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The pulsed laser photolysis—molecular weight distri-
bution (PLP—MWD) technique! has recently emerged
as the preferred method for obtaining propagation rate
coefficients (kp) in free radical polymerizations. It has
the merit that k, values can be determined indepen-
dently of termination rate coefficients (ky). The PLP—
MWD method has been used successfully to obtain k,
values for the homopolymerizations of a wide range of
monomers including styrene,2=4 acrylate esters,> meth-
acrylate esters®’ and methacrylonitrile.® Several theo-
retical and modeling studies of the PLP—MWD tech-
nigue have also been undertaken.134.6.9-11 These show
that, with appropriate choice of reaction conditions and
methods for data analysis, the PLP—MWD method is
robust and provides accurate and reliable k, data.

Computer simulations!3469-11 also show that the
shape of the MWD is largely controlled by the radical
flux, which is determined by the concentration of
radicals generated by each laser pulse ([I*]/pulse) and
ki. Deady et al.* have pointed out that it should be
possible to estimate k; and establish its dependence on
chain length by analysis of the shape of the MWD if
either [I*]/pulse or the absolute polymer concentration
generated during the PLP experiment is known with
sufficient precision (£10%).

This communication outlines a novel method of
measuring [I*]/pulse during PLP experiments. The
technique involves a variation on the well-known ni-
troxide trapping technique. Nitroxides such as 4-(1-
naphthoyloxy)-2,2,6,6-tetramethylpiperidine-1-oxyl
(NTEMPO) efficiently scavenge small carbon-centered
radicals at near-diffusion-controlled rates (~10° M—1s™1
for simple alkyl radicals).’>12 The choice of the nitroxide
NTEMPO for this work is based upon another important
property that this molecule exhibits; namely there is a
large increase in fluorescence quantum yield for the
naphthalene chromophore on the formation of the
alkoxyamine R-NTEMPO by trapping a carbon-centered
radical (Scheme 1).14 Gerlock et al.’> have demonstrated
that the increase in fluorescence intensity observed
during the thermolysis of 2,2'-azobis(isobutyronitrile)
(AIBN) in the presence of NTEMPO at 60 °C is
proportional to the decrease in [NTEMPO]. Other
workers have reached similar conclusions with related
compounds.1® These findings suggested fluorescence
measurements might be used for quantitative determi-
nation of R-NTEMPO formed (and of carbon-centered
radicals generated) in a PLP experiment.
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Figure 1. Change in fluorescence intensity with time during
photolysis of AIBMe in the presence of NTEMPO (experiment
3in Table 1).
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The fluorescence from NTEMPO and R-NTEMPO
(excitation wavelength 300 nm; emission wavelength
390 nm) can be isolated from the 355 nm laser pulse.l”
Figure 1 shows an example of the “time-resolved”
fluorescence observed during an 2,2'-azobis(methyl iso-
butyrate) (AIBMe)/NTEMPO/ benzene PLP experiment.
After the initial, low value for the “background” inten-
sity (l;) was obtained (over the first 100 s), the sample
was irradiated at a constant laser pulse repetition rate.
An instantaneous rise in fluorescence intensity was
observed following each laser pulse. The rate of increase
in the fluorescence intensity was linear over at least the
first 15 pulses. Since the total change in [AIBMe] in
this period should be negligible, this is good evidence
that the concentration of R-NTEMPO formed by each
laser pulse is the same. This rate only levels out as the
NTEMPO is depleted (after ~ 300 s). For the experi-
ment shown in Figure 1 the laser irradiation was
stopped after 400 s, whereupon the fluorescence inten-
sity remained constant.

Fluorescence intensity was converted into concentra-
tion units by use of eq 1, where [R*]; = (cumulative)

(I, — 1)INTEMPO];
If - Ii

R = 1)

radical concentration=[R-NTEMPO], I; = fluorescence
intensity at time t, I; = initial fluorescence intensity, I¢
= final fluorescence intensity (after complete consump-
tion of NTEMPO), and [NTEMPO]; = initial NTEMPO
concentration.

