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ABSTRACT: A new method for determining transfer constants based on an analysis of the In chain length
(or molecular weight) distributions has recently been reported. In this paper, the basis of this method is
examined in terms of classical statistics and with the aid of simulated chain length distributions. The
advantages, limitations and sources of error in the method are considered with reference to conventional
analysis. We show that one major benefit is that the requisite information can be obtained by analysis
of a small segment of the chain length distribution. This means that it may be applied under circumstances
where there may be overlap between the distributions of the new polymer being formed and the transfer
agent (i.e. transfer constants to polymeric species can be determined). The method also has general
application since it is less sensitive to experimental noise, poor baseline selection, or the presence of
artifacts in gel permeation chromatograms. Finally we look at the scope for obtaining additional
mechanistic information on termination mechanisms by analysis of chain length distributions of low-
conversion polymers by considering the effects of combination:disproportionation ratios and chain length
dependent propagation and termination.
Introduction Scheme 1
Initiation:
In free-radical polymerization, added transfer agents .
may be used to control (a) the polymer molecular weight, I > 2
(b) the polymerization rate (by mitigating the gel or &
Trommsdorff effect), and (c) the nature of the polymer I + M P
end groups. Transfer agents thus find widespread use P ion:
in both industrial and laboratory polymer syntheses. ropagation:
General aspects of chain transfer have been reviewed Pie + M R Pirte
by Barson,! Farina,?2 and Palit et al.® and their use in
producing oligomers and functional polymers has been Termination:
reviewed by Corner* and Starks.® X
. . . . Pje + Pj — Pisj
A knowledge of kinetics and mechanisms of chain
transfer is thus of great importance to the understand- P . P — hd g P, + P;
ing and commercial application of free radical poly-
merization and has been a subject of ongoing research Chain Transfer:
in these laboratories. p
Pje + T > P; + Te
Statistics of Free Radical Polymerization with - . M kv o b
Chain Transfer !
I 3 )
According to the classical mechanism for free radical Pie " b hi * r
polymerization (Scheme 1), a propagating radical P;’, P N M — b P; " Py

once generated, has only three options. It can propagate
(add monomer), it can undergo termination by radical—
radical reaction, or it can react by chain transfer. Chain
transfer involves the reaction of a propagating chain (P;%)

propagation divided by the sum of all possible fates of
the propagating radical (eq 1).8°

with a transfer agent to terminate one polymer chain R,

and produce a new radical (T*) which initiates a new S= R +R. IR, (1)

chain (P1*).8 The substrate for chain transfer may be a P

chain transfer agent (T) or it may be the initiator (1), where

the monomer (M), or some other component of the

polymerization medium.” R, = kp[M][P°] 2)
At any given instant of the polymerization process,

the probability of propagation, S, is simply the rate of Ry = Kt [TIIP] + ke, ([HIPTT + Kee w[MIIPT  (3)
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® Abstract published in Advance ACS Abstracts, November 1,
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R, =k [PT (4)

and
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Ke = Kee T Kig
thus

= (K [MI[PD/ (K, [MI[PT + ki, [TI[PT] +
Ken[11[P] + K [MIIP] + K{PT) (5)

= 1/(1 + C,[TV[M] + C,[1/[M] + C,, +
k[P1/k,[M]) (6)

or

1 [T] [1] kP']
§= 1+ Crpyy T Cigyg T Cu <[]

()

where Ct, Cu, and C, are the transfer constants for
transfer to transfer agent, monomer, and initiator,
respectively (=kg1/kp, etc.).

The probability that a chain will propagate and
terminate to give length i is the product of the prob-
ability of the individual propagation steps and the
probability of termination at that chain length. If
termination is independent of chain length, this can be
expressed as the probability of propagation raised to the
power (i — 1) multiplied by the probability of termina-
tion (=1 — S). Thus the (instantaneous) chain length
distribution is

Pi=(1-9)s* (8)

This is the well-known Schulz—Flory most probable
distribution,®8-11 for which

c _ 1
and
1
S=1—— 10
X (10)

n

Substitution for S in eq 7 gives the Mayo equation (eq
11).

