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SUMMARY 
Pulsed-laser polymerization (PLP) in conjunction with molar mass distribution 

(MMD) measurement is the method of choice for determining the propagation rate coef- 
ficient kp in free-radical polymerizations. The authors, members of the IUPAC Working 
Party on Modeling of kinetics and processes of polymerization, collate results from using 
PLP-MMD to determine kp as a function of temperature T for bulk free-radical polymer- 
ization of methyl methacrylate at low conversions and ambient pressure. Despite coming 
from several different laboratories, the values of $ are in excellent agreement and obey 
consistency checks. These values are therefore recommended as constituting a bench- 
mark data set, one that is best fitted by 

The 95% joint confidence interval for these Arrhenius parameters is also given. In so 
doing, we describe the most appropriate statistical methods for fitting k&") data and then 
obtaining a joint confidence interval for the fitted Arrhenius parameters. As well, we out- 
line factors which impose slight limitations on the accuracy of the PLP-MMD technique 
for determining $, factors which may apply even when this technique is functioning 
well. At the same time we discuss how such systematic errors in kp can be minimized. 

a) part 1: cf. ref.') 

0 1997, Huthig & Wepf Verlag, zug 
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Introduction 

Reliable values of kinetic parameters for free-radical polymerization are of great 
technical and academic importance. They are also notoriously difficult to obtain, 
whether by consulting the literature -'which of many scattered values are reliable? 
- or by measurements of one's own. It is for this combination of reasons that there 
is a need to establish a critically evaluated database of kinetic parameters for free- 
radical polymerization, and such is one of the defining objectives of an W A C  
Working Party on 'Modeling of kinetics and processes of polymerization'. 
Recently') this project bore first fruit, in the form of a publication which set down 
benchmark values of the propagation rate coefficient kp for free-radical polymeriza- 
tion of styrene. Even more importantly, this publication also laid out guidelines for a 
method of choice for kp determination: it was recommended that kp values be 
obtained by pulsed-laser polymerization (PLP) in conjunction with measurement of 
the ensuing molar mass distribution (MMD). One of the advantages of this so-called 
PLP-MMD technique is that self-consistency checks are possible with it, i. e., essen- 
tially the same value of kp should be obtained even if otherwise-significant experi- 
mental parameters are altered. For example, if the laser pulsing frequency is altered 
or one uses a different concentration of photoinitiator or the incident pulse energy is 
varied, the derived value of kp should not change appreciably, even though the rate 
of polymerization and the MMD of formed polymer will invariably change. In this 
way it is possible to evaluate whether or not an experimental value of kp is 'reliable'. 
Such critical evaluation has been applied to come up with the benchmark data set of 
this paper, one of kp values - all determined using the PLP-MMD technique - for 
methyl methacrylate, an industrially important monomer. 

Qpical results and benchmark values 
For details concerning all aspects of PLP-MMD experiments and results, includ- 

ing the important issue of consistency checks, readers are referred to our previous 
paper') and the references cited therein. In this paper we begin by presenting criti- 
cally evaluated results from the use of the PLP-MMD technique to determine kp for 
methyl methacrylate (MMA). In Fig. 1 is given the MMD from a PLP of methyl 
methacry1ate2). The MMD is given as w(loglfl, the weight fraction w of polymer 
of log molar mass logl&; this is essentially the form in which size exclusion chro- 
matography (SEC) yields MMDs. The Fig. 1 results may be considered to be a good 
example of PLP-MMD results which allow reliable and self-consistent detennina- 
tion of G'). In this regard, note in particular the presence of a clearly-evident 'over- 
tone' feature at approximately lo5 g * mol-', about twice the value of the molar 
mass which is used to determine kp (i.e., the molar mass of the point of inflection on 
the low-molar mass side of the major MMD peak). The fact that this overtone fea- 
ture is both evident and located where it is can be taken as confirnation that the 
MMD of Fig. 1 yields a reliable value of kp'93.4). Indeed, in a case such as this where 
a correctly positioned overtone feature is so blatant, this alone is probably a suffi- 
cient consistency check for the obtained kp. 
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Fig. 1. Molar mass distribution (MMD) of the polymer formed in a pulsed-laser- 
initiated polymerization of bulk methyl methacrylate at 30°C, 1 bar and 10 Hz pulsing 
frequency2). The MMD is given as w(log,oM), where w is (normalized) weight fraction 
and M is molar mass in g - mol-' 

