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Summary: We have developed a method to measure living chain molecular weight
distributions (MWDs) in free radical polymerization (FRP). By laser photolysis of
photoinhibitor molecules included in the polymetizing mixture, the living chains are
instantaneously flooded with small molecule radicals carrying fluorescent labels. These
radicals react with living chain radical end groups, kinetically freezing growth of living
chains and simultaneously end -labelling them: the living chain population has been
photocopied. The living MWD is obtained from subsequent analysis by GPC equipped
with fluorescence detection. We have measured low conversion thermally initiated
PMMA living MWDs. Exponential behaviour is found for large chain length N, in
accord with classical Flory-Schultz theory, but at smaller N we establish strong
deviations, consistent with the stretched exponential predicted by modern FRP theory
incorporating first principles chain length dependencies of termination rate constants.
However, this behaviour may derive at least partially from distortions produced by the
photocopying technique which can generate power law or logarithmic forms at small N.

I. Introduction: The Importance of the Living MWD

The living chain population is the very heart of linear free radical polymerization [1]
(FRP). Living chains are macroradicals, i. e. growing polymer chains with radical end groups
at which monomers are added at a certain growth rate v, (number of monomers added per
second; v, = k, [mon], where k, is the propagation rate constant and [mon) is the monomer
concentration); their growth is the basic polymerization event, as in fig. 1. All other essential
properties of FRP such as polymerization rates and molecular weight distributions (MWDs)

of the dead chains (the final polymer product; see fig. 2) are determined by the static and

kinetic properties of the living chain ensemble.
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o \o o % o o o % urated monomer to a living chain, the
CH C/H Cle CH ch chain thereby growing from length N to

3

length N + 1. This continues at rate

m + mon —» /\/v vp monomers per second. Poly(methyl

methacrylate) (PMMA) is shown as a
LIVING CHAINS specific example.

For this reason, the most basic characteristic of a FRP is the length distribution, or
equivalently the MWD, of the living chains: we call this ¢)(N), the density of chains having
N monomer units. Knowledge of (V) is close to a complete characterization of the living
chain engine of FRP. As an experimentalist attempting to unravel the basic mechanisms at
play, one would like, more than any other property, to measure this one. Correspondingly,
1 (N) is the natural focus of any fundamental theory of FRP, and it is difficult to verify or
refute competing theories without access to this most basic of all properties.

’7 Figure 2: The family of living chains
follows some length distribution ¥(N).

Living chains are constantly terminat-
ing with one another to produce dead

3‘ T T chains, the final product. The form of
/’ (N), as well as that of termination rate
( / D constants k(M,N), determine the dead
MWD. In steady state the total termi-

nation rate equals the rate R; at which

LIVING DEAD new chains are being initiated and (V)

settles down to some fixed function.

Termination

Since FRP’s invention in the 1930’s its great technological significance has inspired a huge
research effort and by now measurement of a range of FRP properties has become standard
[1-14]. Some of the principal measurements are [1,15,16,13,2]: polymerization rates (using
dilatometry, NMR, IR spectroscopy, etc.); dead chain mean length and MWDs (viscome-
try, gel permeation chromatography-GPC [17]); living chain growth rates v, (pulsed laser
polymerization plus GPC [18-20]); total concentration of living chains (electron paramag-
netic resonance (21]; indirectly via v, and polymerization rates). (One might add to this
list living chain lifetimes, 7jying, using the “rotating sector method” [1]; this, however, is a
model-dependent technique whose measurements are normally interpreted in a Flory-Schulz
picture; see below). Conspicuously absent from this list is the living MWD, (). Whilst
the total number of living chains i = [5°dN(N) is extremely useful, the missing

information concerning chain lengths is vital.
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Why then has (V) never been measured? Firstly, living chains are highly transient
intermediates. With typical values v, ~ 10* s7! and mean chain length N ~ 10°, their mean
lifetime

Tliving = N /Up (1)
is typically a fraction of a second. This defeats all conventional methods: one simply does
not have the time to label and measure the chains in standard ways. A second difficulty is
the very tiny concentration of living chains, which are greatly outnumbered by dead chains.
Somehow one must distiﬁguish them from their dead chain matrix.

The objective of the work we describe here is the development of a method which can
measure (). We call this the “photocopy method”. In the next section we begin by

outlining the method.