1 [T] [1] ki[P’]
—=C +C—+Cy+ 11
%~ Civ T Cim] o 4B
or since in the absence of added transfer agent
1 [1] k([P’]
— =C—-+Cy+ 12
T (O RN Y 12
it follows that
1 [T]
—=Cr—= + — 13

n ¢

Transfer Constant Measurement from Gel
Permeation Chromatography (GPC) Data

The most used method of evaluating transfer con-
stants is by application of the simplified form of the
Mayo equation (eq 13). It follows from eq 13 that a plot
of 1/Xn vs [T)/[M] should yield a straight line with slope
Cr and intercept 1/Xn,12 The usual experimental
procedure involves evaluations of X, for very low-
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Figure 1. Fraction (A) by which 1 — 1/S exceeds In S as a
function of the degree of polymerization (i).

conversion polymerizations (such that the value of
[T)V[M] remains essentially constant). Determinations
for more than three concentrations of added transfer
agent are usually preferred.

The values of X,, are most commonly obtained by GPC
analysis. Problems arise because this analysis is sensi-
tive to baseline fluctuations (see below) and the presence
of impurities. Furthermore, it cannot be easily applied
in the case of macromolecular transfer agents when the
molecular weight distributions of the chain transfer
agent and formed polymer may overlap.

Recently Gilbert and co-workers!3~15 have pointed out
that information on transfer constants can also be
obtained by appropriate analysis of the molecular
weight distribution obtained by GPC. Equation 14
was derived from an analysis of the kinetics of emulsion
polymerization but is generally applicable.

: trM[M] + ktrT[T]
k,[M]

Differentiation of this relationship indicates that the
limiting slope of a plot of In P; vs i will be

d(In Pi) Kem[M] + K[ T] [T]
d { V] } [C +CM}

(15)

Iﬂ!ol mﬁOP O exp

i] (14)

This method of analysis has also been adopted by
Hutchinson et al.1® to evaluate transfer constants from
molecular weight distributions obtained by pulsed laser
photolysis.

It follows from eqs 7 and 9 that this slope can also be
expressed as.

dinP) _ 1__ 1 (16)

1
di ST (X, -1

Further understanding of the method can be gained
by considering the basis of the method in terms of
classical chain statistics. Recalling from eq 8 that P; =
(1 — S)Si1, then

dinP)
di

(17)

This indicates that a plot of the In chain length
distribution (In P;) vs i (In CLD plot) should give a
straight line with slope In S. Since values of 1 — 1/S
and In S converge (difference ca. 5% for X, = 10 and
<1% for X, > 50; see Figure 1), this equation (eq 17) is
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Figure 2. Simulated In CLD plots for polymer X, = 250 (-:*)
(So = 0.999, X, = 1000, Ct = 0.3, [T)/[M] = 0.01), polymer X,
= 20 (---), a 80:20 blend of the two polymers (—), and a
simulated “GPC trace” for the blend (— - —). Graph of (a)
linear x-axis (b) log x-axis.

equivalent to that of Gilbert and co-workers!314 (eq 15)
for polymers of sufficiently high molecular weight.

The evaluation of transfer constants can then be
carried out in a manner similar to the conventional
Mayo analysis. If termination by combination and
transfer to initiator and monomer are negligible, eq 7
becomes

.
é=1+§i+o%% (18)

The transfer constant can then be obtained from the
slope of a plot of 1/S — 1 vs [T])/[M] and the intercept
will be 1/Xn4. However, since 1/S — 1 = —(1 — 1/S) ~
In S (see above), the slopes of the In CLD plots can be
plotted vs [T]/[M] with similar results.

Gilbert et al. recommend taking only the high molec-
ular weight end of the distribution since this is less
likely to be affected by the occurrence of other termina-
tion mechanisms (i.e. combination; see below) or the
effects of chain length dependent termination. How-
ever, if these effects are negligible (and they often are;
see the discussion below), then values of S and hence
Xn and Ct can, in principle, be evaluated from any part
of the In CLD plot. It is not necessary to analyze the
entire chain length distribution. This finding is par-
ticularly useful when measuring transfer constants to
polymeric species where the chain length distributions
of the “transfer agent” and the polymer being formed
may overlap, making it difficult or impossible to evalu-
ate X, by applying standard GPC software.