The k, derived from the MMD of Fig. 1 is just one of many k, values2-10) included 
in Tab. 1, which we recommend as constituting a benchmark data set for k, for 
methyl methacrylate at ambient pressure. All the kp values of Tab. 1 are from PLP- 
MMD investigations of bulk MMA systems at low conversion. Solution polymeriza- 
tion values have not been included, even though at least two PLP-MMD investiga- 
t i o n ~ ~ ' " )  have found that a variety of solvents seem to have no significant effect on 
methyl methacrylate k,. Also not included in Tab. 1 are values of kp determined with 
non-laser means of periodic initiation'*): it is felt that effectively instantaneous 
bursts of periodic initiation provide the best MMDs for reliable k, determination. 
Finally, the reader is reminded of two things: (1) k, increases with pressure (a depen- 
dence which has been measured for methyl methacrylate by PLP-MMD, and the 
activation volume thus determined")); (2) k, decreases at high conversions (as has 
also been investigated for methyl metha~rylate'~)). So the k, values of Tab. 1 will 
not hold at either high conversions or significantly greater than ambient pressures. 

The methyl methacrylate results of Tab. 1 are presented graphically in Figs. 2 and 
3, in Fig. 2 as I@,) versus 1/T, where T is temperature in K, in Fig. 3 as k, versus 
temperature in "C. It is evident that the k, values from different laboratories agree 
excellently with each other. In particular note the agreement of the 25°C values, 
which stem from five different laboratories in all. This is significant because it 
shows the reproducibility of the PLP-MMD technique for determining k,. Also sig- 
nificant is that the results of Tab. 1 span a wide range of experimental conditions. As 
Tab. 1 details, the obtained values of k, show only small and non-systematic scatter 
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Tab. 1. Critically evaluated values of the propagation rate coefficient k,  for methyl 
methacrylate as a function of temperature (all values measured in bulk and at ambient 
pressure) 

Temp kP Dark time Initiatora) [Initiator] Pulse Refer- 
in "C L . mo1-I . s-1 in s mmol. L-I energy ence 

in mJ 

-1 
-1 
-1 
5 

10 
10 
10 
10 
20 
20 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
50 

130 
134 
124 
151 
209 
213 
209 
212 
267 
281 
326b) 
308b) 
320b) 
305b) 
316b) 
292" 
297" 
306 

372d3e) 
304 
318 
369 
359 
361 
390 
389 
395 
395 
400 
400 
408 
408 
470 
522 
522 
522 
500 
576 
522 
522 
522 
528 
627 

359d' 

0,37 
0,37 
0,37 
0,37 
0,l 
0,1 
0,05 
0,05 
0,1 
0,1 
0 2  
O S  
0 3  
1 ,O 
1,985 
0 , l l -  1,98 
0,38- 1,98 

Darocur 1173 
Darocur 11 73 
Darocur 1173 
Darocur 11 73 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
AIBN 
benzoin 

18 
18 
18 
18 
1 
1 
1 
1 
5 
0 2  
1 
1 
1 
1 
1 
1 and5 
1 and 5 

AIBN 5 
DMPA 5 
DMPA 5 
benzoin 5 
benzoin 5 
Darocur 1173 45 
Darocur 1173 20 
Darocur 1173 22 
benzoin 1 
benzoin 1 
benzoin 1 
benzoin 1 
benzoin 1 
benzoin 1 
benzoin 1 
benzoin 1 
benzoin 5 
benzoin 5 
benzoin 1 
benzoin 0,2 
benzoin 5 
benzoin 5 
benzoin 5 
benzoin 1 
benzoin 0 2  
benzoin 0,04 
benzoin 1 
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Tab. 1. Continued. 