II. The Photocopy Method

A. The Basic Idea

The essential idea is to instantaneously freeze the growth of the living chains kinetically,
simultaneously labeling them. Consider a FRP which has reached steady state. Imagine
if one could suddenly flood the living chains at some instant with a high concentration of

small molecule radicals each bearing a fluorescent label. These would react with the radical

ce ¢!
."‘\,.7 e Figure 3: In the photocopy method
2§ %% & §b oo the living chains are flooded at some
P ] moment with a large excess of small

38 : :

ea® J o° &o«u » molecule radicals each carrying a flu-
P S A% orescent label (shown square-shaped).
1 These react with the living chain rad-
Tag ¥~ 107 sec ical ends in a time 74 which can be
kM, made small by choosing high initial con-

—? centration of small radicals M,. Living

Y% @ chain growth is thereby almost instan-
taneously frozen, and the chains simul-

No ? taneously labeled: the living MWD has
been photocopied.

end groups of the living chains, freezing chain growth and end-labeling them in the process
(see fig. 3). Provided the concentration of small radicals, M, greatly exceeds the total living

chain concentration, P = 14, the small radical kinetics are

aM

M Tkill 1
—— ~ —kyu M* N

MO n or > Tkill k)MMMO ( )




84

where M, is the initial value. Meanwhile we have dP/dt ~ —kypMP so the long time
living chain decay is P/Py & (74u/t)* where the ratio of rate constants A\ = kyp/karas is
typically of order unity. Thus, the living chains are killed in a time of order 74;; which, in
principle, we can experimentally manipulate to be as short as we like by increasing M,. If
the labeled and frozen living chain population thus created is to be a good representation
of the living chain distribution initially present, the kill time must be much less than the

intrinsic living chain evolution time scale, Tjying:

1
kppPy’

Thitt K Tliving = or My > Py (flooding condition.) (3)

Here the initial concentration of living chains, Fy, is the steady state value and Tjying is
the intrinsic time for these living chains to decay to zero through self-termination (with
rate constant kpp) without external interference. Eq. (3) is the flooding condition: we must
initially create many more small radicals than the number of macroradicals which are present,
in order that during the photocopy window lasting 7x;; the living MWD has evolved very
little. In practice (see below) we typically achieve 7 ~ 1072 s, much less than Tliving ~ 0.1
S.

Once this freezing process is complete, we have created a frozen and end-labeled copy
of the originally present living MWD: the living chains have been “photocopied”. This
method copes with (i) the short living chain lifetime problem by virtually instantaneous
kinetic freezing of chain growth; (ii) the problem of distinguishing living chains from the
dead ones by end-labeling the former which can now be detected selectively from the dead
chain background in subsequent analysis by GPC equipped with fluorescence detection as
described below, and (iii) the problem of having to measure a very low concentration of living
chains by using very sensitive fluorescence detection [22] with highly efficient fluorescent

labels. The second and third aspects are as essential as the first.



B. Creating the Small Molecule Radicals: Photoinhibitors

Laser pulse
O 2 o]
photoinhibitor photoiphibitor
molecule radicals
R O\\S//O R R

Figure 4:

Top: a photoinhibitor molecule, which
does not interfere with the FRP, is pho-
tolyzed by a laser pulse to produce “pho-
toinhibitor radicals” which do not attack
monomer at substantial rates, are highly
reactive toward any radical, and carry a
label. Bottom: arylmethyl sulfone com-
pounds, such as DNPMS (R=-Ph) come
close to being ideal photoinhibitors. For
discussion of photoinhibitor decomposition
products, see refs. 23 and 24.
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How can we “instantaneously” generate this flood of small molecule label-bearing rad-

icals? We achieve this with “photoinhibitor” molecules [25,26,23,27,24] which, when laser

irradiated at a certain wavelength, photocleave to yield two radicals, each carrying a fluo-

rescent group (see fig. 4). For the idea of photoinhibitors we are greatly indebted to Guillet

and co-workers [25,28-30,26,31] who used phototerminating and photoinitiating molecules

to control FRPs and end-label polymers.

An ideal photoinhibitor has the following properties: (i) It is readily photocleavable to

produce radicals; (ii) these radicals are highly reactive towards other radicals and yet (iii) do

not react with unpolymerized monomer to initiate new living chains; (iv) the radicals carry

a label. Features (ii), (iv) ensure the photoinhibitor radicals readily react with and label the

live macroradical ends, while feature (iii) ensures the photocopy is not polluted with extra

unwanted labeled living chains generated as in fig. 5.

