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Summary: A survey is given on a selection of recently developed methods
for the evaluation of the rate coefficient k, of termination and its chain-
length dependence. In particular these are the time-resolved single-pulse
pulsed laser polymerization (TR-SP-PLP), the single pulse pulsed laser
polymerization in combination with the analysis of the molecular weight
distribution produced (SP-PLP-MWD), the methods yielding an average k,
either from the second moment of the chain-length distribution (CLD) or
from the rate of polymerization, and a method focusing on the chain-length
dependence of k, consisting in an analysis of the CLD resulting from PLP
experiments carried out at low pulse frequencies (LF-PLP). The results ob-
tained by these methods are compared and discussed. The role of the
shielding of the two radical chains by their appendant coils is emphasized.

Introduction

Compared to the other elementary steps in radical polymerization the termination
process certainly is the most complex one. While propagation — at least under normal
initial conditions —is a comparatively simple activation-controlled reaction between a
radical chain and a neutral monomer molecule again leading to a radical chain whose
length is increased by one monomer unit, termination consists of a complicated
sequence of steps (approach of the two radical chains by center of mass diffusion,
mutual interpenetration of the coiled radicals, translational and rotational diffusion of
the radical chain ends, final spin annihilation) all mostly physical in nature. Contrary to
some other examples in reaction kinetics where physical processes can be described
with much more ease than chemical ones this is not so with the termination reaction
between two polymer radicals, mainly because of the complex “entanglement” of the
part steps named above. One of the main consequences is also that at least some of these
part steps should be chain-length dependent, calling for a chain-length dependence of
the termination rate constant k; as a whole, too. In this case two additional problems
arise: (a) because there is a genuine polydispersity of living chains in all polymerization
systems k; has to be assigned (and refers) to this chain-length distribution (CLD) to be

characterized at least by its mean chain length, and (b) due to the bimolecular nature of
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the termination process k; accordingly will depend on some average (i, J) of the lengths
of the two chains (i, j) involved. Both these facts imply that k; cannot have the meaning
of a kinetic constant but has to be treated as a kinetic coefficient rather.

This is considered as one of the main reasons why our knowledge of k; values is much
less developed than that pertaining to the other elementary constants of radical
polymerization. The second point is caused by the fact that no methods were available in
the past which aimed at a direct determination of k; in fact k always appeared as some
aggregate with the propagation constant k;,. For decades the only access to k; data was to
combine kpzlk‘ values (to some power n) from stationary free radical polymerizations
with ky/k; values from experiments carried out under nonstationary or pseudostationary
conditions and to resolve these ratios into their individual components k, and k. Not
only that this involves a lot of problems if — as it is nearly always the case — the two
types of experiments refer to basically different radical chain-length distributions, this
indirect manner of determining the two quantities k, and k; is overloaded with such an
extent of inaccuracy that no reliable solutions to these two equations for the two
unknowns, kp and k;, can be obtained.!"! A short look into the Polymer Handbook™ of
1989 conveys an impressive picture of the situation: the k; data are scattered over about
1.5 decades even for the two well-behaved and best-investigated monomers styrene (St)
and methyl methacrylate (MMA). Relying on the latest edition (1999) of the Polymer
Handbook! little or nothing seems to have changed in the meantime. Actually, the
situation may not be seen in such a pessimistic way. Without making any claim for
completeness it is the primary intention of this article to give some account of

a) The methods for the assessment of k; that have been developed since 1989

b) The results obtained

New Methods

Progress in determining k; to some extent was more or less automatically announced by

the experimental realization'*!

of the so-called PLP (pulsed laser polymerization)
method in 1987 which allows a direct determination of k, from the analysis of the CLD
of (dead) polymer prepared by periodic pulsed laser initiation. When ¢, is suitably
chosen the CLD exhibits inflection points (Lo), on the low molecular weight side of its

“extra peaks” which fairly well obey the relationship

(Lo)o =1 - to: kp -[M] )]
to = time elapsing between two successive pulses
[M] = monomer concentration
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where n characterizes the “order” of the point of inflection. As a matter of fact, this
technique has developed into a standard and benchmark method during the fourteen
years of its existence and has provided k, data for a lot of monomers, e.g. styrene,
methyl methacrylate, a series of acrylates and other methacrylates, vinyl acetate etc.!*)
Not unexpectedly, a lot of the problems[” which are associated with the indirect
determination of k from two different combinations of k, and k; disappear when a
directly determined k;, is used to resolve one of these combinations into their individual
constituents. What is left in any case, however, is to find a convenient way to obtain
reliable information not only on k; but also on its chain-length dependence.

