiator
decomposition rate and initiator efficiency. Thus, the single
pulse-pulsed laser polymerization-near-infrared (SP-PLP-NIR)
technique4,13 provides access to termination rate coefficients by
analyzing monomer conversion vs time traces which are
measured with a time resolution of microseconds after applying
a laser single pulse. The fitting procedure directly yields
ktkp

-1and thus kt, as kp is accessible from PLP-SEC.
The SP-PLP-NIR-RAFT technique which has recently been

introduced by our group14 combines the high accuracy of the
SP-PLP-NIR technique with chain-length control by RAFT
agents. Hence, accurate model-independent kt

i,i data became
available. Both methods, RAFT-CLD-T as well as SP-PLP-NIR-
RAFT, have been applied to several monomers such as methyl
acrylate,15-17 butyl acrylate,14,18 and dodecyl acrylate17,19 as
well as for methyl methacrylate20,21 and styrene,10,22 yielding
chain-length-dependent kt data which are in satisfactory agree-
ment.17,18 There are however some limitations with these two
RAFT-based methodologies: For a particular monomer, it may
be difficult to find a RAFT agent which ensures radical chain
length and monomer conversion being correlated. Moreover,
the RAFT agent may affect polymerization kinetics and thus
kt

i,i, e.g., by giving rise to retardation phenomena.23 High quality
of SP-PLP-NIR-RAFT data, in addition, requires that the
monomer is relatively high in kp and low in kt. Furthermore,
the basic principle of both methods, i.e., the correlation of radical
chain length and monomer-to-polymer conversion, induces an
inherent ambiguity into the so-obtained termination rate coef-
ficients in that the kt

i,i values may be affected by both chain
length and monomer conversion. Thus, within the two RAFT-
based methodologies, each degree of polymerization is associ-
ated with a different viscosity of the polymerizing system. A
decrease in kt toward higher monomer conversion may be due
to both increasing chain length and increasing viscosity. The
short-chain regime may be particularly vulnerable toward this
problem, as the velocity of center-of-mass diffusion strongly
depends on overall viscosity. Hence, both methods may lead to
an overestimation of Rs. The difficulties may, at least partly, be
overcome by carrying out series of polymerization experiments
with widely differing RAFT agent concentrations.

Time-resolved measurement of radical concentration, cR, after
laser single pulse initiation provides the most direct access to
CLD termination rate coefficients, as was recently demonstrated
by single-pulse laser experiments carried out in conjunction with
ESR (electron spin resonance) spectrometric detection of cR.24

In principle, this SP-PLP-ESR method allows for model-
independent determination of kt

i,i according to eq 3.

Unfortunately, the signal-to-noise quality of SP-PLP-ESR will
mostly not be sufficient to provide kt

i,i from differentiation of
experimental cR(t) data. Fitting of kinetic expressions to the
measured cR vs time data, however, allows for adequate
estimates of chain-length-dependent kt.24-27 An advantage of
SP-PLP-ESR is seen in the absence of any additives to the
polymerizing system and in the fact that the chain-length
dependence may be mapped out at more or less constant
conversion. Whereas the parameters of the composite model,
i.e., Rs, Rl, and ic, are directly accessible from SP-PLP-ESR
without knowing absolute radical concentration, the estimate
of termination rate coefficients requires absolute cR(t) data to
be known. Thus, the ESR setup needs to be calibrated for
quantitative measurements of radical concentration. The calibra-
tion is based on the proportionality between the double integral
of the ESR (dispersion) spectrum, ∫∫ISC, and radical concentra-

tion. The SP-PLP-ESR technique has already been used for
determination of kt

i,i in radical polymerizations of dodecyl
methacrylate24,26 (DMA), cyclohexyl methacrylate26 (CHMA),
benzyl methacrylate26 (BzMA), dibutyl itaconate25 (DBI), and
the butyl acrylate dimer27 (BAD). These monomers have in
common that termination rates are relatively low.

The essential advantages of SP-PLP-ESR over SP-PLP-NIR
should be noted: (i) the termination kinetics is analyzed by
directly monitoring the time evolution of radical concentration.
and (ii) the experiments may be easily extended to fairly low
temperatures. It appears to be a matter of priority to advance
the SP-PLP-ESR technique such that also polymerizations of
monomers with higher kt may be accurately measured. Chain-
length-averaged kt values for n-BMA and t-BMA28 indicate that
these two monomers should be good candidates for such studies
with improved time resolution of the SP-PLP-ESR experiment.
The present paper details the results for kt

l,l, Rs, Rl, and ic obtained
for n-BMA and t-BMA by measuring the time evolution of cR

after SP initiation with particular emphasis on the time range
immediately after firing the laser pulse in which short-chain
radicals are terminating.

Experimental Section

The ESR spectra were recorded on a Bruker Elexsys E 500 series
cw-ESR spectrometer for sample volumes of 0.05 mL in quartz
tubes of 3 mm o.d. and 2 mm i.d.. The tubes were fitted into a
resonator cavity equipped with a grid through which the sample
was irradiated with a COMPex 102 excimer laser (Lambda Physik)
operated on the XeF line (351 nm) at a laser energy of about 30
mJ/pulse. The ESR spectrometer and the laser source were
synchronized by a pulse generator (Scientific Instruments 9314).
Temperature control in the range -30 to +60 °C was achieved via
an ER 4131VT unit (Bruker) by purging the sample cavity with
nitrogen.