Figure 5:

Non-ideal photoinhibitor radicals attack un-

polymerized monomer to initiate new living chains which

Oo-e + mon—> o—e

add

grow with velocity v,.
group (indicated as square-shaped), after termination
they contribute to the fluorescence detector signal of the

Since these carry a fluorescent

GPC apparatus. For this pollution effect to be small, the
mean time to attack a monomer must greatly exceed the
living chain lifetime, 7,44 > Tliving (See text).
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We have searched for a near-ideal photoinhibitor and the best we have found, used in

the experiments described below, is di(1-naphthyl, phenyl methyl) sulfone (DNPMS, fig. 4).
Upon photolysis using 308 nm laser light, this arylmethyl sulfone compound produces, with
good efficiency, two identical radicals with low reactivity toward monomer [23,27,24]. The
radicals are derivatives of the naphthylmethyl radical whose reactivity and photophysical
characteristics have been studied to some extent [25,28-30,32,33]. Although no data exists
in the literature on the rate constants for naphthylmethyl radical addition to alkenes, this
is expected to be a “slow” process, since the radical is highly stabilized by the aromatic
structure [25,28-30,34,35]. The 1-benzylnaphthyl radicals produced upon photolysis of the
photoinhibitor DNPMS, in turn, are expected to be much less reactive than the naphthyl-
methyl radical, due to their much higher steric constraints and electronic stabilization [34,22].
Generally, 7,44 depends of course on monomer species and for every new monomer to which
one wishes to apply the photocopy method, checks must be made that 7,44 is sufficiently
small. For further detailed discussion on the general issue of photoinhibitor radical addition
to alkenes, the reader is referred to ref. 24.

The 1-benzylnaphthyl phototerminator radicals become, upon termination with living
chains, excellent fluorescent labels [22,23]. Our GPC fluorescence detector is capable of easily
detecting concentrations of the model compound 1-methylnaphthalene as low as 1078 M, at
the excitation (300 nm) and emission (350 nm) wavelengths and other typical instrumental

settings employed [23,27].

C. The Photocopy Experiment

The overall scheme is shown in fig. 6. The thermally initiated FRP is standard, except
for the inclusion of a small concentration of photoinhibitor molecules (DNPMS in the case
of the experiments described here). After the FRP reaches steady state a photocopy laser
pulse is applied to generate photoinhibitor radicals (M) which kill and label the living chains
(P). Note that significant self-recombination of photoinhibitor radicals occurs; our final pho-
tocopied MWD must therefore be cut off below a certain molecular weight to avoid counting
these spurious species. Note also that homogeneous illumination of the sample volume is not
necessary: it is unimportant whether or not the concentration of photoinhibitor radicals, My,
varies from one position in space to another. All that matters is that the flooding condition
is satisfied everywhere. That M, varies by a factor of 2 or 3 along the light path is not

relevant, provided it is always much greater than the local living chain concentration.
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In fig. 7 the experimental setup is shown. In a typical experiment, 147 mg (9.0 x 1073
M) of the initiator 2, 2'—azobis(isobutyronitrile) (AIBN) and 20 mg (4.1 x 10=* M) of the
photoinhibitor DNPMS are dissolved in 100 ml neat methyl methacrylate (MMA) monomer.
With these concentrations, the absorption of the laser light at 308 nm is negligible for the
initiator AIBN and the monomer. 200 gl of the DNPMS/AIBN/MMA mixture is placed
in a rectangular clear fused quartz cell with a 0.3 cm pathlength, and argon gas is bubbled
through the solution for ~ 5 min to remove oxygen which acts as an inhibitor for FRP.
Following degassing, the sealed cell is placed in a thermostat as shown in fig. 7(left) at 60°C
. At this temperature, and at the concentration used, the initiator AIBN decomposes to
provide a rate of initiation R; = 10~7 M/s. The sample is allowed to polymerize thermally
for 2-4 minutes before 5-10 laser shots at 308 nm are applied with a period ¢, > 10 s, much
longer than the mean living chain lifetime at steady state, Tijying, to build up the labeled
living chain concentration. The laser beam is expanded in order to excite the whole sample.
Each pulse makes an identical copy, provided the overall conversion ¢ does not change
substantially during the pulse sequence. On the other hand the pulses must be separated in
time by much more than 7,y to allow recovery of the FRP steady state. The FRP is then
stopped by taking the polymerization cell off the thermostat. The sample is diluted with
solvent before being analyzed using GPC (fig. 7, right) which separates chains according to
length N. Our GPC is equipped with a fluorescence (FL) detector which is sensitive only
to the living chain end labels; in this way the living MWD is measured. Downstream, the
analyte then passes through a refractive index (RI) detector which measures all polymers,
i.e. essentially measures the dead MWD since dead chains are in enormous excess over the
labeled living chains. In this way we are able to measure both the living and dead MWDs
simultaneously in a single experiment. Further experimental details are described in refs.