Dark time Initiatora) [Initiator] Pulse Refer- 
mmol. L- 1 energy ence 

Temp kP 
in "C L - mol-1 . s-l in s 

in ml 

50 
60 
60 
60 
60 
60 
60 
60 
60 
70 
70 
70 
70 
70 
80 
80 
80 
80 
80 
80 
80 
80 
90 
90 
90 

634 
962d.e) 
885 
889 
8 86 
769 
914 
814 
747 

1164 
1085 

989 
1018 
1034 
1278 
1289 
1258 
1338 
1304 
1338 
1372 
1281 
1504 
1563 
1527 

benzoin 
DMPA 
Darocur 1173 
Darocur 11 73 
Darocur 1173 
benzoin 
benzoin 
benzoin 
benzoin 
Darocur 1173 
Darocur 1173 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 
benzoin 

1 
5 

25 
25 
37 

5 
5 
0,04 
1 

37 
37 
5 
1 
1 
5 
5 
5 
1 
5 
1 
O W  
0 2  
5 
1 
1 

a) Darocur 1173 = 2-hydroxy-2,2-dimethylacetophenone, AIBN = 2,2'-azoisobutyro- 
nitrile, DMPA = 2,2-dimethoxy-2-phenylacetophenone. 

b, Value from lowest molar mass inflection point of experimental MMD; kp values from 
inflection points of overtone features not considered here. 

') Average value from several experiments. 
d, Best estimate from several experiments. 
e, MMD measurement by both size exclusion chromatography and MALDI mass spec- 

trometry. 

as experimental parameters such as photoinitiator type, photoinitiator concentration, 
laser pulse energy and laser pulse frequency are varied considerably. It is precisely 
such variations which should be performed in order to check that PLP-MMD experi- 
ments are yielding reliable values of kp'). Because the data of Tab. 1 fulfill these 
consistency checks, this data may be said to have been critically evaluated. Hence 
these kp values can be deemed reliable, and Tab. 1 can be recommended as a bench- 
mark data set. 
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Fig. 2. Arrhenius plot of the propagation rate coefficient kp for methyl methacrylate at 
1 bar. Points: data from Tab. 1; line: best fit (Eq. (lb)) of linearized Arrhenius equation 
(Eq. (la)) to points 

. * 

2am 

1Mo 

loo0 

500 

0 
-2Q 0 20 40 60 80 100 

Temppaaue in O C  

Fig. 3. Values of the methyl methacrylate propagation rate coefficient from Tab. 1 as 
a function of temperature. Points: data from Tab. 1; curve: best fit (Eq. (2b)) of Arrhenius 
equation (Eq. (2a)) to points 
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Fitting of benchmark data 

lowing linearized form of the Arrhenius equation: 
It is conventional to fit the temperature variation of a rate coefficient with the fol- 

( 1 4  
E A  Ink, = 1nA -- 

R - T  

Fig. 2 shows the result of a linear fit to the data of Tab. 1 as In k, versus 1/T: 

The above fit was obtained by standard linear least-squares fitting; in the present 
application, such fitting implicitly assumes that all values of In ,$, have the same 
absolute error. This is essentially equivalent to relative errors in kp being the same'4) 
(see below). 

that from a statistical point of view, the more 
correct way to obtain values of Arrhenius parameters is to carry out non-linear fit- 
ting of k,(T) data with the Arrhenius equation itself 

It has recently been pointed 

kp=A-exp - (2) 
In our previous paper') we used the error-in-variables method (EVM) (e.g., ref.14) 

for non-linear fitting of Eq. (2a) to our ,$,(T) data. A difficulty with the EVM is that 
it requires the errors in both kp and T to have been determined15). For our present 
benchmark data set, only at 25°C there are sufficient data points for an error to be 
estimated: the standard deviation of the 25°C kp values of Tab. 1 turns out to be 
*7.5%. However even this is really only an estimated error, not a determined error, 
for the kp values are not from duplicate experiments, but are from a variety of differ- 
ent laboratories, and have been obtained by different workers operating in slightly 
different ways (see the next section) and using different instruments. 

So really it is not optimum to use the EVM to fit our ,$,(T) data with the Arrhenius 
equation. For cases such as the present one, where errors in kp and T have not been 
determined, we now recommend using more standard non-linear least-squares 
(NLLS) fitting for determination of Arrhenius parameters. We performed such fit- 
ting using a program'@ available from one of the authors (A. van Herk). This pro- 
gram sequentially searches an entire sum-of-squares of residuals space (SSS) for its 
global minimum'@. In calculating the SSS, we assumed that the relative error in all 
I$, values was constant (even if not exactly known). For various reasons this is con- 
sidered the most likely error structure for the ,$, values. For example, since k, is 
determined from a characteristic feature of the MMD, and since SEC yields the 
MMD as w(logl,$4) (e.g., see Fig. l), it is most likely that errors in the logl@ scale 
of an experimental MMD will lead to approximately constant absolute errors in In k, 
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values, which is equivalent to constant relative errors in kp values. With such a 
weighting the data points of Tab. 1 were found to be best fitted by 