The monomers n-BMA and t-BMA (>99.5%, stabilized with
hydroquinone monomethyl ether, Fluka) were purified by passing
through a column filled with inhibitor remover (Aldrich). Dissolved
oxygen was removed by several freeze-pump-thaw cycles. The
photoinitiator R-methyl-4(methylmercapto)-R-morpholinopropiophe-
none (MMMP, 98%, Aldrich) was used as received at initial
concentrations of about 3 × 10-2 mol L-1. The initiator was added
to the degassed monomer in a glovebox under an argon atmosphere.
The ESR tube was sealed with a plastic cap and with Parafilm and
was protected from light prior to PLP.

As the first step of the SP-PLP-ESR experiment, an ESR
spectrum was taken under pseudostationary PLP initiation condi-
tions using the signal channel (SC) detection system. Such a
spectrum recorded with a laser pulse repetition rate of 20 Hz on
n-BMA at -10 °C is depicted in Figure 1. The short sweep time
of 10.5 s was selected to avoid significant monomer-to-polymer

dcR

dt
) -2kt

i,icR
2 (3)

Figure 1. ESR spectrum recorded during pseudostationary pulsed laser-
induced polymerization of n-butyl methacrylate (n-BMA) in bulk at
-10 °C. The spectrum was recorded at a sweep time of 10.5 s, a
modulation amplitude of 3 G, a microwave power of 6 mW, and a
time constant of 0.01 ms. SP-PLP-ESR measurements were carried out
at the magnetic field positions H(fix,pos) and H(fix,neg), indicated by
the full and dash-dotted arrow, respectively.
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conversion prior to the actual SP experiment. Via ESR spectra
recorded prior to studying a polymerization system, the spectro-
scopic parameters, in particular, the modulation amplitude and the
microwave energy (to avoid saturation) had to be optimized such
that high signal-to-noise quality is reached. The first spectrum of
each SP-PLP-ESR experimental series is used to identify the peak
maximum positions for time-resolved measurements. The ESR
spectrum in Figure 1 shows rather broad lines. Because of the short
sweep time, the long-range hyperfine coupling with the γ-protons
of the ester group is not resolved. Narrow ESR lines are obtained
upon enhancing the sweep time by about 2 orders of magnitude.29

The so-obtained highly resolved ESR spectrum of n-BMA mac-
roradicals is in perfect agreement with the one reported by Kamachi
and Kajiwara.30 The magnetic field position, H(fix,pos), for time-
resolved cR detection after initiation by a single pulse was chosen
to be the one of the intense outer line indicated by the full arrow
in Figure 1. In contrast to the central line, this spectral component
is not affected by the ESR spectrum of primary initiator-derived
radicals.29

Mostly, also the time dependence at the position H(fix,neg) (see
Figure 1) was measured. The detection system used for tracing ESR
intensity at constant magnetic field (TC, time channel) in contrast
to the signal channel (SC), where full ESR spectra are recorded,
operates at a time resolution of 500 ns. In order to increase signal-
to-noise quality, up to 30 individual intensity data points were
accumulated, thus reducing the time resolution to about 15 µs. To
further enhance signal quality, the data from 200 separate single
pulse experiments were coadded. It was checked that the intensity
(ITC) vs time curves do not change with the number of applied pulses
due to either monomer or initiator consumption. The overall
monomer-to-polymer conversion after each experiment, i.e., after
measuring an ESR spectrum and an SP-PLP trace, was estimated
gravimetrically to be less than 10%. In this initial polymerization
range, termination rate coefficients may be assumed to be inde-
pendent of monomer conversion as is indicated by SP-PLP-NIR
results.28

Shown in Figure 2 are ESR intensity traces recorded after SP
initiation at t ) 0 for an n-BMA polymerization at -10 °C. The
curves were measured at the constant magnetic field positions Hfix,pos

(full dashed) and Hfix,neg (dashed line) (see Figure 1). The residue
(gray line), i.e., the sum of ITC(Hfix,pos)(t) and ITC(Hfix,neg)(t), coincides
with the baseline at times t exceeding 1 ms after laser pulsing, which
indicates that the traces are undisturbed and highly reproducible.
For shorter times, t < 1 ms, after SP initiation, the residue exhibits
a signal which is also seen in SP-PLP-ESR measurements at
arbitrary magnetic field position, including regions beyond the
absorption range of the different radical species. This signal is
assigned to a perturbation of resonator quality by the laser pulse.
The signal becomes negligible in situations of low laser energy
being applied in conjunction with high initiator concentration, as
was the case in the present study.