23,27.
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Figure 7: Photocopy method: experimental setup. Left: A thermally initiated FRP is
irradiated with a series of photocopy laser pulses, each (in principle) generating an identical
photocopy of the living MWD. Right: The polymerization product is analyzed with GPC
apparatus equipped with a fluorescence detector (FL) which measures the fluorescently labeled
living chains. This yields the living MWD. A refractive index (RI) detector then measures all
chains; since dead chains greatly outnumber the living ones, this yields essentially the dead
MWD.

III. Living MWDs

We have used the photocopy method to measure living MWDs of bulk MMA polymeriza-
tions at 60°C , thermally initiated by AIBN, as described at the end of the previous section.
All measurements have been made at low conversions, ¢ S 0.4%. A typical raw GPC chro-
matogram from the FL detector is shown in fig. 8(a). Note the small N (large elution times
2 24 mins) feature due to recombined photoinhibitor radicals (molecular weight = 435) and

intact photoinhibitor (molecular weight = 498) which artifact must ultimately be discarded.
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Figure 8 (a) Typical GPC chromatogram obtained in the photocopy experiment for the
DNPMS/AIBN/MMA system using the fluorescence (FL) detector. The chromatogram at
the bottom, slightly offset vertically for clarity, is from a DNPMS/AIBN/MMA sample which
is subjected only to the thermal FRP part of the experiment (no laser shots). The high
amplitude peak starting at about 25 min elution time is due to intact photoinhibitor molecules
(molecular weight = 498). (b) Number molecular weight distribution for the top chromatogram
in (a), calculated using molecular weight calibration information [23,27,17].
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With N of order 10° the loss of, perhaps, N S 5 information is minor; however, it must be
subtracted off carefully. After calibration, a typical living MWD is shown in fig. 8(b). To
the best of our knowledge, these are the first measured living MWDs in FRP.

The first question one might ask is whether or not our measured MWDs corroborate
the classical Flory-Schulz FRP theory [1] dating from the late 1930’s. This predicts an
exponential form 1) ~ e N/N At a glance, the living MWD of fig. 8(b) appears consistent
with this, but for a quantitative assessment we show in fig. 9(a) 11 superposed separately
measured living MWDs plotted in log-lin form. For N X 3000, exponential behavior is
indeed rather well obeyed. Clearly, however, there are strong deviations from the classical
theory for smaller N. To scrutinize these, in fig. 9(b) we performed a best fit of the small
N region with a stretched exponential, ¢ ~ e~CW/NP - Two stretching exponents § were
attempted: both g = 0.8 (with C = 15) and 8 = 0.5 (with C = 9) produce reasonable fits
at small N. Meanwhile in fig. 9(c) we attempted a power law fit (data shown in log-log
form) to the region 40 S N £ 2000, from whic"h we infer a small N behavior ¢ ~ 1/N7 with
v = 0.88 £ 0.03.

In summary: we find exponential behavior ¢ ~ e~V for N 2 3000 with N = 3000.
The smaller N data are consistent with: (i) a stretched exponential form ¢ ~ e~C(N/N)® (we
tried 5 = 0.8 and 8 = 0.5) and (ii) a power law, 1) ~ 1/N7, with v = 0.88 + 0.03.