; - 1 "C I temperature I 90°C 
( -22, 3;yT- mol-' 

k P -  - L * mol-' - s-' exp 

This result, shown in Fig. 3, is essentially identical to that of the linear fit, Eq. 
(lb). This is because a multiplicative error structure (i.e., relative error constant) has 
been assumed for kp, and so logarithmic transformation of kp, as is done in Eq. (1 b), 
will lead to additive errors (i. e., absolute error constant). Since standard linear least- 
squares fitting assumes constant absolute error for weighting, such fitting of In k, 
should give essentially identical values of A and E A  as NLLS fitting of kp with the 
assumption of relative errors being constant 14). 

With the SSS from our NLLS fit, a 95% joint confidence interval (JCI) for the 
fitted Arrhenius parameters was obtained, and is presented as the smaller JCI of 
Fig. 4 (the larger JCI of this figure is a result we will come to later). Because the 
errors in our kp values have not been determined, the so-called F-distribution was 
used for JCI construction. This was done using the NLLS fitting program16) referred 
to above. This program uses a procedure which gives the exact JCI, as opposed to 
assuming that the JCI is an ellipsoid centered at the best-fit parameter values. 
Indeed, it is evident from Fig. 4 that the Tab. 1 data give a 95% JCI for A and E A  

which is only approximately elliptical in shape. Another point concerns temperature 
errors. Most workers using PLP-MMD are not in the habit ?f investigating whether 
any so-called exotherm effects take place in their PLPs. However MMA does not 
polymerize overly quickly, so it may be taken that the temperature uncertainties in 
the PLP-MMD results of Tab. 1 are small (say <0,5 K). Nevertheless, the JCI con- 
struction does not neglect these small errors, because any error in T is implicitly 
transposed into an error in kp, i.e., an error contributing to the sum-of-squares of 
residuals, and so to the JCI. 

An important conclusion from Fig. 4 is that it is incorrect to assign uncertainties 
to A and to E A  individually: these parameter values are highly correlated. This said, 
individual uncertainties may still be quoted. Assuming a normal error distribution 
on each side of the best-fit parameter values, our NLLS fitting program'@ yielded 
estimated standard deviations of +3,6 * lo5 and -2,9 * lo5 L - mol-' * s-l for A, and 
+0,3 1 and -0,32 kJ * mol-' for EA (the JCI is slightly asymmetric). Further, the fit of 
Eq. (2b) reveals an average estimated uncertainty (given by the limits of a uniformly 
distributed error) in all values of kp of about 5%.  It is important to be aware that 
these uncertainties, and indeed the given JCI, relate only to the random errors pre- 
sent in the data from the different laboratories. As such these pieces of information 
give a measure of the precision of the data set. The matter of accuracy and systema- 
tic errors will be discussed in the section below. 

We recommend that the kp values given by Eq. (2b) be used for modeling of low 
and intermediate conversion methyl methacrylate polymerizations carried out at 
ambient or near ambient pressure. This supersedes our earlier re~ommendation'~) of 
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the results of another experimental technique. For polymerization of MMA at tem- 
peratures above 90 "C (e. g. some industrial processes), we recommend Eq. (2b) as 
giving the best available estimate of kF Further, the boundaries of the JCI for our 
best fit values of A and E A  (see Fig. 4) can be used to gain an indication of the uncer- 
tainty in a value of k,  which is extrapolated from Eq. (2b). 