This application is illustrated in Figure 2 for a blend
of a polymer X, = 250 and another polymer with X, =
20 (both polymers have Xy/Xn = 2.0). The chain length
distributions overlap, making estimation of X, of the
higher molecular weight component by conventional
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analysis difficult. However, for i > 200, the slope of the
In CLD plot is not affected (<0.1%) by the contribution
of the lower molecular weight polymer (see Figure 2a).
The slope of the In CLD plot of the blend for small i is
dominated by the contribution from low molecular
weight polymer (see Figure 2b). Thus, for low-conver-
sion polymers, a knowledge of the limiting slopes of the
In CLD plot (as i—0 and as i—) may offer a method of
resolving a bimodal molecular weight distribution into
its component parts.

The method also has general application and is
particularly useful if signal to noise is poor for two
reasons. (a) Only that part of the molecular weight
distribution with adequate signal to noise need be used.
The high and low molecular weight tails, which are most
sensitive to noise and can have a large influence on X,
need not be considered. Evaluation of X, using con-
ventional GPC software requires analysis of the entire
distribution. (b) In a similar way, the effects of problems
due to instrumental and other baseline artifacts can be
eliminated.

As a consequence of these factors, values of Cr
obtained by this method are generally less sensitive to
experimental noise than those obtained using the Mayo
method.

It also follows that analysis of the linearity of the In
CLD plot can be used to establish the quality of a GPC
chromatogram and the adequacy of baseline selection
or, if these are established, the method can be used to
test the validity of mechanistic assumptions.

Effects of Termination Mechanism on the In
Chain Length Distribution and the Values of
Measured Transfer Constants

It has been assumed in the above derivation of the In
CLD method that termination is solely by dispropor-
tionation or chain transfer.

Gilbert and co-workers!314 have indicated that by
examining only the high molecular weight tail of the
distribution (the limit as i—»), the effects of some
termination by combination and the chain length de-
pendence of propagation and termination rate constants
on the slope of a In CLD plot should be negligible.
However, the exact magnitude of the errors and the
specific conditions for obtaining the slope were not
clearly delineated.

If the classical mechanism (Scheme 1) applies, then,
for a given value of S (or X,), there are simple relation-
ships between the chain length distribution and the
probability of propagation.&211 If termination is solely
by disproportionation or chain transfer, then eq 17
applies and the slope of the In CLD plot is In S.

On the other hand, if termination is wholly by
combination, then the instantaneous chain length dis-
tribution is-17

P,=(i—1)1—98)’s"? (19)
The slope of the In CLD plot will then be

d(inPy) 1

For large i the second term of eq 20 becomes negligible
and the limiting slope will be the same as for termina-
tion by disproportionation (eq 21).
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lim d{In[(i — 1)1 — S)°’S"°} _
e di

InS  (21)

However, for the 1/(i — 1) term to be negligible (<1%)
with respect to In S, then i must be >50X, [for
termination by combination,® X, = 2/(1 — S)]. Under
these conditions, signal-to-noise is likely to be a serious
problem in GPC analysis (cf. Figure 3a,b). However,
since i is a known quantity, it would be possible to
subtract 1/(i — 1) from the derivative of the In CLD plot
to yield a straight line. For a polymerization where
termination is solely by combination, the value of d(In
P)/di — 1/(i— 1) =1InS.

If termination is by a mixture of combination and
disproportionation, then a weighted sum of eqs 8 and
19 will give the chain length distribution. Values of kiq/
ki for many polymerizations have been determined.18.19
The expression for the overall chain length distribution
must also take into account that whereas dispropor-
tionation gives two chains, combination gives only one
chain.

If termination is by a mixture of combination, dis-
proportionation, and chain transfer, expressions for the
fraction of chains terminating by the various mecha-
nisms are required. If the number of chains formed by
combination and disproportionation is not affected by
the occurrence of chain transfer (this is true if there is
no retardation), the fraction of termination by radical—
radical reaction is given by the expression

_ 1-S,
e . . m (@2)
1=S,+Cry

where S, is the probability of propagation in the absence
of chain transfer. Note that 1/(1 — S;) is equal to Xpg if
all termination is by disproportionation.