We need guidance from theory at this point. What deviations from the classical theory
should we expect? To elucidate this, based on a fundamental picture of FRP which incor-

porates modern advances in polymer physics, we must first think more carefully about the

living chain termination processes which govern ¥(N). This is the subject of the following

section.
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Figure 9: (a) Living MWD plotted on semi-logarithmic coordinates for the

DNPMS/AIBN/MMA system for 11 samples, measured under comparable conditions. The
MWDs are vertically shifted to compensate for their different normalizations. The straight
line, a linear regression for chain lengths 3,000 < N < 16,000, has slope —(2.8 £ 0.4) x 1074,
(b) Short chain part of a representative living MWD measurement (+ signs) for the
DNPMS/AIBN/MMA system from (a). Least squares fits of the data for the region
40 < N < 1500 to a function of the form c; exp (—[N/c;]'~®) are also shown, with values of
a as indicated (c; = 68 and ¢; = 24 when @ = 0.2 and a = 0.5 are used, respectively). The inset
shows a zoom to smaller scales. (c) Short chain portions of the 11 living MWDs of (a) plotted
on double logarithmic coordinates. The straight line, a linear regression for chain lengths
40 < N < 2,000, has slope —0.884 + 0.026.

IV. Dependence of Termination Rate Constants k()M, N) on Chain
Lengths

The steady state living MWD 4(N) results from termination reactions between living
chains of all lengths M and N, and so depends strongly on the form of the second order
rate constant k(M, N) governing interpolymeric reactions as shown in fig. 10. Here “length”
denotes number of monomer units, and each unit is of size a. The classical Flory-Schulz

theory [1] approximates k as a constant. However even in dilute solutions (pertinent to



91

low conversion FRP) there is strong experimental and theoretical evidence for chain-length

dependence, albeit a weak one [36-41].

Figure 10: Polymer-polymer reaction kinetics

between chains of lengths N, M bearing reactive

eeteas end groups. Reaction involves several stages.

M P U S (1) -“‘TC Center of gravity diffusion must first bring the

':86': e '\@5 2 polymer coils together, process (1). The 2

(AR (2)_, S coils will remain overlapped for a time of order

) the longest polymer relaxation time 7, stage (2),

i during which stage small time scale diffusion of

the reactive ends may result in repeated reactive

Q group collisions. During each collision, (3), the

groups react with probability ) per unit time

(for radicals Q =~ 1/t,). If no reaction occurs, the

coils separate and must wait for diffusion to col-

lide them with another coil; on the other hand,

if one of the collisions results in reaction, the
reaction product (4) is generated.

Thus before attempting to interpret our measured living MWDs, in this section we dis-
cuss the form of k(M, N). The discussion is quite general, and has nothing a priori to do
with FRP; the reactive end groups, with local reactivity @ (reaction probability per unit
time when they are in contact with one another), might be any species (including photoac-
tivated/quencher groups as in phosphorescence quenching studies). Of course our eventual
application will be to radicals, where @ ~ 1/t, is of order the inverse single monomer relax-
ation time t, (thus ¢, is essentially the time for the reactive end-unit of the chain to diffuse
a distance of order its own size a). As a check that this is the right magnitude for @ in the
case of radicals, consider the small molecule case (N = 1) for which we know k ~ Qa?®; then,
specializing to radicals, if we set Q = 1/t, ~ 10'° s~! and use a &~ 34 one obtains k ~ 108
M~! s7!, a typical radical-radical rate constant.

Motivated by our FRP experiments, our interest is the situation where: (i) the reactive
chains belong to a very dilute polymer solution, ¢ < ¢*, where ¢ is the polymer volume
fraction and ¢* the overlap threshold [42] at which coils just touch each other; (ii) the
solvent is a good swelling one for the chains and (iii) @ is very large, of order 1/¢,.

We focus on these 3 conditions because: (i) Our FRP measurements are all at low
conversion ¢, and ¢ equals, approximately, the polymer volume fraction in the dead chain
solution which is the environment in which living terminations occur; with N ~ 3000, one
has [42] ¢* ~ N7%8 ~ 0.2%. Since our experimental conversions are all < 0.4%, they fall

primarily in the dilute regime, with perhaps a slight extension into semi-dilute conditions
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(il) MMA is a good solvent for PMMA [43,1,15]. (iii) Radical groups are almost “infinitely”
reactive, as discussed above.