1) k¢ from the time-resolved decrease of monomer concentration following a single laser
pulse (time-resolved single-pulse pulsed laser polymerization, TR-SP-PLP)

This method applies the ingenious technique originally developed by Buback et al oM
which consists in the time-resolved registration of the (decrease of) monomer

U2 5t follows a

concentration following a laser pulse. In the form described below
(theoretical) paper by de Kock et al."™ Solving the equation for the (instantaneous) rate

of polymerization v,() = —-d[M]/dt for the (instantaneous) radical concentration [R ~]t

1
R, = —d[M]/ds 2
R ] kp[M]( [M]/dr) @
and simultaneously solving the equation defining the rate of termination v
_Mzk[ [R]? 3)
dr

for k, whether this be a constant or a properly averaged rate coefficient of termination

1

k = W(—d[R -], /de) “)
a combination of Egs.(2) and (4) leads tol1
M], - [M
o[ LT .

where [M], and [M], are the first and the second time derivative of the instantaneous
monomer concentration [M], respectively.

If the laser pulse is considered to provide a & pulse of initiation on the time scale of the
experiment (i.e. all living chains are produced simultaneously) and accordingly have the

same (time-dependent) chain-length within the small polydispersity of a Poisson-

distribution k can be assigned with good accuracy to a certain chain-length i of the two
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terminating chains on a microscopic scale which is related to time ¢ after pulse initiation
by an equation analogous to Eq.(1)

i=ky[M] -t (1a)
provided k, is chain-length independent, no radicals from former pulses are left in the
system and chain transfer can be ignored

ke =kp[—[M[]l'\./'I 512“] - 1} (52)
Of course, this treatment yields correct results only if no inhibitor is present in the
system and if the initia*tor used is ideal. Prospects of successfully applying this method
are best with monomers distinguished by high k, values that accordingly give
comparatively large conversions per pulse. The necessary condition, of course, is that
the method of monitoring the disappearance of monomer following a laser pulse is
sensitive enough to yield data of sufficiently high quality so that the second derivative of
[M] is available with the necessary accuracy. What is left is the determination of kY rate
coefficient of termination between radicals of different size. In principle, this could be
done by an extension of TR-SP-PLP called TR-echo-PLP. Here a second laser pulse is
applied shortly after the first one so that the problem of termination within an overall
radical population is mainly reduced to termination between radicals of equal length
produced in pulse nr.1 (governed by k") and nr.2 (ktj'j) and termination between radicals
produced in pulse nr.l and those in pulse nr.2 (k). From the latter the desired

information on k/*/ can be extracted.!'>"*!

2) k; from the molecular weight distribution of single pulse experiments (SP-PLP-MWD;
de Kock'"?)

The crucial problem of the former method, the accurate evaluation of [M] can be
circumvented by resorting to the CLD of the polymer formed in the single pulse
experiment. Assuming for example termination by combination (no necessary
condition) which means one polymer molecule of twice the length is formed from two
radicals) the decrease in radical concentration can be replaced by the rate of polymer
formation d[P],/d¢

dp], _ 1dR],
dt 2 dt ©)

Accordingly [R -], can be written as
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Insertion of Egs.(6) and (7) into Eq.(4) yields

2(d[p], /dr)
[[R-]O— 2@%]—1:)

Using Eq.(1a) the time dependence in Eq.(6) again can be transformed into a chain-

®

t

length dependence

d[P]t = 1 dNP,I - 2kP[M] dNZi (9)
dt vV dt v d2i)

where [P]; has been expressed as the amount of polymer molecules N, in an (arbitrary)

volume V. The derivative dN,;/d(2i) of course is the (differential) number distribution ry;
(the unusual form being a consequence of the choice of the termination mode).
Combining Egs.(8) and (9) yields
4k, M]n,,

V([R 1 _2j%n2,.di ]2

Expressing the initial radical concentration [R -]0 as double the number of polymer

i
k' =

(10)

molecules formed per pulse

Tdp],. 27
R]= 2!—?’dt—vgn2,.dl (11)
Eq.(10) takes the form
K = V&, [M]n,, _Vk, M]n,, 12

o i 2 - 2
( [nodi— jnz,.di] ( | nz,.di)
0 0 i

There are two “uncertainties” in this development which prevent a direct application of
Eqgs.(10) or (12). The first one is the quantity V which plays the role of a scaling factor,
the second refers to the fact that the integration of ny; cannot be really carried to infinity
in practice, on the one hand because the effect of chain transfer can no longer be
neglected in the high molecular weight region, on the other because the range of CLD
determination is limited by the size exclusion limit of the analytical method (GPC)
applied for the evaluation of the CLD. This means that some “truncation chain-length*

imax has to be introduced which corresponds to a certain “residual* radical concentration
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R ~]ms present at the moment at which integration is stopped. The calibration problem

as a whole might be solved by assessing values for R -]0 as well as for [R ], where

es ?