If the fraction of chains terminating by combination
is r¢, then

Pi=rr(i — 1)1 - S’S™?+r(l —r)(1 —S)S'"* +
(1 -1 -S)S? (23)

and in the high molecular weight limit d(In P;)/di will
converge to In S.

lim 40N P) _
INIT

It is noteworthy that, irrespective of termination
mechanism, the limiting slope will give a value of S
which can be directly related to the average chain length
of the propagating species involved in termination (eq
9). It follows that if the effects of chain length depend-
ent termination could be ignored (see below), given an
independent determination of X, or S (e.g. by integration
of the GPC trace), a very simple method of determining
the combination:disproportionation ratio exists. Under
these circumstances, the direct fitting of eq 23 to chain
length distributions by applying nonlinear regression
techniques might also be used to give values of r, r,
and S.

InS (24)

Effects of Chain Length Dependent
Termination Mechanism on the In Chain
Length Distribution

It is now generally accepted that termination in
radical polymerization is chain length dependent and
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Figure 3. (a) “GPC trace” and (b) derivative of the In CLD
plot for polymers of the same number average degree of
polymerization (X, = 5153) but with termination by 100%
combination (---), 70% combination (- - -), or 0% combination
(—). The distributions were calculated using eq 23.

a number of papers have appeared on the influence of
chain length dependent termination on molecular weight
distributions.14.20-22

Bamford?® and Olaj et al.?? have considered the effect
of chain length dependent termination on the ap-
plicability of the Mayo method for determining transfer
constants. They concluded that transfer constants
should be slightly overestimated by the Mayo method
with the discrepancy being <3%.20

The effect of chain length dependent termination on
the In CLD method can be calculated numerically. The
form of chain length dependent termination is such that
termination occurs mainly by the interaction of long
(relatively immobile) chains with shorter (mobile) chains.
A consequence of this is that the molecular weight
distribution of chains formed by combination will re-
semble that of the chains formed by disproportionation
and the major part of the molecular weight distribution
can be represented by an exponential. The net effect
will be to remove the effects of combination in causing
nonlinearity of the In CLD plot for high molecular
weights (significantly above the entanglement limit).

Effects of Choice of Baseline and Integration
Limits on the In Chain Length Distribution and
the Values of Measured Transfer Constants

The baseline and integration limits are very impor-
tant parameters for a successful GPC analysis. Noise
levels in GPC traces of 1—2% are not uncommon; these,
along with baseline artifacts, complicate an accurate
definition of the baseline either in terms of the exact
level or the start/end of the peak.

The effect of a baseline offset of 1% of the maximum
peak height in the GPC trace on the derived In CLD
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Figure 4. Calculated GPC trace for polymerization with
termination by disproportionation/chain transfer (—+ —). In
CLD plot after applying baseline offsets to the original GPC

trace: no offset (—), 1% offset (— — —) and —1% offset (- - -).
Graph of (a) linear x-axis (b) log x-axis.

Table 1. Effect of Baseline Choice on GPC Molecular
Weights and Polydispersities®

X
baseline . _ Ko /X
offset, % slope? slopeP integration Xy W7
0 —0.000 730 1370 1370°¢ 14809 27409 2.00° 1.859
1 —0.000 725 1379 14169 27419 1.94d
-1 —0.000 736 1359 15534 2739d 1.76d

a Simulated chain length distribution calculated by applying eq
8 with S = 0.999 27. ® Slope determined for region with intensity
>10% of maximum peak height in the GPC trace. ¢ Degree of
polymerization obtained by integration, applying eq 25 or 26 with
limits of 1 and «. 4 Degree of polymerization obtained by integra-
tion, applying eq 25 or 26; limits set by taking that part of the
“GPC trace” (i2P; vs i) where the signal intensity exceeds 1% of
maximum peak height.

plot is shown in Figure 4. The extremities of the In CLD
plot diverge from the desired straight line. However,
over the region coinciding with the peak of the untrans-
formed GPC distribution, the slope is essentially unaf-
fected (see Table 1). The value is within £1% of the
true value.