This calibration method assumes quantitative conver-
sion of NTEMPO to R-NTEMPO and has the benefit of
not being reliant on absolute measurement of the
fluorescence intensity. Thus, the effects on the fluores-
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Table 1. Effect on Primary Radical Concentrations
([1*)/pulse) by Changing [NTEMPO], Laser Energy and
Laser Pulse Repetition Rate (All Performed in Benzene
at 25 °C)

laser
expt [I’)/pulse [AIBMe] [NTEMPO] laser energy pulse rate
no. (x106M) (x108M) (x10°M) (mJ/pulse)® (s/pulse)

1 2.58 1.74 5.15 30 1.0
2 2.81 1.74 5.15 30 5.0
3 2.63 1.74 5.15 30 10.0
4 4.75 2.95 20.0 30 5.0
5 2.63 2.95 20.0 15 1.0
6 1.43 1.00 4.12 30 5.0
7P 1.30 1.00 4.94 30 5.0
8¢ 1.38 1.02 10.3 30 5.0

a Uncertainty of £1.0 mJ/pulse. b Contained [styrene] = 1.0 x
1073 M. It was not possible to use higher styrene concentrations
without interference with the fluorescence measurements. ¢ Con-
tained [methyl methacrylate] = 4.17 M.
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Figure 2. Dependence of primary radical concentration ([1°]/
pulse) on initiator concentration (each data point is the average
of three or more experiments, error bars are twice the average
deviation from mean). Experimental conditions: [AIBMe] as
indicated; laser energy = 30 mJ/pulse; solvent = benzene;
temperature = 25 °C; [NTEMPOY]; varied from 4 x 1075to0 2 x
1074 M.

cence intensity caused by small changes in cell position
between experiments can be eliminated. Note that the
fluorescence intensity for NTEMPO is <0.5% that of
R-NTEMPO at the operating wavelengths in the current
experiments, where [NTEMPO] < 2 x 10~* M; the value
of I is primarily due to “background” scattered light,
etc. (see, for example, Figure 1). Verification of the
calibration method was obtained by adding a known
amount of R-NTEMPO to the AIBMe/NTEMPO/benzene
solution and observing the expected increase in fluo-
rescence intensity. Values of [I*]/pulse are then deter-
mined by fitting the linear region of the fluorescence-
time curve with a straight line and multiplying the
gradient by the time between each laser pulse.

Table 1 shows [I*]/pulse data for a range of experi-
mental conditions. Importantly, there is no significant
dependence of [I*]/pulse upon (a) the laser pulse repeti-
tion rate (experiments 1—3), (b) the nitroxide concentra-
tion [NTEMPO] (experiments 6—8), or (c) monomer
concentration (styrene or methyl methacrylate) (experi-
ments 7 and 8). The value of [I*]/pulse is proportional
to the laser energy (experiments 4 and 5) and the
initiator concentration (see Figure 2).18 The error
associated with the measurements of [I*]/pulse is esti-
mated to be less than 10%, and appears to lie mainly
with obtaining a consistent laser pulse energy.

It is known that nitroxides may abstract hydrogen if
excited by low wavelength UV light.1*=21 This chemistry
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is unlikely to complicate the present experiments where
the irradiation wavelength is 355 nm. However, several
control experiments were carried out to establish the
absence of side reactions. In the first experiment, a
solution of NTEMPO and R-NTEMPO in benzene was
irradiated under the conditions of the PLP experiment.
No change in fluorescence intensity was observed. This
demonstrates the stability of both R-NTEMPO and
NTEMPO to the experimental conditions. In the second
experiment, a reaction mixture was purged with air
following completion of the irradiation period. The
sample was then re-degassed and the fluorescence
intensity determined. No significant change was ob-
served. This experiment shows that NTEMPO is not
converted to hydroxylamine during the irradiation
period. The air purge would be expected to oxidise any
hydroxylamine formed?° resulting in a change in the
fluorescence intensity.

For the [I*]/pulse data to be useful in estimating kg, it
is necessary that the same number of radicals that are
trapped by NTEMPO in the above experiments initiate
(or terminate) polymerization in a PLP polymerization
experiment. There is extensive literature on the use of
nitroxides (and other scavengers) to estimate initiator
efficiencies by the inhibitor method. Examination of
such data shows that initiator efficiencies obtained by
the inhibitor method are often significantly higher than
those estimated by analysis of polymerization Kinetics
or by direct measurement.??2 However, in the inhibitor
method, scavenger concentrations are typically several
orders of magnitude higher than those used in the
present experiments. The findings that the measured
[I*]/pulse is independent of [NTEMPO] and [monomer]
under our experimental conditions provide supporting
evidence for the validity of the assumption that [I*]/pulse
is the same as in a polymerization.