We would also like to recommend that either the JCI outline above, or else that of 
our previous paper'), be used for appraising the reliability of any experimental setup 
- whether PLP-MMD or otherwise - for measuring k,. The equipment should first 
be used to measure k,,(Z') for either styrene or methyl methacrylate. Then it should 
be seen whether the JCI of the resulting Arrhenius parameters overlaps with the JCI 
from the appropriate benchmark data set. If there is no overlap, then it would be 
desirable to investigate the discrepancy before reporting any k,, results. On the other 
hand, if the JCIs for A and E A  do overlap, then the experimental setup can certainly 
be deemed to be 'reliable'. Such is a good start, although of itself this does not guar- 
antee that the apparatus will always yield accurate k,. For example, if one is using 
PLP-MMD, the measuring of accurate k, also requires that accurate SEC calibration 
is possible (see below), that our recommended consistency checks') are fulfilled, 
and that the experimental system is amenable to the use of this technique (e. g., it is 
difficult to use for reliable measurement of kp for the acrylates'8-20)). 

The accuracy of the benchmark k,, values 

The NLLS fitting of the previous section raises the issue of the errors in our 
benchmark values of k,. Referring to Tab. 1 and to Figs. 2 and 3, it is evident that 
the different kp values of our benchmark data set are not in perfect agreement. Of 
course these variations are truly negligible when one considers the difficulties 
encountered in the past in measuring kp1712'). However it must be admitted that there 
obviously is some uncertainty in our benchmark kp values. Further, this uncertainty 
cannot be attributed simply to the kp values having been determined in different 
laboratories. This is shown by a comparison of the Arrhenius fits to two extensive 
sets of methyl methacrylate k, from the one laboratory: the Tab. 1 results of Hutch- 
inson et al. from 19933) and from 19952) are best fitted by the following equa- 
t i o n ~ ~ ' ~ ) ,  respectively: 

22,. 19 kJ - mol-' 
R * T  

= In( 1069378) - 

It is evident that despite the data coming from the same laboratory, the Arrhenius 
fits to each set of data show definite differences, in fact amounting to 10% at 10°C 
and 4% at 9O0C2). This suggests 10% as a lower bound for the uncertainty in the 
Tab. 1 values of k,. Of course this is a small - some would say negligible - uncer- 
tainty given that in k,  from older  technique^'^'^'). However the question arises as to 
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whether the uncertainty in the Tab. 1 values of kp is really as small as 10%. Answer- 
ing this question involves examining the origin of uncertainty in values of k,  as mea- 
sured by PLP-MMD. The first thing that must be said in this regard is that some of 
the results of Tab. 1 are clearly from duplicate experiments. Looking at such pairs of 
results, it is evident that random instrumental error cannot account even for the esti- 
mated average uncertainty of 5% which is obtained from NLLS fitting (see previous 
section). So while there is some random error (imprecision) in the kp values of Tab. 
1, it would seem that systematic error is probably the major source of uncertainty in 
these values. For this reason we now outline various factors which compromise the 
accuracy of the PLP-MMD technique for determining kp. 

(a) SEC calibration. The PLP-MMD technique relies on determination of a char- 
acteristic chain length LI, the average number of propagation events which a radical 
undergoes in the time between two laser pulses. In all bar one’) of the experimental 
investigations of Tab. 1, L, was determined using size exclusion chromatography 
(SEC) only. This is a technique which relies upon calibration using standards of 
accurately known molecular weight. Such poly(MMA) standards are readily avail- 
able, and so it can be taken that accurate SEC calibration was possible for the MMA 
investigations of Tab. 1. This of course would not have entirely eliminated SEC cali- 
bration error (e. g., there can be error in the quoted molecular weights of ‘monodis- 
perse’ standards’)). However, it does mean that this source of error probably contri- 
butes no more than about 10% uncertainty (if that) to most of the kp values of 
Tab. 1. Further, while calibration inaccuracies will lead to systematic error in a given 
set of k, measurements, it may be assumed that in combining many sets of such 
measurements (as here), SEC calibration error will lead to jibout as many kp values 
being too high as too low. So for the data set of Tab. 1 as a whole, it is likely that kp 
values will only have a small (if any) systematic error from SEC calibration; instead, 
such systematic error from individual sets of measurements should manifest itself 
here mostly as random error. 