On the other hand, if the molecular weight averages
are derived by integration of the GPC trace (egs 25 and
26), the effect of a 1% baseline offset on the value of X,
is ca. 7%. There is, however, essentially no effect on
Xw. Calculated polydispersities are, therefore, signifi-
cantly less than the actual values (see Table 1); the
lesser effect on Xy is due to this number being more
sensitive to the high molecular weight end of the
distribution, which is better defined. There is a loga-
rithmic relationship between elution volume and chain
length; thus P; is proportional to (detector response)/
(chain length)? for a refractive index or other concentra-
tion-sensitive detector.14.23-25
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.Zipi

X, = (25)

n

X, = (26)

>

Thus, in practice, the direct use of eq 21 (i.e. obtaining
slope as i—) is not recommended for transfer constant
measurements. It is better to obtain the slope near the
peak signal of the untransformed chromatogram. It also
follows that, for systems where the termination mech-
anism is established as being largely by transfer or
disproportionation, the appearance of the In CLD plot
might be used to assess the quality of baseline selection
in GPC.

Example. Chain length distributions have been
simulated for the bulk polymerization of methyl meth-
acrylate carried out in the presence of a methyl meth-
acrylate macromonomer (T, X, = 24, Xw/X,, = 1.3) with
[2,2'-azobis(2,4-dimethylpentanenitrile)] = 1.9 x 1073
M as initiator at 45 °C (see the accompanying paper).28
The experimental C+ for the macromonomer in MMA
polymerization is 0.1845. Conversions for the experi-
mental polymerizations were <10%. The simulations
were carried for values of [T)/[M] and ki/(Kee + Kid)
shown in Table 2. For each value of Ki/(Kic + Kia), the
value of S was chosen to give the same value of X,. The
value of X,, with no added transfer agent was chosen to
be similar to the experimental X.

To achieve this, the chain length of propagating
species involved in termination (v) was chosen according
to the following expression:

v = X, (desired)

The experimental and calculated molecular weight
data are summarized in Table 2. The transfer constants
derived from analysis of these datasets are shown in
Table 3. The slopes of the In CLD plots were deter-
mined over ranges corresponding to the top 20% and
last 10% of the signal intensity of the relevant GPC
trace (i2P; plot), and these are shown in Figure 5. For
values of ki/(kic + kig) > 0.0, the In CLD plot is not
linear and the slope values are therefore strongly
dependent on the x-axis range over which they are
determined. The “top 20%” slopes (see Figure 5) are
significantly different from the limiting slope [i.e. In S
= slope for ki/(kie + kig) = 0.0]; however, the transfer
constants derived from the slope vs [T]/[M] plot are not
substantially affected (<10% for worst case where ki/
(kec + ktg) = 1.0, reducing to <1% where ki/(Kic + Kiq) <
0.5; see Table 3). Inclusion of chain length dependent
termination in our model would further reduce the
predicted error (see above). Thus, for signal to noise
and baseline selection considerations (see above), it is
recommended that the slopes used in the conjunction
with the In CLD method be taken over the region
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Table 2. Experimental and Calculated Molecular Weight

Data?

X, for Xl X for

L — ®tc

Kic + Kig ke + Kia ©
[TVIM] x 103 expl Xpb Xu/Xn O 05 10 0 05 1.0
0 5153 1.85 5155 5155 5156 2.00 1.87 1.50
0.8837 2985 1.81 2802 2802 2802 2.00 1.95 1.75
1.7590 2158  1.74 1930 1930 1930 2.00 1.97 1.85
2.7440 1677  1.68 1429 1429 1429 2.00 1.98 1.90

a Experimental data is for polymerization of methyl methacryl-
ate carried out in the presence of a methyl methacrylate mac-
romonomer (T, X, = 24, Xuw/Xn = 1.3) with [2,2'-azobis(2,4-
dimethylpentanenitrile)] = 1.9 x 10=3 M as initiator at 45 °C.26
b Experimental degree of polymerization. All numbers are rounded
to the nearest integer. ©Based on chain length distributions
calculated using eq 23. Degrees of polymerization obtained by
integration, applying eq 25 or 26 with limits of 1 and .