Quantitative Determination of Radical Concentrations. The
determination of absolute radical concentrations is based on the
proportionality between the double integral of the ESR (dispersion)

spectrum, recorded on the signal channel (SC), ∫∫ISC, and the
associated amount of spins in the system under investigation. At
constant sample volume the correlation between ∫∫ISC and radical
concentration, cR, reads

As eq 4 holds irrespective of the type of radical species, the setup-
specific proportionality factor h1 may be obtained by calibration
via the stable radical 2,2,6,6-tetramethylpiperidyl-1-oxyl (TEMPO,
99%, Aldrich) dissolved in the monomer under investigation.31,32

As time-resolved ESR analysis is carried out via the intensity at
fixed magnetic field, ISC(Hfix,pos), a second calibration is required
which correlates ISC(Hfix,pos) to the double integral:

To perform the calibration according to eq 5, different macro-
radical concentrations were produced by varying laser pulse energy
in pseudostationary polymerizations. Plotted in Figure 3 are double
integral values, ∫∫ISC, vs the associated ISC(Hfix,pos) data for t-BMA
polymerizations at -10 °C using different radical concentrations.
The linear correlation allows for deducing the proportionality
constant h2. Included in this figure are the ESR spectrum, the
associated integral, and the double integral. The calibration in Figure
3 refers to the SC detection system. As time-channel (TC) detection
is used for the measurement of the SP-PLP-ESR traces, a third
calibration step has been performed, in which the sensitivities of
the SC and TC detection systems are correlated (eq 6), again via
measurements on TEMPO dissolved in the two butyl methacrylate
monomers.

The two double integral intensities were found to be proportional
to each other. The proportionality factor, h3, may be obtained more
directly, although with lower accuracy, by correlating ISC(Hfix,pos)
with ITC(Hfix,pos) during a polymerization experiment. The ESR
spectra of the stable radical TEMPO (10-5 mol L-1 in t-BMA) at
-10 °C recorded via SC (full line) and TC (dashed line) detection
are shown in Figure 4 together with the associated double integrals.
The sensitivity of TC detection is by about a factor of 2 below the
one of SC detection. The proportionality factor h3 is valid for all
polymerization temperatures used in the present study and is
independent of TEMPO concentration. Moreover, no offset in
magnetic field positions is seen in between the ESR spectra.

Combining eqs 4-6 results in the final expression for transfor-
mation of ITC(Hfix,pos)(t) into cR(t) data:

Figure 2. ESR intensity vs time traces for n-butyl methacrylate
polymerization at -10 °C recorded after laser single pulse initiation (t
) 0) at the constant magnetic field positions Hfix,pos (full line) and Hfix,neg

(dashed line), as indicated in Figure 1. The sum of ITC(Hfix,pos)(t) and
ITC(Hfix,neg)(t), i.e. the residue, is represented by the gray line.

Figure 3. Correlation between ESR intensity at fixed magnetic field,
ISC(Hfix,pos), and the associated double integral of the ESR spectrum,
∫∫ISC. Included is an ESR spectrum of tert-butyl methacrylate mac-
roradicals created by pulsed laser polymerization with a repetition rate
of 20 Hz at -10 °C (dashed bold line) as well as the associated integral
(dot-dashed line) and double integral (dashed line).

cR ) h1A ISC (4)

A ISC ) h2ISC(Hfix,pos) (5)

A ISC ) h3A ITC (6)

cR(t) ) h1h2h3ITC(Hfix,pos)(t) (7)
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with the proportionality factors h1, h2, and h3 being deduced from
the calibration procedures outlined above.

Determination of macroradical concentrations is assumed to be
accurate within (30%. Relative radical concentrations, cR(t)/cR

0 ,
where cR

0 is the initial radical concentration produced by the addition
of the first n-BMA or t-BMA monomer to a primary initiator-
derived radical, is accessible with higher accuracy, as cR(t)/cR

0 is
directly obtained from the ITC(Hfix,pos) trace without any calibration
being involved. Integration of the spectra and fitting of kinetic
expressions to cR(t) traces were carried out via the software package
Origin7.1.

Data Fitting. Macroradical chain length, i, at time t after laser
SP initiation may be expressed by i ) kpcMt (in case that chain
transfer does not intervene). Implementing this relation into eq 2
followed by integration of the differential rate law for termination
(eq 3) yields

and

where tp is the mean time interval required for a single propagation
step, i.e., tp ) (cMkp)-1. In principle, the four parameters of the
composite model for kt

i,i, i.e., kt
1,1, Rs, Rl, and ic, may be deduced

from plotting log(cR
0 /cR(t) - 1) vs log t. The two linear regimes,

with slopes (1 - Rs) and (1 - Rl), respectively, should intersect at
log tc. The associated crossover chain length is ic ) kpcMtc. As will
be shown further below, this approach provides access only to ic

and Rl, whereas less precise values are obtained for kt
1,1 and Rs.26,33

The reason behind this inaccuracy is the inadequate description of
chain length immediately after applying the laser SP. The relation
i ) kpcMt would imply kt

1,1 to be infinite at t ) 0.
A physically more realistic description is based on the relation

i ) kpcMt + 1, which however results in a more complicated
expression for cR as a function of t at i < ic (eq 10), as has been
shown by Smith and Russell and has been tested by means of SP-
PLP-ESR data for DMA, CHMA, and BzMA.26,33

Equation 10 allows for an adequate description of termination of
radicals with chain length i < ic and kinetic analysis of the short-
chain regime, whereas eq 8 is restricted to longer chains, e.g., i >
5 in the case of t-BMA polymerization.26 Application of eq 10,
however, requires nonlinear fitting. Both approaches, i.e., regression
via eq 8 or via eq 10, have been compared in ref 26. It turned out
that eq 10 should be used for Rs and kt

1,1 analysis, as has been done
in the present study.