In general it is a difficulty for the PLP-MMD technique that SEC yields an MMD 
only after calibration. Obviously this difficulty is minimized if monodisperse stan- 
dards of accurately known molecular weight are available for the polymer of inter- 
est. However PMMA is rare in being such a polymer. Usually PLP-MMD determi- 
nations of k, must rely upon using values of Mark-Houwink constants in order to 
effect universal calibration of raw SEC results. While the accuracy of this procedure 
can be significantly improved by employing so-called triple-detector SEC”, even 
better for the PLP-MMD technique would be the availability of a reliable means of 
MMD determination which did not involve molar mass calibration, i. e., a technique 
which yielded absolute values of molar mass. In this regard, matrix-assisted laser 
desorptiodionization mass spectrometry (MALDI-MS) is beginning to show pro- 
mise9~22*23). In fact, in two recent PLP-MMD investigations involving MMA9vz3), 
MMDs were measured by both SEC and MALDI-MS, and consistent MMDs (and 
hence values of k,) were obtained (the kp result of one of these investigationsz3) is 
not included in Tab. 1 simply because it was a solution polymerization). Neverthe- 
less there are still difficulties (e. g. ablation bias) to be overcome before MALDI-MS 
becomes suitable for routine measurement of polymer MMDs, and so at this stage 
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we would not recommend its use for PLP-MMD determinations of k,, unless it is 
supported by SEC results. However this is a situation which may change as 
MALDI-MS develops and its current teething problems regarding polymer MMD 
measurement are hopefully overcome. 

it has 
been standard practice to identify L1 with the point of inflection on the low molar 
mass side of the major MMD peak. A number of other theoretical s t ~ d i e s ~ ~ - ~ ’ )  have 
confirmed the rectitude of this correlation, and indeed, all bar three*.9) of the k, 
values of Tab. 1 were determined in this way, a procedure recommended in our pre- 
vious paper’). However, it has recently emerged’331) that the low molecular weight 
inflection point need not always be the MMD feature which most accurately corre- 
sponds to L,.  Specifically, when the vast majority (but not all!) radicals experience 
termination in the time between laser pulses, then L1 corresponds better to the chain 
length of the peak of the MMD8*31). If such is the case, then one will slightly under- 
estimate k,  (by, say, 10-20%) by using the low molecular weight inflection point as 
the value of L,,  i.e., this can be a source of systematic error in k,. 

The question therefore arises as to whether it can ever be recommended that the 
position of the MMD peak be used to estimate k,. This issue has been addressed in 
two independent studies, one of which simulated MMDs from rotating sector experi- 
m e n t ~ ~ ~ ) ,  the other MMDs from PLP experiments3’). While both studies confirmed 
that there are certain conditions when the peak maximum gives the better estimate 
of kp, both studies concluded that a far more reliable general procedure is to deter- 
mine k,  from the inflection point position. We therefore continue to recommend’) 
that the low molar-mass inflection point be used for L1 determination in using the 
PLP-MMD technique. Of course if one can show, via large-scale variation of the 
rate of termination, that the conditions of the so-called’) “high termination rate 
limit” prevail, then it is acceptable to determine kp from the MMD peak maxi- 
mums’9). However it is felt that such conditions are not easily obtained experimen- 
tally, and of particular concern is that ‘overtone’ features will not be evident under 
such conditions. The presence of a clear overtone feature at about 2 - L1 (as in 
Fig. 1) is thus not only an important self-consistency check in using the PLP-MMD 
method, but also serves as a sign that the inflection point provides a robust estimate 
of k,. Since such overtones were certainly evident in most of the MMDs behind the 
Tab. 1 values of k,, it may be concluded that in most cases the inflection point was 
the better MMD feature to use to obtain these kp. So the present consideration prob- 
ably only gives rise to a very small (at most) systematic error in the vast majority of 
the kp of Tab. 1. However SEC broadening, now discussed, does complicate this 
issue to some extent. 

(c) SEC broadening. A further complication introduced by using SEC is that it 
unavoidably yields a broadened MMD, i.e., even a monodisperse sample will be 
eluted over a range of volumes, and so appear to be somewhat polydisperse. Espe- 
cially where narrow MMD features are involved, this broadening will be a difficulty. 
Such is the case, for example, with PLP-produced polymer which is suitable for k, 
determination (see Fig. 1). Until recently this difficulty has essentially been ignored. 
But then it was pointed out3’) that since axial dispersion broadens the width of an 

(b) Peak or inflection point? Following the pioneering work of Olaj et 
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MMD peak, the inflection point on the low molecular weight side of an MMD peak 
will be shifted to lower molecular weight by SEC broadening. For standardly deter- 
mined k, (see above), the anticipated effect3” of SEC broadening is therefore that it 
will lead to systematic underestimation of k,. 