Now dilute polymer reaction kinetics in good solvents were studied in refs. 37,38 us-
ing first principles renormalization group arguments, and in a much simpler approximate
framework in refs. 39,40. But the essential results are very simple to understand, as follows.
Consider first a vessel of volume V' containing a dilute solution of chains of equal length
(i.e. we treat first the case M = N) and write k(N) = k(IN, N). Now since at any instant
the total reaction rate equals @ times the number of chain pairs whose reactive ends are
in contact, the number density n of unreacted chains decreases as —dn/dt = k(N)n? with
k(N) = QV P®" where P is the probability that any given pair of chains have their
reactive ends in contact. In general, due to reactions this is of course not equal to the equi-
librium contact probability P;;"t. Now for reaction to occur between a given pair, center of
gravity diffusion must first bring the polymer coils together (see fig. 10, process (1)). Each
such coil-coil collision lasts a total time of order 7 (process (2)) where 7 = t,(R/a)? is the
longest polymer relaxation time and as is well known [42] scales as the coil volume R? due to
hydrodynamical interactions. Here R = aN*% is the polymer coil size [42,44] in good solvent.
During this collision time 7, small time scale motion of the chain ends must then collide the
reactive end groups (process (3)); during each such end-end collision reaction occurs with
probability of order Qt,.

Let us evaluate the total reaction probability during one coil-coil collision lasting 7. Now
the fraction of the coil overlap time 7 for which the 2 chain end units of size a are in contact
can be estimated as the conditional equilibrium end-end contact probability, given that the
2 coils overlap, namely Pf;"t’“’”d. But this is a well known quantity from the theory of self
and mutually-avoiding polymers [45-49] and scales as P& ~ (a/R)*9 where g ~ 0.27
is des Cloizeaux’s “correlation hole” exponent and describes the diminished probability for 2
self and mutually avoiding chains to bring their ends together, relative to the result for ideal

coils (for which ¢ = 0). Noting each collision lasts ¢,, the mean total number of end-end

collisions during 7 is hence

T a\?d 1 0.16
Neou = 4 Pf;m’wnd = (E) = (N) . (4)

The total reaction probability during one coil-coil encounter, QtoNeon = Qt,/N%6, is thus
very small for large N, even if Q is very large as for radicals, Qt, =~ 1. Of course, we are

interested in very long polymers, N > 1. Hence coils must undergo many such coil-coil
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collisions before reaction occurs; it follows that reactions are a very weak perturbation and,
essentially, equilibrium is unperturbed by the reactions. Thus the end-end contact probability
Pt is essentially the same as its equilibrium value [45-49], P = (1/V)(a/R)?. Thus
k ~ QVPg™ and for radicals (Q ~ 1/t,) we have

1 1 0.16
k(N) = - (N) (dilute solution, good solvents.) (5)

The end result is that k scales with N in the same way it would have done for very small
Q, i.e. for chemically-controlled reactions[50]. This is very far from a priori obvious, that
for large N one should be driven to a “weakly reactive” limit, even when the end groups
are themselves virtually infinitely reactive. It necessitates a full treatment of the polymer
relaxation kinetics to arrive at this rather counterintuitive conclusion which is true only due
to the special circumstances of dilute solution with good solvent. Reactions in concentrated
polymer solutions or melts are entirely different: for large @), reactions are driven for N > 1
to a strongly reacting, diffusion-controlled limit where &k has completely different forms to the
chemically controlled case. The reader is referred to refs. 37-41,51,52 for detailed systematic
calculations.

How does this generalize to M # N ? Similar considerations to those above show that
in dilute solutions, good solvent, reactions remain a weak perturbation of equilibrium and
k(M,N) oc P&™ remains true. But we know that the equilibrium end contact probability
between two chains of very different lengths is dominated by the smallest chain [38]. Thus

K(M > N, N) = keo(N) ~ <%)m . (6)

What does experiment say? The best to date are probably phosphorescence quenching
data [36] which indicate k does decay with a very weak power law. There is also some
evidence [53] for small chain domination of k. However, the time scales accessible by these
methods are such that it is difficult to probe interpolymeric reactions. Overall, further good
experimental measurements of £ using novel approaches would be highly desirable, not least

for the important application of FRP.
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V. Interpreting the Measured Living MWDs

In the previous section we discussed how application of modern polymer physics theories
and experiment to reacting polymers has led to the weak scaling forms for k(M, N) shown
in egs. (5) and (6). Returning to FRP, we begin by asking what this implies about steady
state living MWDs ¢ (N).