[R ] and [R ] might be calculated via k"' from the Smoluchowski equation (or
0 res t q

taken from literature data if available) in combination with E data linking [R -]0 and

[R]... or alternatively from TR-SP-PLP traces.

3a) I;( from the second moment of the CLD (i.e. from PLP rate and P, data) = E

3b) k, from PLP rate data alone =k, (Olaj et al.)

Both methods are applicable at low conversions only.
In case of chain-length independent termination a surprisingly simple expression can be

[16]

derived for pseudostationary polymerization* - if chain transfer is negligible

— ko
P, v, =2+ M] (3-9) (13)

8 being the contribution of disproportionation to overall termination, P, representing

the weight average degree of polymerization.

When applied to chain-length dependent termination Eq.(13) is still valid with k now

representing an average (k" ) shown to be a fair measure of the true correctly defined

event-weighted average <kt> by simulation experimentsm]

o o

JZikf'j[Ri-][Rj-]dt

YRR e
0 i=l j=1

Actually, the product v, - P, represents the second moment of the CLD (per time) so
that this method of determining k; refers to a determination of this moment (symbolized
by the index m in E ).

The characteristic equation for the rate in a PLP experiment with chain-length

independent termination reads!'®

12
v = LM b PRy [y, 2 (15)
Ptk 2 Pk, 1,

where p has the same meaning as R ~]0 before. Again this equation can be used to define
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an average k; in case of chain-length dependent termination, this time denoted as k; . By
simulation it could be shown to be a nearly ideal representation of the correct average

<k‘>. It is common to ;‘; and ;c? that — although Et; due to the different type of

averaging is always about 15% smaller than k; — simulations carried out with an input

k!’ following a power law

K =k (16)

(E] being some properly defined average of chain-lengths i and j) always return an

average k,, k" or k, , which exhibits the correct exponent b with fair accuracy when

plotted on a double logarithmic scale vs. v’ (the average length of all chains when

undergoing termination)'' "’
ke = A0 0" (172)
K fk =A%) (170)

© and AT being of the order of unity irrespective of whether type of averaging the

two chain-lengths i and j of the two terminating living chains is used.”!
Although k. at the first glance seems to be insensitive toward the occurrence of chain

transfer this is not the case in practice because not only v’ but also p have to be

evaluated from the number average degree of polymerization P, according to

AL (18)
2
p=2v,t,/(P, (1+8)) (19)

respectively, both equations being valid only for negligible chain transfer.

4) Extent of chain-length dependence (characterized by exponent b) from the CLD of
low frequency (LF)-PLP experiments (Olaj et al?)

This method resembles the SP-PLP-MWD method described before in as much as it is
also based on the CLD of pseudo-SP experiments (more correctly these are LF-
experiments rather than SP-experiments). Equal chain-lengths of the two reacting

radicals is assumed here, too, and in addition k* is postulated to obey a power law
k‘” — kll,l . i—b (163)

Kinetic treatment leads to the normalized CLDs xp and x$ for disproportionation
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(6= 1) and combination (8 = 0), respectively

-2
o_k'p ki'p iy
=—P7 1+ —L—P 2
) (1-b)® (202)

)
kl,lp P -b kl,lp P 1-b
C= t = 1+ t —_— 20b
AT (2] (1-b)®(2j (200)

where x,(f is normalized to %2 and © is an abbreviation for k,[M]. The overall (number)

distribution for an arbitrary contribution of disproportionation & is constructed from

Egs.(20a) and (20b) according to

2 D c
xp=——=8xp +(1-8)x 21
P=1rs ( p+(1-0) P) 21
In its transformation to the experimental conditions of evaluating the CLD by GPC
(E T’
P -8 2
Wiegp = aP*18 41 2 (21a)

T S

this equation contains three adjustable parameters a, b, and c. b is the exponent to be
determined, a and c are not strictly independent of each other but are connected by a
normalization constant which in practice is not experimentally accessible for the same
reasons as outlined for de Kock’s procedure. a, b, c are obtained from a fit of the CLD
to Eq.(21a). In most cases a constant set of parameters is obtained for a broad range of
the CLD. Note that only exponent b but not k; itself can be determined by this method.
Although knowledge of k; is not necessary for evaluating parameter b, k; is hidden in
parameters a and c, of course, and Eq.(1a) relating time and chain-length is presumed to
hold.