This anticipation has subsequently been confirmed (for normal operating condi- 
tions) both by an extensive series of  simulation^^^) and by an experimental study in 
which both SEC and MALDI-MS were used for MMD determination’). The latter 
study emphasizes another of the potential advantages of MALDI-MS, which is that 
it yields an unbroadened MMD. Taken together, these studies indicate that kp may 
be underestimated by 10- 15% if it is determined from the low-molar mass inflec- 
tion point of an SEC-broadened MMD, a consideration which applies to all bar 
three8*’) of the Tab. 1 values of k,. The exact magnitude of this systematic error will 
depend on various factors3”, including the extent of SEC boradening. All this said, 
it should be mentioned that a large body2) of the Tab. 1 data shows no overt variation 
of k, with laser power and photoinitiator concentration. Given that MMD shape 
changes as these factors are varied, this lack of variation in experimental k, might 
possibly suggest that any systematic error introduced by SEC broadening is not as 
large as 10- 15%. 

(d) Which form of MMD? Some of the Tab. 1 values of $ were determined from 
using w(logloM) as the form of the MMD (e.g., ref.5)), some from using w(M) (e.g., 
ref.8)), some from using the relative number n(M) of chains of mass M (e. g., ref.3)). 
This is relevant because the position of an MMD feature varies slightly according to 
which form of MMD one This was recently examined in a systematic 
and comprehensive way3’): an extensive series of simulations have revealed that in 
the absence of SEC broadening, the position of the k,-giving inflection point varies 
negligibly (less than 1%) according to the form of the MMD (w(logloM), w(M) or 
n(M)). However, as the extent of SEC broadening increases, the MMD form can 
begin to exert a significant influence (say, up to 10%) on the precise position of the 
inflection point standardly used for kp determination. For MMDs which have been 
SEC-broadened, w(log,oM) would in general appear to give the most accurate esti- 
mate of k?). An added advantage of using w(logloM) is that it is the MMD form 
yielded directly by SEC in conjunction with a mass detector; transforming SEC 
results into w(M) or n(M) can result in a considerable increase in MMD noise. 

(e) Chain-length-dependent propagation. There is mounting evidence33334) that $ 
for the first few propagation steps is substantially greater than k, for ‘long’ chains. 
This cautions against PLP-MMD studies involving production of chains with small 
L1, say Ll less than a chain length of about 20: if the experimental L1 from such 
studies are not appropriately reduced, then they will yield an average k, which may 
be significantly (say, 10%) more than the long chain k?). Although this is not a 
concern for the $ of Tab. 1, all of which involved L1 much greater than 20, this con- 
sideration may come to be relevant for the use of MALDI-MS in PLP-MMD studies, 
for at present MALDI-MS is best suited to measuring short chain molar masses. 

Systematic errors and the estimation of Arrhenius parameters. From the preceding 
discussion it would seem likely that our benchmark MMA k,  values have an uncer- 
tainty of at least lo%, perhaps as high as 20% given the possibility of significant 
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SEC broadening. Since the effect of SEC broadening is almost always3') to cause 
underestimation of kp, it is anticipated that the principle effect of this source of sys- 
tematic error will be to lower the obtained A from its true value. Unfortunately this 
anticipation cannot be precisely quantified, because by definition the exact extent of 
systematic errors cannot be known. This means' that there is no formally proper way 
of accounting for such errors in fitting of data and JCI construction. However we 
crudely estimated the maximum likely effect of our systematic errors as follows. A 
20% random error in all k, values was assumed, and NLLS fitting carried out. For 
obvious reasons this yielded the same best fit values for A and E A  as those of Eq. 
(2b). The sum-of-squares of residuals space from the fitting was then used to con- 
struct a JCI. This was done using the so-called X2-distribution, because of known k, 
errors having been as~umed '~) .  The result is the outer JCI of Fig. 4. This JCI is con- 
siderably more expansive than the earlier-obtained JCI of Fig. 4. Nevertheless, the 
absolute uncertainty in A and E A  remains remarkably small, this despite a likely 
upper bound for the error in individual k,  values having been assumed. 
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Fig.4. 95% joint confidence intervals for the frequency factor A and the activation 
energy E A  from non-linear least squares fitting of data for the propagation rate coefficient 
k, of methyl methacrylate (see text); central "+": A and E A  of Eq. (2b), i.e., values giving 
least fitting residual when constant relative error in all kp values is assumed (see text); 
full line (-): confidence interval from assuming constant but unknown relative error in 
all k, values (see text); broken line (- -): confidence interval from assuming known 20% 
relative error in all kp values (see text) 