Smith and Russell also derived an exact solution, on the basis
of i ) kpcMt + 1, for the long-chain regime (eq 11).33 This

expression however turned out to be rather insensitive toward Rl

determination.26

Actually, the analysis of the cR(t) traces for n-BMA and t-BMA
polymerizations via eq 11 yields Rl values which are close to zero
or even negative. This problem is not due to a failure of eq 11, but
results from the changes in signal intensity at chain lengths well
above ic being too small as to allow for a reasonable fit of the data
to eq 11. Thus, eq 9 was used for deducing Rl from the experimental
data; i.e., Rl was determined from a log(cR

0 /cR(t) - 1) vs log t plot,
following the recommendation made by Russell et al.,26 although
Rl may be slightly overestimated by this procedure. The transition
region between the long-chain and short-chain regimes (triangles
in region III of Figure 5, see below) has not been included into the
linear fitting.

To summarize, the linear fitting procedure according to eqs 8
and 9 provides access to ic and Rl, whereas eq 10 is used for
deducing kt

1,1 and Rs. The propagation rate coefficients of n-BMA34

and t-BMA,35 which are required for data evaluation, were taken
from literature PLP-SEC studies.

Results and Discussion

The procedure of deducing ic and Rl is illustrated in Figure
5 by a log(cR

0 /cR(t) - 1) vs log t plot of data from a t-BMA
polymerization at 50 °C. The linear correlations for regions II
and IV intersect in region III with the point of intersection
yielding log tc. The crossover chain length, ic, is estimated from
ic ) kpcMtc + 1. The exponent Rl is obtained from the slope (1
- Rl) within the long-chain-length regime IV. The log(cR

0 /cR(t)
- 1) vs log t plot affords for no satisfactory representation at
short times t after applying the laser single pulse (segment I).
The essential reason behind the curvature of the data toward
small chain lengths, e.g., at i < 5, appears to be that eq 8 is
based on the expression i ) kpcMt. To at least partially avoid
associated uncertainties, linear fitting in region II has been
restricted to radicals with chain lengths 5 < i < 50, whereas eq
9 was used at chain lengths above i ) 100 (region IV). The
data plotted in Figure 5 yield as composite-model parameters
Rl ) 0.16 ( 0.05 and ic ) 67 with the accuracy interval of ic

being nonsymmetric: -10 and +20.

Figure 4. ESR spectrum and associated double integral for TEMPO
(10-5 mol L-1 in tert-butyl methacrylate) at -10 °C measured via the
signal channel (SC, full lines) and the time channel (TC, bold lines)
detection, respectively.

cR
0

cR(t)
- 1 )

2kt
1,1tcR

0 tp
Rs

1 - Rs
t1-Rs for i < ic (8)

cR
0

cR(t)
- 1 )

2kt
0cR

0 tp
Rl

1 - Rl
t1-Rl for i > ic (9)

cR
0

cR(t)
- 1 )

2kt
1,1cR

0 ((kpcMt + 1)1-Rs - 1)

kpcM(1 - Rs)
(10)

Figure 5. Plot of log (cR
0
/(cR - 1)) vs log t data as obtained via SP-

PLP-ESR experiments on tert-butyl methacrylate at 50 °C. The full
lines show the linear fits to the data in the short-chain (5 < i < 50)
regime in segment II and the long-chain regime (i > 100) in segment
IV. The data in segments I (i < 5) and III (triangles) were not used for
regression; the entire data set refers to monomer conversions below
10%.

cR
0

cR(t)
- 1 )

2kt
1,1cR

0 ((ic)
1-Rs - 1)

kpcM(1 - Rs)
-

2kt
1,1cR

0 (ic)
1-Rs

kpcM(1 - Rl)
+

2kt
0cR

0 (kpcMt + 1)1-Rl

kpcM(1 - Rl)
(11)
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SP-PLP-ESR traces of n-BMA and t-BMA were recorded in
the temperature range -30 to +60 °C. The ic values determined
for the different temperatures are plotted for both n-BMA and
t-BMA in Figure 6. There is no indication of any temperature
dependence of ic. Despite the significant uncertainty in ic

determination, the values for t-BMA and n-BMA appear to be
different. The temperature-averaged values, indicated by the
dashed lines, are ic ) 50 for n-BMA (filled triangles) and ic )
70 for t-BMA (open triangles).

In order to obtain the kt
1,1 and Rs values referring to small-

size radicals, the cR(t) data were fitted to eq 10 in the time
interval 0 < t < tc. The first two data points measured
immediately after applying the laser pulse, in the time range
where cR is still increasing, were not considered within the
regression analysis. Whereas Rs is directly deduced from the
fitting, kt

1,1 is obtained in coupled form as cR
0 kt

1,1. Thus, the initial
concentration of radicals formed by addition of the first
monomer to the primary initiator-derived radicals, cR

0 , needs to
be known. To deduce accurate kt

1,1 values, the early data points
taken immediately after applying the laser SP have to be
measured with high time resolution. Otherwise, the maximum
in the ITC(Hfix,pos)(t) trace will be underestimated. For a rapidly
decreasing quantity, such as the radical concentration, there is
a tendency of determining too low values due to averaging over
time t. This effect becomes negligible as soon as a sufficiently
high time resolution is reached.29