A solution polymerization of styrene under PLP
conditions?? at 25 °C serves to illustrate the methodol-
ogy for estimating k:. Experimental conditions were
designed such that [I*)/pulse was effectively constant for
the duration of the experiment (initiator conversion was
small). The MWD of the polymer formed during the
PLP experiment is shown in Figure 3. Ak, value of 81
L mol~! s7! is obtained by analysis of the MWD
according to the point of inflection method. This value
is in good agreement with the literature.2~* Also shown
in Figure 3a are simulated MWDs with a [I*]/pulse value
of 4.8 x 1077 mol L™ (as measured with the above-
mentioned technique) and three values of k; (which, for
these simulations, has been assumed to be independent
of the chain-length). A k¢ value of 7.5 x 107 L mol~?
s~! provides the best overall fit to the experimental
MWD. The relative heights of the first two peaks in
the MWD are used as criteria for goodness of fit in this
context. The heights of these peaks are directly related
to the number of radicals that survive the laser pulses
and hence to k. Values of ki =5 x 107 L mol~*s~1 and
ke = 1 x 108 L mol~ s~ provide a poorer fit. Litera-
ture?* values for k: are between 107 and 108 L mol~?!
s~1. A value at the higher end of this range might be
expected in a PLP experiment because of a higher
likelihood that a very short chain radical will terminate
with a longer chain radical in the period following the
laser pulse.

Notwithstanding the fact that a k¢ of 7.5 x 107 L mol~!
s~1 provides the best fit to the data according to the
above-mentioned criteria, the lower k; value (5 x 107 L
mol~1 s71) gives a better fit for the longer chain-length
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Figure 3. Comparison of experimental and simulated (nor-
malized) MWDs. (a)Experiment: [styrene] = 4.38 M; solvent
= benzene; [AIBMe] = 3.65 x 107* M; t; = 0.1 s; laser pulse
energy = 30 mJ/pulse; 250 pulses; temperature = 25 °C.
Simulations: [styrene] = 4.38 M; [I*)/pulse = 4.8 x 1077 M; k¢
as indicated on figure; k, = 81 mol L™* s™%; k;j = 3000 mol L*
s™%; % combination = 85; t; = 0.1 s; number of pulses = 10. (b)
Experiment as in part a. Simulation as in part a but with a
chain-length dependent k; (where? k¢i = 1.7 x 108(i—0487 +

j70.487))_

region of the MWD. This is consistent with a view that
k¢ is a function of the chain-lengths (i and j) of the
reacting species. Figure 3b shows a simulation assum-
ing a chain-length dependent k; where k¢l is determined
by an expression suggested by Russell:?> ki = 1.7 x
108 (i—0487 4 j~0487)  This expression provides a better
overall fit to the experimental data than does a chain-
length independent k¢, although the peaks are some-
what sharper in the simulation than in the experiment.
A full discussion on the chain-length dependence of k;
is beyond the scope of the present communication (for
leading references see refs 22, 24, and 25). The form of
chain length dependence of k¢ for styrene and other
monomers will be explored further in future work.
PLP experiments have been used by other workers
to estimate k26728 Olaj et al.?’” derived an equation
which relates the product of the rate of polymerization
(Rp) and the weight average degree of polymerization
(Pw) with the ratio kp?/k;. This enables values of an
overall k¢ to be obtained from the one PLP—MWD
experiment wherein k,, Ry, and Py, were also deter-
mined. This technique can be problematic because it
is dependent upon the accurate determination of both
Rp and Py,. Difficulties arise due to the low conversions
necessary for well-designed PLP experiments, and in
determining Py, by GPC (the low molecular weight end
of GPC traces for polymers derived from PLP experi-
ments can be particularly difficult to analyse accu-
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rately). Moreover, the method as defined yields no
information on the chain-length dependence of k.

Buback et al.?8 estimated primary radical concentra-
tions (derived from AIBN) and subsequently an average
k¢ by following monomer consumption and the formation
of initiator-derived products by FT-IR. This method has
limitations due to sensitivity and because it is only
applicable to those few initiator systems where initiator
and initiator-derived products possess resolvable IR
frequencies.

In conclusion, a method of measuring the radical
concentration generated per laser pulse during PLP
experiments has been developed. The technique utilizes
the nitroxide-trapping technique in conjunction with
real-time fluorescence measurements to provide a very
sensitive measure of the radicals that would initiate
polymerization under PLP conditions. This knowledge
allows computer modeling of polymerization kinetics to
become far more powerful by enabling estimates of
termination rate coefficients within PLP initiated po-
lymerizations.

It is anticipated that the current methodology will
also aid investigation of other free radical polymeriza-
tion processes. In particular, the determination of
initiator efficiencies, nitroxide-radical reaction rates and
the study of nitroxide-mediated controlled/“living” free
radical polymerization. These topics will be reported
on in future communications.
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