Results

1) TR-SP-PLP

Unfortunately this most promising“zl method gives disappointing results with respect to

the chain-length dependence of k' even if several hundreds of such experiments are
superposed (Figure 1). Rates of radical disappearance d[R ~], /dt derived from these data

points are (equally) spread over positive and negative values if a cubic spline procedure

is applied to these co-added data of 285 independent experiments so that the desired

goal of evaluating k" appears to be out of reach. Even fitting [M], to four (elaborate)
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functions (which are working equally well at this level) and using these functions to
produce the derivatives necessary for the evaluation of Eq.(5a) also gives an ambiguous
result: One group of functions produces a monotonous decay of k' with i while the
other — after an initial decrease — first passes through a minimum and afterwards through
a maximum exhibiting a decline again at large chain-lengths.''” The only thing that can
be reliably done with these [M], profiles (and has been already successfully performed

in many cases by Buback et al.l"%!") i5 to make a fit to the [M] vs. ¢ curve based on a

second order decay of R ], governed by a (time-averaged) , .

1.0001 T T T T T T v T

1.0000

0.9999

M)/IM],

0.9998

-0.005 ' 0.(;00 ' O.(;OS . ().(;10 ' O.OIIS

Time (s)
Figure 1. Relative monomer concentration [M]/[M]o vs. time for SP-PLP of methyl
acrylate at 25°C. Data points accumulated from 285 experiments, for clarity only one
tenth of the data points being shown.!'?
2) SP-PLP-MWD
Here the results largely depend on how the scaling of the CLD is performed.m] If k' is
calculated according to Smoluchowski and a cut-off chain-length of 2000

(corresponding to R -Ls) is chosen the experimental CLD can be transformed to k; as a
function of chain-length, the value of k' checked by extrapolation and the data re-

scaled. The surprising result is that there are three different regimes (Figure 2, Table 1):
Range A (i=6-10), B (i=15-30) and C (i =50-100) in which definitely different
exponents b are found when k; is cast into the form of Eq.(16a), being 0.4-0.8 for range
A, markedly higher in range B (1.1-1.2) finally taking moderate values (0.2-0.4),

depending on the monomer (higher for methyl acrylate (MA) and ethyl acrylate (EA),
lower for butyl acrylate (BA) at 25°C).
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Table 1: Chain-length exponents b at 25°C over three different ranges of chain-lengths

Monomer . Value of chain-length exponent 5"
Range A: i=6-10 Range B: i=15-30 Range C: i=50-100
MA 0.41 (+0.12) | L.14-1.15  (£0.08) | 0.35-0.36  (+0.05)

EA 0.50-0.56  (+0.08) | 1.12-1.14  (£0.05) | 0.35-0.37  (+0.06)
BA 0.80-0.85  (£0.09) | 1.14-1.18  (£0.06) | 0.17-0.19  (£0.07)

7 (L mol's™

A:5-10 B: 15-30 C:50-100 1

10 T
Chain Length

Figure 2. Termination rate coefficient vs. chain-length for three acrylates (methyl, ethyl
and butyl acrylate) on a double logarithmic scale (25°C).

3) k™ (a) and k; (b) methods

Methods 3a and 3b were applied to a number of systems, in particular styrene (St) in
bulk?? (25-70°C), shown in Figure 3, methyl methacrylate (MMA) in bulk*** (25-
70°C), styrene in various solvents® (toluene, ethyl acetate, cyclohexane and bis(3,5,5-

trimethylhexyl-)phthalate). The results are always presented in a form analogous to

Eqgs.(17a) and (17b)

kK =A"- ()" (17¢)

k= A () (17d)
They can be summarized as follows (Table 2): In bulk a moderate chain-length
dependence is observed at low temperatures (25°C) for St as well as MMA (b=0.18).
With increasing temperature, parameter b decreases significantly for St as well as for
MMA finishing at 5=0.10 at 70°C. In an 1:1 mixture of St with good solvents (toluene,
ethyl acetate, 25°C) the exponent is somewhat larger than in bulk polymerization, it is,
however, definitely smaller in the bad solvents cyclohexane and bis(3,5,5-

trimethylhexyl-) phthalate where it is in the range of about 0.10-0.13. In most cases the
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agreement between the two methods satisfactory although — as predicted by theory — E

is always a little smaller than k, , the k, data moreover being less sensitive toward

unfavorable factors such as chain transfer etc.