A typical fit to eq 10 is exemplified by the cR
0 /cR(t) - 1 vs t

plot in Figure 7. The underlying cR(t) data were recorded during
a laser SP-induced polymerization of t-BMA at 30 °C. The best
fit is achieved with an exponent Rs ) 0.65. The sensitivity of
the fitting procedure toward Rs is illustrated by curves referring
to Rs ) 0.55 and Rs ) 0.85. Visual inspection of these curves
tells that Rs ) 0.65, within the nonsymmetric error limits of
+0.20 and -0.10, allows for an adequate representation of the
chain-length dependence of the termination rate coefficient kt

i,i

of radicals with chain lengths i < ic.
The cR(t) data for t-BMA (open symbols) and n-BMA (filled

symbols) polymerizations at temperatures between -30 and +60
°C were analyzed according to eqs 9 and 10. The resulting
parameters Rs (squares) and Rl (diamonds), which partly are
mean values from independent experiments, are depicted in
Figure 8. The short-chain exponent, Rs, for n-BMA appears to
be independent of temperature: Rs ) 0.65 ( 0.10. With t-BMA
it is less clear, whether or not Rs varies with temperature, but
Rs seems to be below 0.65. The arithmetic mean value of Rs is
obtained to be 0.56 ( 0.1 for t-BMA.

The Rl values determined via linear fitting (see Figure 5) are
uncertain by (0.05. No significant difference in the Rl values
for t-BMA (open diamonds) and n-BMA (filled diamonds) is

seen. Averaging the entire data set determined for the two butyl
methacrylates within the experimental temperature range yields
Rl ) 0.20 ( 0.05 (see Figure 8).

The rate coefficient for termination of two radicals of chain
length unity, kt

1,1, was obtained as the second parameter from
fitting the radical concentration data to eq 10 (see Figure 7). It
should be noted that the kt

1,1 values reported in the present paper
refer to BMA polymerizations at very low degrees of monomer
conversion with the polymer content being of the order of 5 wt
%. For t-BMA polymerizations at temperatures of -10 °C and
below, Rs was kept constant at 0.56 in order to avoid that,
because of the correlation of kt

1,1 and Rs, meaningless values of
kt

1,1 are deduced by a two-parameter fit of the low-temperature
data which exhibit a larger scattering. No significant decrease
in the quality of the fit was observed for this one-parameter
fitting procedure compared to two-parameter regression.

Arrhenius plots of kt
1,1 for n-BMA (filled circles) and t-BMA

(open circles) are depicted in Figure 9. The individual activation
energies, EA(kt

1,1), are 10.1 kJ mol-1 for n-BMA and 12.0 kJ
mol-1 for t-BMA (dashed lines). As kt

1,1 is assumed to be
controlled by center-of-mass diffusion, it is gratifying to note
that EA(kt

1,1) is close to the activation energy of monomer
fluidity, which is about 10 kJ mol-1 for both monomers.28 The
kt

1,1 values for n-BMA and t-BMA are sufficiently close to each
other, such as to allow for a joint Arrhenius fit. The resulting
dashed line is associated with an activation energy of EA(kt

1,1)

Figure 6. Temperature dependence of the crossover chain length, ic,
for polymerization of n-butyl methacrylate (n-BMA) (filled triangles)
and tert-butyl methacrylate (t-BMA) (open triangles). The dashed lines
represent the temperature-averaged values of ic ) 50 for n-BMA and
ic ) 70 for t-BMA. The data refers to monomer conversions below
10%.

Figure 7. Plot of cR
0
/cR(t) - 1 vs time t after laser single pulse initiation

at t ) 0 during a polymerization of tert-butyl methacrylate at 30 °C.
The full line represents a fit of the experimental ESR-derived data to
eq 10. The data refer to monomer conversions below 10%. Curves for
Rs ) 0.55 and 0.85 are included to illustrate the data and fitting quality
(see text).

Figure 8. Temperature dependence of Rs (squares) and Rl (diamonds)
values as obtained from ESR-derived radical concentrations measured
during n-butyl methacrylate (n-BMA, filled symbols) and tert-butyl
methacrylate (t-BMA, open symbols) polymerizations, respectively. Rs

was determined via eq 10 for chain lengths up to 50 with n-BMA and
up to 70 with t-BMA. The Rl values were obtained via the linear fitting
approach using eq 9. The dashed lines indicate the mean values averaged
over polymerization temperature.
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) 10.5 ( 2 kJ mol-1. It should be noted that the two EA(kt
1,1)

values are well below the previously reported EA(〈kt〉SD) values
of about 20 kJ mol-1, which are the activation energies for kt

at low degrees of monomer conversion, where segmental
diffusion is rate controlling. The reason behind this discrepancy
is not yet clear. Experiments with further improved signal-to-
noise quality may answer the question of whether one of the
composite model parameters is temperature dependent, which
could account for the difference in the two types of activation
energies.

The final set of composite-model parameters obtained for
n-BMA and t-BMA bulk polymerization is summarized in
Table 1.