Table 3. Experimental and Calculated Transfer

Constants
calculated C+ for
Kic
Kic + Kt @
method expl Ct 0 0.5 1.0
Mayo 0.14;° 0.184 0.184 0.184
(0.18y)¢
In CLD (top 20%)¢ 0.1845¢ 0.184 0.182 0.169
In CLD (last 10%)f 0.184 0.181 0.180

a Based on chain length distributions calculated using eq 23.
b Experimental transfer constant obtained by application of the
conventional Mayo method (eq 13) and experimental X, (see Table
2). ¢ Experimental transfer constant obtained by application of the
conventional Mayo method (eq 13) and values of X, estimated by
assuming Xn = Xw/2.0 (see the text). 9 Slopes taken for top 20% of
“GPC distribution”. ¢ Experimental transfer constant obtained by
application of the In CLD method (see the accompanying paper).26
f Slopes taken for last 10% of “GPC distribution”.

corresponding to maximum intensity of the GPC trace
rather than over the tail of the distribution.

It should also be noted that the polydispersities
calculated for reasonable values of ki/(ki. + kig) are
significantly higher than the experimental values (for
MMA polymerization, the value of ki/(kie + Keg) is
generally believed to be <0.51819), One possible expla-
nation for lower than expected polydispersities is the
effect of baseline choice, as mentioned above. A trunca-
tion of the baseline at low molecular weights is likely
because of the use of a macromonomer transfer agent.
If it is assumed that this is the case, then a more
accurate value of X, may be obtained by using the
approximation X,, = X\/2.0 (a reasonable assumption if
termination is largely by chain transfer or dispropor-
tionation).?” The transfer constant obtained using the
corrected X, values is 0.182, which is in excellent
agreement with the value obtained by the In CLD
method.

Polydispersity data for chain transfer experiments
commonly are not reported in the literature, even where
GPC was used to obtain M,. However, polydispersities
of 1.6—1.8 appear typical where reported.?8=3° This
narrowing of the molecular weight distribution has been
attributed?° to the fact that polydispersities are expected
to narrow with decreasing molecular weight and lower
S according to the relationship Xw/X, = 1 + S if
termination is by disproportionation or chain transfer.®
However, this explanation is unlikely for polymers of
the molecular weights reported in the present2® or other
works?8-30 as the effect on polydispersity should be less
than 5% for X,, > 10 and less than 0.5% for X,, > 100.27
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Figure 5. “Mayo plots” in which the calculated limiting slopes
(triangles, —), “last 10% slopes” (circles, — — —), and “top 20%
slopes” (squares, - - -) are graphed as a function of [T]/[M].

Graph of (a) ki/(kie + kig) = 0.5 and (b) ki/(kee + ki) = 1.0.
Data are for systems reported in Tables 2 and 3.

It is more likely that narrow polydispersities (<2.0) seen
in low-conversion polymerizations carried out in the
presence of chain transfer agents are caused by baseline
selection problems. Some transfer constant data ob-
tained by the Mayo analysis of GPC data should be re-
evaluated in this light. However, caution would be
required since application of a X,,/X, = 2.0 correction
assumes (i) low-conversion data and (ii) that there are
no mechanisms that lead to chain distribution narrow-
ing. Narrow polydispersities can arise if there is
significant termination by combination, if living behav-
ior is exhibited,3132 or if the polymer has been inadvert-
ently fractionated prior to characterization.

Conclusions

Analysis of In chain length distributions can offer
substantial benefits in accuracy and precision over the
conventional Mayo analysis when determining transfer
constants by analysis of GPC data.

The basis of this method has been examined in terms
of classical statistics and with the aid of simulated chain
length distributions. One major benefit is that the
requisite information can be obtained by analysis of a
small segment of the chain length distribution. This
means that it may be applied under circumstances
where there may be overlap between the distributions
of the new polymer being formed and the transfer agent
(i.e. transfer constants to polymeric species can be
determined).

The method also has general application, since it is
less sensitive to the presence of artifacts in GPC traces
caused by experimental noise or poor baseline selection.
Transfer constants appear generally insensitive to
details of the mechanism of radical—radical termination
(whether termination is by combination or dispropor-
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tionation and whether termination is chain length
dependent or not).

It is proposed that greatest accuracy will be obtained
by analysis of that part of the loge chain length distribu-
tion which corresponds to the maximum intensity in the
“GPC” molecular weight distribution.

The scope for obtaining mechanistic information on
termination mechanisms by analysis of molecular weight
distributions of low-conversion polymers is limited by
our currently poor understanding of the effects of chain
length dependent termination of such distributions. This
problem will be addressed in future work.
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