In(KY)

4.0 5.0 6.0 7.0

Figure 3. Double logarithmic plots of Eand k_: vs. V' at 25°C (e, 0) , 40°C (V, V),
55°C (A, A) and 70°C (m, 0) for bulk polymerization of styrene.m]

Neither method 3a nor method 3b gives any indication of a dramatic change of b for
small chain-lengths as reported with SP-PLP-MWD. It should be borne in mind,
however, that the lowest v’ values (average lengths of terminating radicals) are not
below 100 so that there can be no real chance of detecting such a feature.

It should be noted that the two methods are not necessarily restricted to pseudostationary
polymerization (although it is advisable to use pseudostationary techniques because k,

data originating from these methods are needed anyway for the calculation of k;) but

might be easily adapted for stationary polymerization, t00.%”) In this case k™ is

evaluated according to Eq.(13) as before (but now from rate and E data obtained in

Table 2: Compilation of the results obtained by means of the different methods (4 and b
being the parameters contained in Eqs.(17¢) and (17d)) >

k" k! LF-PLP
monomer-solvent
(1:1) A™ A®
° b | ——— b | ———— b

25°C 10*-L-mol" -s 10-L-mol™ -5
St-none (bulk) 0.19 2.25 0.16 243 0.20-0.24
St—ethyl acetate 0.29 4.67 0.27 6.42 0.28 - 0.32
St—toluene 0.25 3.28 0.22 4.43 0.23-0.26
St—cyclohexane 0.10 2.09 0.10 3.52 0.08-0.12
St-bis(3.5.5-trime-
thylhexyl-)phthalate 0.14 1.23 0.12 1.17
MMA-none (bulk) | 0.17 1.10 0.16 1.33 0.17-0.21
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stationary experiments) while Eq.(15) is replaced by the familiar equation

I 2
k| ==-[M]— 22
‘ anp[ ]1+5 22)

In fact, this procedure based on stationary experiments was adapted to the study of the
copolymerization system MMA-St at 25°C where — much to our surprise — the methods
3a and 3b in their usual pseudostationary form did not work satisfactorily. b parameters
are sensibly independent of composition here but come out somewhat smaller for the
pure monomers than with the other methods (0.09 <b <0.14) which might be caused
by the different type of CLD of the growing chains. k_t exhibits a maximum at
intermediate compositions of the monomer feed. Because b does not show much
variation with composition this maximum must be attributed to the experimental pre-

exponential factor A” or A™ | respectively.

- .
® 1.5r
= hd o *
T o
g °
2.0t o
> 8
N
0.5!5 ~
%,
ok
0.0 . . . . s
0.1 0.3 0.5 0.7 y(st) 0.9

Figure 4. E and ;c-[:determined for the stationary copolymerization of styrene (St) with

methyl methacrylate (MMA) at 25°C.”*) The data refer to P, = 500.

4) LF-PLP

This method"! was applied to the same systems than the former ones, to some extent in
order to check some of the more surprising results obtained.”*?*?%! Taken in all the b
parameters obtained by methods 3a and 3b were fairly well reproduced (see also Table
2). Because the fit procedure is a rather sensitive one it takes a good part of the CLD
from small chain-lengths upwards to obtain fairly constant parameters. Once the para-
meters are stable (i.e. they do not change on further extension of the range of the CLD to

be fitted) the less interesting stable parameters a and ¢ may be taken to try for a refined
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fit for b either range by range (Figure 5, left part) or in a cumulative manner as before

[21]

(Figure 5, right part). In either case' " there are indications that b is sensibly higher for

short chain-lengths starting with 0.75 for i = 100 (with huge error bars, however).

b b
1.00

0.80fF 0.28
0.60F
0.40fF

0.20F t % ¢

0.00F

-0.20 N N 1+ 0.18 ! 1 I 1
0 500 1000 1500 2000 0 500 1000 1500 2000
P P

max

Figure 5. Parameter b determined from the CLD of polyMMA prepared by LF-PLP at
25°C.12! Left diagram: range wise fit for P + 100. Right diagram: refined cumulative fit.