In what follows, the composite model parameters for n-BMA
and t-BMA will be analyzed by assuming termination to be
controlled by center-of-mass diffusion at short chain lengths
and by segmental diffusion at long chain lengths. The data will
be compared to previously reported SP-PLP-ESR data for DMA,
BzMA, and CHMA bulk polymerizations at 0 °C26 and to
experimental data for the chain-length dependence of the
diffusion coefficient of oligomeric n-BMA species dissolved
in n-BMA as reported by Griffiths et al.36

The power-law exponent for long-chain radicals in n-BMA
and t-BMA homopolymerizations is found to be Rl ) 0.20. In
view of the fact that linear fitting to eq 9 may result in a slight
overestimation of Rl, this value may be considered to be very
close to the theoretically predicted exponent of Rl ) 0.16 for
long entangled chains.7 Very similar numbers for Rl, between
0.18 and 0.21, have been deduced in earlier SP-PLP-ESR
experiments of our group on DMA, BzMA, and CHMA bulk
homopolymerizations.26 For styrene, Olaj and Vana observed
an Rl value of 0.18 at 20 °C. The authors reported a lowering
of Rl to ∼0.10 at 70 °C, which was assigned to a decrease in
solvent quality toward increasing temperature.37 Within our

present study, no such variation of Rl with temperature could
be safely established for the temperature range -30 to 60 °C.

The crossover chain length ic characterizes the radical size
from which on two radicals may get entangled and thus
experience a significantly enhanced contact time as compared
to contact times of radicals with chain lengths i < ic. As is
indicated by the higher glass transition temperatures of poly-
methacrylates, these polymers exhibit lower chain flexibility than
polyacrylates and thus should be less capable of forming
entanglements. Within the methacrylate family, higher ic is
anticipated for monomers with bulky ester groups. According
to this argument, the crossover chain length for t-BMA, ic )
70, exceeds the one for n-BMA, ic ) 50, reflecting the higher
steric demand of a tert-butyl group as compared to an n-butyl
group. Higher chain flexibility is also indicated by the propaga-
tion rate coefficient under otherwise identical reaction conditions
being larger for n-BMA than for tert-BMA. The effect of chain
flexibility on the propagation rate coefficient results from
hindrance of internal rotational motion of the transition structure
for propagation. Reduced hindrance goes with an enhanced pre-
exponential factor of the propagation rate coefficient, as is
discussed in more detail elsewhere.28,38

The crossover chain length of DMA, ic ) 50, is identical to
the one measured for n-BMA which may indicate that chain
stiffness is essentially determined by the type of side-chain
segments which sit next to the backbone. The similarity of ic

for DMA and n-BMA may however also be understood by
assuming that the reduction in flexibility associated with the
large dodecyl side chain is compensated by the fluidizing action
of this longer alkyl moiety which serves as some kind of
“internal” solvent. That such an internal fluidizing action plays
a role is also indicated by the relatively large value of ic ) 100
reported for methyl methacrylate.21 The methyl ester moiety of
MMA should not be capable of providing any substantial solvent
quality.

Relatively large crossover chain lengths, of about ic ) 90,
have been found for two methacrylates with cyclic ester groups,
CHMA and BzMA (see Table 2).26 The cyclic alkyl ester groups
thus appear to enhance chain stiffness. That the ic values for
CHMA and BzMA even exceed ic of t-BMA may serve as an
indication of significant mutual interactions of the cyclic
moieties during segmental reorientation of the associated
polymeric chains. The crossover chain length of methacrylate
monomers of similar ester size appears to increase along the
series n-alkyl < sec-alkyl < tert-alkyl < cyclic.

It needs to be tested whether this sequence applies also to
other families, e.g., to the acrylates. So far, three n-alkyl
esters have been studied. As is to be expected from the chain-
flexibility argument, the ic values for methyl,17 butyl,18 and
dodecyl acrylate17 polymerization are significantly below the
ones for alkyl methacrylates. They range from 20 to 30 with
the lowest number (ic ∼ 20) being found for dodecyl acrylate,

Figure 9. Arrhenius plot of the termination rate coefficient of two
radicals of chain length unity, kt

1,1. The kt
1,1 data were obtained by fitting

the radical concentration traces of n-butyl methacrylate (filled circles)
and tert-butyl methacrylate (open circles) to eq 10 (for details see text).
The full line represents an Arrhenius fit to the joint kt

1,1 data set for
n-BMA and t-BMA.

Table 1. Summary of the Composite-Model Parameters Obtained in This Work

ic Rs Rl kt
1,1(0 °C)/L mol s-1 EA(kt

1,1)/kJ mol-1

n-BMA 50 ( 15 0.65 ( 0.15 0.20 ( 0.05 1.3 × 108 ( 3 × 107 10.1 ( 2
t-BMA 70 ( 15 0.56 ( 0.15 0.20 ( 0.05 9.1 × 107 ( 3 × 107 12.0 ( 2

Table 2. Comparison of kt
1,1 Values Obtained for Bulk Polymerizations of Alkyl Methacrylates at 0 °Ca

n-BMA t-BMA BzMA DMA MMA

kt
1,1/L mol-1 s-1 1.3 × 108 9.1 × 107 3 × 107 1 × 107 4.7 × 108

η/ηn-ΒΜΑ 1 1 1.4 4.4 0.6
rs/rs,n-ΒΜΑ 1 ∼1b ∼1.4b 1.8 0.6
Rc/Rc,n-ΒΜΑ 1 ∼0.7 ∼0.4 0.6 ∼1.3
ref this work, 28, 42 this work, 28, 42 26, 42 26, 42 21, 42

a Also contained are values of ic, Rs, relative viscosity, and relative hydrodynamic monomer radius. The relative capture radii were calculated based on
the kt