Summing up. Even when our recommended consistency checks') are fulfilled, the 
PLP-MMD technique yields values of kp which are uncertain to some extent, mainly 
on account of systematic error. Some of the considerations discussed above (e. g. the 
availability of appropriate monodisperse standards) are irrelevant for our Tab. 1 
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values of kp, but then again, MMA may be considered to be a monomer for which 
the PLP-MMD technique is ideally suited. In general, workers should be aware of 
the above discussed sources of uncertainty, and should strive to minimize their 
effect. 

Lastly, we stress two things: (1) The discussion given here should in no way 
obscure or undermine the true accuracy of our 'benchmark' values of kp, an accuracy 
which, by the standards of the past, may be considered to be truly remarkable. (2) 
The sources of uncertainty which have been discussed here are to be distinguished 
from the difficulties which have besieged attempts to use the PLP-MMD technique 
for high-$ monomers such as vinyl acetate and the acrylates. As has been illu- 
strated"*' 28), such more sinister problems are signified by the failure of results to 
fulfill our recommended consistency checks. With effort these problems have been 
overcome and some good kp data obtained for both vinyl acetate2) and a few acry- 
lates ''9 'O). 

Comparison with styrene 

that from our previous paper" for kp for styrene: 
Our Arrhenius fit for kp for methyl methacrylate, Eq. (2b), may be compared with 

; -12°C 5 temperature 5 93°C 
k - ( -32, 5XyT-mo1-' 

P -  L - mol-' - s-' exp 

This result was obtained using EVM fitting, but it can be confirmed that the same 
result is also obtained using the now-preferred NLLS fitting method'@ of this paper. 
Further, the JCI construction methodI6) and approach of this paper yield a JCI for A 
and E A  for styrene k which is similar to, although a little smaller than, the result 
previously presented') (a result obtained using an approximate method35) for JCI 
construction). For this reason there is no call to present a new JCI for A and E A  for 
styrene kp. 

Comparison reveals that the 95% JCIs for the two sets of Arrhenius parameters - 
for styrene and MMA kp - are far from overlapping. These JCIs were constructed 
after giving proper consideration to the errors in the data. So it can be concluded 
that the Arrhenius parameters for propagation of styrene and methyl methacrylate 
are significantly different. Specifically, the frequency factor is more than an order of 
magnitude higher for styrene propagation, while the activation energy is also higher 
for styrene, by about 10 kJ * mol-'. For the temperature ranges studied by PLP- 
MMD (up to 90"C), the difference in activation energies has the greater effect, and 
k,, for methyl methacrylate is about a factor of two greater than kp for styrene. 

Taking a wider view, now that the above differences in Arrhenius parameter 
values for styrene and MMA kp have been genuinely established, physical reasons 
for the magnitudes of these differences can be searched for. The opportunity thus 
beckons for an understanding of propagation in free-radical polymerization to be 
reached. 
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Future objectives and conclusion 
The PLP-MMD technique has by now been used to measure methyl methacrylate 

kp in a wide variety of laboratories. As was also the case with styrene'), this data has 
been found to show excellent consistency, and so these results are recommended as 
constituting benchmark $ values for free-radical polymerization of methyl metha- 
crylate. This brings to two the number of monomers for which we consider bench- 
mark kp values are now available. Our next aim is to be able to compile benchmark 
kp values for other methacrylates, a project already well under way2s36*37). These 
results may enable us to understand why kp varies within the series of different 
methacrylates. Such an understanding would help, for example, in predicting k,  
values for different acrylates, providing that reliable kp are already available for a 
particular acrylate. This in fact is one of our long-term aims: to be able to report 
reliable k,  values for an acrylate (the success of such PLP-MMD experiments having 
been only limited'9v20) to date). A further long-term aim is to compile reliable values 
for chain transfer rate coefficients (e. g. Members of the international 
polymer community are whole-heartedly invited to join us in striving to cany out 
these important tasks. 
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