Discussion

It is difficult to compare the results obtained by SP-PLP-MWD to those originating from
E and k_: methods or LF-PLP because they refer to different monomers as well as to

different ranges of chain-lengths. The only common feature is that there is a moderate
chain-length dependence for longer chains. In agreement with the data presented above

44n the context of their

such a moderate dependence has been found by Buback et al
analysis of TR-SP-PLP traces obtained by photolysis of a sensitizer yielding two
radicals of widely different reactivity (2,2-dimethoxy-2-phenylacetophenone), i.e. 0.15
for St and 0.32 for MA. Before any attempt is made to discuss the overall chain-length
dependences a short glance at the chain-length dependences of the individual steps

involved in termination might be useful (Table 3).

According to this list the only exponent which comes close to those resulting from the
last two methods (3 and 4) — to some extent also to one of the long chain values reported
by de Kock BA) —is that caused by the “shielding effect” (entropic factor) which
was established by simulations for good and bad solvents (e.g. cyclohexane for
polystyrene at 25°C) as well as by theoretical considerations, first for activation
controlled reactions between chain ends™?” but later on shown to be valid also for

reactions between end groups of high reactivity (radicals).* This agreement provides a
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strong argument for the importance of this shielding effect in reactions between two
coiled radicals. Changes in thermodynamic conditions might also be the reason for the
decrease of parameter b observed with increasing temperature in bulk polymerization of
St and MMA.% 1t cannot be overlooked, however, that this shielding effect applies
to radicals only which can be considered as coiled chains, a state which is reached after
quite a number of propagation steps only. Accordingly, because the prefactors A® or
A™ in Egs.(17¢) and (17d) are the result of an extrapolation of the behavior of radical
chains to unity degree of polymerization, they are not necessarily comparable with real
k! values but rather represent the rate constant describing the termination between the
hypothetical radicals of unity chain-length having all the properties of a (coiled) chain,
however. From this point of view, therefore, at least two regimes of chain-length
dependence have to be expected: a first one for small chain-lengths which is essentially
controlled by translatorial diffusion (0.5 <5 <0.6) followed by another one dominated
by the coiled-chain properties of the “grown-up” radicals. Although b obtained from SP-
PLP-MWD at least approaches the conditions of a moderate chain-length dependence
(but still being markedly in excess of 0.17) it is difficult at present — if not impossible at
all-to give any reasonable explanation of these intermediate extremely high b
parameters.

One point should be still added when discussing these results: Independently which of
the methods introduced is applied all of them rely on a chain-length independence of k.
This, however, has been put seriously to test quite recently: for a series of

polymerization systems involving St and MMA as monomers it was found that k,

Table 3: Chain-length dependence of the various steps involved in the termination
process characterized by an exponent b in the power law A4-i -

athermal
Step rate solvent 6-solvent
Translatorial approach ? 0.6 0.5
(center of mass diffusion)
Coil penetration ? ? ?
(cooperative segment diffusion)
End-segment diffusion ? 0 0
Entropic factor (describing the shielding®” — 0.17 0.05
of the chain-end by the rest of the chain)
Rotatory diffusion of terminal segments fast 0 0
Chemical reaction fast 0 0
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Figure 6. Experimental k, data vs. chain-length for styrene polymerization in bulk at
25°C derived from first (®), second (A), third (¥) and fourth (m) points of inflection.’*”

decreases markedly with chain-length® (see e.g. Figure 6). The quantitative con-

sequences that this observation has for the evaluation of k; cannot be estimated in full at

present. Therefore only a preliminary assessment should be given for k" and k—:: For a

wide range of chain-lengths k, can be expressed by a power law
ki=k) i’ (23)

where £ is about 0.08. Using this dependence simulations of PLP were carried out with
b=0.16 and b=0.24 as input values, respectively. The value of the b parameter returned
from these simulations showed only a small deviation from the input values for the
k_:method (b =0.15 and b =0.23, respectively) while this deviation was considerably
larger for the Emethod (b=0.12 and b=0.19)®" where the latter data might still
improve if the range of chain-lengths examined is extended toward longer chains
(Eq.(13) is strictly valid in the long-chain limit only). In view of these results the
damage done to the methods of k; evaluation by a nonlinear relationship between time
and chain-length, which a non-constant k;, calls for, appears to be limited. Hopefully, the

same result will be obtained for the SP-PLP-MWD and the LF-PLP method.
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