1,1, η, and rs data (for details see text). b The hydrodynamic radii were interpolated according to the number of atoms in the monomer; the kt
1,1 value

for MMA was determined at 80 °C via RAFT-CLD-T and extrapolated to 0 °C using EA ) 10 kJ mol-1.
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the monomer with the largest alkyl ester side chain, and vice
versa (ic ∼ 30 for methyl acrylate). This finding additionally
supports the argument of a long alkyl ester group acting as
an “internal” solvent and enhancing the flexibility of the
polymeric chain.

Within a recent SP-PLP-NIR study, mean values of termina-
tion rate coefficients for the chain-length interval 1 < i < 1000
have been determined for n-BMA and t-BMA bulk polymeri-
zation at 2000 bar. The so-obtained numbers have been obtained
at low monomer-to-polymer conversions where approximately
constant plateau values of kt are found. They are denoted as
〈kt〉SD, thus indicating that termination occurs under segmental
diffusion control.28 The activation energies of 〈kt〉SD have been
reported to be 18.7 kJ mol-1 for n-BMA and 24.4 kJ mol-1 for
t-BMA,28 thus clearly exceeding the activation energy for kt

1,1

obtained within the present study. The difference in the
activation energies EA(kt

1,1) and EA(〈kt〉SD) provides further
evidence for different modes of diffusion control being operative
in the initial region of short contact, i < ic, from which EA(kt

1,1)
is deduced, and in the chain-length region i > ic, which is
primarily probed by the SP-PLP-NIR experiment thus providing
a value for EA(〈kt〉SD).

The sizes of kt
1,1 as well as of Rs are determined by center-

of-mass diffusivity of small radicals. The associated rate
coefficient, kdiff, may be estimated from the Smoluchowski
equation:39

where NA is the Avogadro number, Ds is the mutual diffusion
coefficient of the reacting species, and Rc is the capture radius.
For reaction of two radicals of identical chain length i, with Di

being the center-of-mass diffusion coefficient of an individual
radical, Ds is equal to 2Di. Di may be represented by the
Stokes-Einstein equation:

where kB is the Boltzmann constant and rsi the hydrodynamic
radius of a radical of chain length i. Equation 12 in conjunction
with eq 13 suggests that kdiff and thus kt should be independent
of chain length in the case that Rc and rsi vary with chain length
in a very similar or even identical fashion. Quenching experi-
ments on polystyrene,40 however, revealed that Rc is almost
independent of the degree of polymerization in the short-chain
regime. Thus, the chain-length dependence of kt,diff and thus of
kt

i,i should be governed by Di. At infinite dilution, the center-
of-mass diffusion coefficient for ideal random coils should scale
with chain length according to Di ∝ i-0.5.6 In case that excluded
volume effects are considered, the correlation becomes Di ∝
i-0.6.41 The experimental values provided within the present
study, Rs ) 0.65 for n-BMA and Rs ) 0.56 for t-BMA, are
close to the predicted value of Rs ) 0.6. The chain-length
dependence of Di has been determined for n-BMA oligomers
with chain lengths up to i ) 10 in solution of monomeric
n-BMA. The resulting relation is Di ∝ i-0.66 with the exponent
almost exactly matching the Rs value determined in our SP-
PLP-ESR experiments on the same monomer.36 For the bulk
homopolymerizations of BzMA, CHMA, and DMA, SP-PLP-
ESR experiments at 0 °C have provided Rs values of 0.50, 0.50,
and 0.64, respectively.26 Our results are consistent with these
findings in that Rs is higher for n-BMA where the pendant group
is linear, as with DMA, and in that Rs is lower in case of t-BMA
where the pendant group is spherical, as with BzMA and
CHMA.

The maximum value of kt
1,1 is given by the so-called diffusion

limit, with the associated number being estimated from kt,max
1,1

) 4RT/(3η) which relation is obtained by combination of eqs

12 and 13 assuming Rc ) 2rs1. The monomer viscosities from
ref 28 yield kt,max

1,1 ≈ 3 × 109 L mol-1 s-1 at 0 °C for both
t-BMA and n-BMA. The diffusion limiting value, kt,max

1,1 , exceeds
kt

1,1 by more than 1 order of magnitude. This difference reflects
the fact that the capture radius for the termination reaction is
governed by the reactive center at the radical site rather than
by the entire radical, i.e., rs1 . Rc, even at i ) 1.

It is instructive to correlate the kt
1,1 values with the associated

monomer viscosities and hydrodynamic radii. A set of kt
1,1 values

deduced from SP-PLP-ESR experiments on bulk alkyl meth-
acrylate polymerizations at 0 °C is collated in Table 2. Also
listed in Table 2 are relative monomer viscosities and relative
hydrodynamic radii (both with respect to the numbers for
n-BMA). As viscosities were not always available for 0 °C,
the relative viscosities in Table 2 partly refer to higher
temperature. The hydrodynamic radii of t-BMA and BzMA were
estimated from the rs values for n-alkyl methacrylates reported
in ref 42. This literature data are from light scattering experi-
ments.