A. Modern Theory for ¢(N)

In the absence of substantial chain transfer (a good approximation for PMMA [43,1,15])
the time-dependent living MWD 1,(N) obeys [54-56]

% O o
TS H(Nyg, HAN) = [ dM B, N) (M) ™)
where the reaction field H;(N) is the total termination rate for a chain of length N due to

all others having any length M. Thus in steady state

¥ =g exp (—%/ON H(M) dM) . 8)

In the Flory-Schulz theory [1] k(M, N) — k is approximated as constant. Thus H(N)
becomes independent of N, and from eq. (8) the living MWD is exponential, 1 ~ e~ /¥,
In reality, for low conversion FRP (our case) k(M, N) depends on chain lengths as in egs.
(5) and (6). What then is the form of the reaction field H(N)? There are two limits: (1)
For large N > N, most M values of importance in the integral defining H are much less
than N, so for these k(M, N) & koo(M) (see eq. (6)). Thus H(N) = [;° dMkw(M)(M) is
independent of N and 1 is exponential. (2) When N is small, N < N, k(M, N) = kq(N)
for the relevant M values and we now have H(N) & koo(N) [5° dM (M) ~ 1/N16. Thus

(B,C are constants of order unity)

e—B(N/N)U»“ , N« N

e CIN/N) N> N
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The above result tells us that for large N we expect theoretically to see exponential behavior,
as in the Flory-Schulz theory. But for small chain lengths we anticipate strong stretched
exponential deviations from the classical theory. Note that this does not in any way indicate
that chain length dependence of termination rate constants k(M, N) is stronger at smaller
N; N-dependence is true for all lengths (see egs. (5) and (6)). The large N Flory-Schulz-
like behavior results because the termination of a very long chain is dominated by all the
much smaller chains with which it can react. The rate constants for these reactions are
independent of the length of the long chain. The reader is referred to ref. 57 for further

details.

B. Possible Distortions Produced by the Photocopy Method

Before comparing our measured MWDs to theory, we must consider whether or not the
photocopy method produces a faithful copy of the actual living MWD. Our aim is to photo-
copy only the P, steady state living chains which were present just before the photocopy laser
pulse is applied. There are three potential sources of distortion, each discussed separately
below.

(1) Evolution of living chain MWD during the photocopy process. This was
already considered in section II. To avoid “blurring” of the actual MWD due to non-
instantaneousness of the photocopying process, we saw that the flooding condition, eq. (3),
must be satisfied. Our experiments pass this test, since typical values are My ~ 1076 —10~°
M, Py~ 1078 — 1077 M, 7y S 1072 s, Tyjping = 0.1 s.

(2) Initiation of new living chains by non-ideal photoinhibitor radicals. At
the instant of the photocopy pulse, the FRP is flooded with photoinhibitor radicals (M)
at a concentration perhaps two orders of magnitude greater than that of the living chains
initially present, Py. Hence the number of new “pollutant” living chains (W) initiated by
these radicals may be substantial even if the addition time, 7,44, is small (fig. 5). Now
the total number of pollutants created is W' = [ dtM(t)/Toaq, SO We can obtain the.
contribution during the interval Ty < t < Tyying by recalling that M ~ 1/(kamt) during
this interval (eq. (2)). Thus

Wretal 1 /mvi"g At 1 Tiiing g Tliving

R R 10)

et Tadd kaeamt Tadd Thill
after using eq. (3) and the fact that kups and kpp are of similar order of magnitude. It

is simple to show that the contribution from this window in time gives essentially the total
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Wtetal For a good copy, we must have W' < Py i.e. the number of steady state living

chains which we aim to photocopy must greatly outnumber the pollutants. Thus we require
Tadd > Tliving (good copy.) (11)

This is quite a stringent condition since Tjying ~ 0.1 s is rather long. It translates to

a second order addition rate constant kegqg S 1 M~! s~! for a FRP carried out in neat
monomer ([mon] ~ 9 M), as is the case in our experiments.

In ref. 58 it is shown that these pollutants after termination follow an MWD whose small

N behavior is 1Pouent ~ 1/N. This power law will be superposed on the true living MWD,

% (N). This may conceivably explain the 1/N%88+0-03 power law fit to our measured living
MWDs at small N (fig. 9).

(3) Post-photocopy pulse thermally initiated chains. In reality, directly after a
photocopy pulse some new chains will continue to be initiated by the thermal decomposition
of the initiator AIBN at rate R;. A concern is that before the photoinhibitor population
(M) has disappeared, sufficient of these post-pulse thermally initiated new living chains
(Pihermar) Will have been created, and then frozen and labeled by M radicals, that they will
substantially participate in the final measurements.