Combination of eqs 12 and 13, with kdiff being identified with
kt

1,1, yields eq 14:

where constT is a proportionality factor which only depends on
temperature. Equation 14, e.g., allows for deducing relative
capture radii, Rc/Rc,n-ΒΜΑ, from relative kt

1,1 values, kt
1,1/kt,n-ΒΜΑ

1,1 ,
measured for a monomer of interest at identical temperature
and with the associated relative values of hydrodynamic radius,
rs1/rs1,n-BMA, and of viscosity, η /ηn-ΒΜΑ, being known from
independent experiments. The resulting numbers are listed in
Table 2. Whereas the kt

1,1 values of DMA and the two butyl
methacrylates differ by about 1 order of magnitude, the capture
radii are very similar. The differences in kt

1,1 thus are predomi-
nantly due to dissimilar monomer viscosities and hydrodynamic
radii. The slight differences in Rc between DMA and BzMA as
well as between n-BMA and t-BMA are not considered to be
significant in view of the accuracy of SP-PLP-ESR determina-
tion of kt

1,1. The differences between DMA and BMA may
however reflect some shielding of the radical center by the large
ester groups of DMA, which results in a lowering of the capture
radius. Along the same line of arguments, the relative capture
radius of MMA should be enhanced, as the shielding potential
of the methyl ester group will be minor. This is indeed what is
seen in Table 1. The kt

1,1 value for methyl methacrylate (MMA)
bulk polymerization has been determined via RAFT-CLD-T to
be ∼1.2 × 109 L mol s-1 at 80 °C.20 Arrhenius extrapolation
to 0 °C, via EA(kt

1,1) ) 10 kJ mol-1, yields kt
1,1 ≈ 4.7 × 108 L

mol s-1. The Rc/Rc,n-BMA values in Table 2 indicate a family
type behavior with kt

1,1 being essentially determined by monomer
viscosity and hydrodynamic radius. This type of kt behavior has
been predicted by Russell in his theoretical study into meth-
acrylate bulk polymerizations.43

The very few kt
1,1 values, which are currently available for

other types of monomers, such as acrylates and itaconates,
suggest that the dependence of alkyl methacrylate kt

1,1 on
monomer viscosity and monomer size may not be sufficient for
estimating kt

1,1. A value of kt
1,1 for butyl acrylate (BA) bulk

polymerization was determined via SP-PLP-NIR-RAFT for 2000
bar and 60 °C.18 Extrapolation to ambient pressure and 0 °C
yields kt

1,1(BA) ≈ 5 × 108 L mol s-1, which number exceeds
the value for n-BMA by about half an order of magnitude,
although n-BMA and BA have almost identical bulk viscosities44

and hydrodynamic radii. SP-PLP-ESR studies into DBI, on the
other hand, yield kt

1,1 values of the order of 105 L mol s-1, which
are far below the coefficients listed in Table 2. It appears
unlikely that such an enormous difference in kt

1,1 can be assigned
entirely to effects of monomer size and viscosity.

kdiff ) 2πNADsRc (12)

Di )
kBT

6πrsiη
(13)

Rc ) constT rs1kt
1,1η (14)
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The impact of chain dynamics and shielding needs to be
further investigated in subsequent work on a range of monomers
carrying out both bulk and solution polymerizations. Of
particular interest are SP-PLP-ESR investigations into high-kt

monomers, such as MMA and styrene. Termination rate
coefficients may strongly decrease toward higher monomer-to-
polymer conversion due to the Norrish-Trommsdorff effect.
For such gel-effect conditions rather high power law exponents
of kt

i,i, up to 2, may be obtained.21,22,36,45-47 It appears to be a
matter of priority to extend the SP-PLP-ESR methodology to
studies into chain-length-dependent termination up to high
degrees of monomer conversion. Such investigations should
provide a fundamental understanding of the dependence of kt

on both chain length and degree of monomer conversion. Further
extension of the method should encompass detailed studies into
systems containing more than one type of radicals, such as
acrylates, where secondary and tertiary radicals are simulta-
neously present in the polymerizing medium.48,49

Conclusions

Chain-length-dependent termination kinetics of n-BMA and
t-BMA bulk polymerization was investigated at low monomer-
to-polymer conversions and temperatures between -30 and +60
°C via SP-PLP-ESR. Experiments with time resolution up to
15 µs enabled kinetic analysis in the short-chain regime which
is less easily accessible by SP-PLP-NIR measurements. The
experimental results confirm the validity of the so-called
composite model for representing the decrease of kt

i,i with radical
chain length i. For both monomers the composite-model
parameters ic, Rs, Rl, and kt

1,1 were determined. The activation
energy of the rate coefficient of termination for two radicals of
chain length unity, kt

1,1, is in close agreement with the temper-
ature dependence of monomer fluidity. This finding indicates
that kt

1,1 is controlled by center-of-mass diffusion. Within the
alkyl methacrylate family, the composite-model parameters are
close to each other, with the exception of the crossover chain
length, ic. The differences in ic are assigned to differences in
chain flexibility.
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