Since M is in the great majority, we have dP®"™/dt ~ R; — kypMP™*™ whence
ptherm — Rit/(X + 1) after using the t > 7 behavior of M(t) shown in eq. (2). Here
A = kyp/knras is of order unity. Now the rate at which these new thermally initiated chains
are capped by M and incorporated into the final photocopy is kyrp M P™er™ = RA(X + 1).
This process continues until ¢ = 735y by which time M ~ AP, has dropped to the level of
Py. Thus the total number appearing in the final photocopy is approximately R;Tijying = Fo.
(The last equality follows because in steady state living chains are produced at rate R; and
last a time Ty;,ing before being terminated.) The conclusion is that the number is of the same
order as the original number of chains, Py, which the method sets out to copy. This is a
significant source of distortion.

In ref. 58 it is shown that the MWD followed by these thermal pollutants is exponential
at large N and diverges weakly at small N, "¢ ~ In(1/N).
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VI. Conclusions

We have developed a method to directly measure living MWDs in FRP. For low conversion
MMA polymerizations we find an exponential form for the living MWD 1) at large N, but
strongly non-exponential behavior at small N. Thus the Flory-Schulz theory, which predicts
an exponential form, is not obeyed; this is not surprising given the chain-length dependence
of rate constants which are neglected in the classical theory.

The small N behavior is compatible with a stretched exponential, but also with a
power law 1 ~ 1/NO88+0-03 " GQince modern theory predicts a stretched exponential, ¥ ~
exp[—B (N/N)%#], it is tempting to conclude that experiment and theory are in accord.
However, the best fits were for stretching exponents somewhat smaller than the theoretical
0.84, and moreover there are possible distortions of the living MWD inherent in the method
itself. One potential artifact is due to new living chains initiated by photoinhibitor radicals,
which effect we find contributes a 1) ~ 1/N behavior at small N. This is rather close to our
best power law fit of 1/N%8%003 55 it may be that non-ideality of photoinhibitors under-
lies the small N measurements. On the other hand, other measurements [23,27,24] suggest
this non-ideality is small: we find the total fluorescence intensity (proportional to the total
amount of labeled dead chains), as measured in the fluorescence detector of the GPC setup,
appears to saturate as photocopy laser flash intensity (proportional to M,) increases beyond
a certain level. If photoinhibitor radical initiation of new chains were important, one would
expect the number of labeled dead chains to increase without bound as flash intensity in-
creases and thus creates more M radicals. We cannot entirely exclude, however, that what
we measure is actually a very slowly increasing total fluorescence intensity as laser intensity
increases; in fact theory predicts a weak logarithmic growth [58].

Another possible cause for the small N form of ¥(N) is post-photocopy pulse thermal
initiation of new chains which end up being photocopied along with the steady state living
chain MWD of interest. We find this effect pollutes the copy with an amount of chains
roughly equal to the number in the MWD of interest, and contributes a weakly divergent
Yther™ ~ In(1/N) at small N and an exponential at large N. This effect is also therefore a
candidate for explaining the data.

A considerable advantage of the method is its ability to measure in a single experiment

a large number of distinct FRP properties [27,24] since both living and dead MWDs are
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[ ] Photocopy I indep. est. literature
ecan (/N (N « N)
(V) e MY (N> N) : :
a=02-05"
az = 0.59 £ 0.04
N =2 —3,000
- 2,800 (@
N 2,100 % 100 Naewd/2 < N < t
Naead
Yiotar (M) 2-3x1077 4x10°8 ® $1077 (9
vp (571) - - 6,930 (4
Tliving (5) 0.3 © 040 varies
Ndead 3,300 + 200 N < Ngeaqg < 2N varies
R, (M/s) 1-2x107% () 28x 10~ (™) varies
E (M-1s—1) 1x107 @ 6x107 @ 105 — 108 ()
fa 0.43 - 0.46 (%)

Table 1: Quantities measured in the photocopy experiment (second column, using
photoinhibitor DNPMS) and comparison with independent estimates or measurements
(third column), or reported values (fourth column), for the FRP of MMA at 60°C
initiated with 9 x 1073 M AIBN (R; & 1077 M/s). N4 mean dead chain length; Ry:
rate of polymerization; f;: fraction of living chains terminating via disproportionation.
* Slightly better agreement with larger values of a. a; = 15.5 (9.2) for a = 0.2 (0.5). Data for N < N is
also well described by ¢ ~ N~ with v = 0.88+0.03. () From N = R,/R;, with calculated R; from known
rate of decomposition of AIBN and independently measured R,,. ®) From tsotar = R, /vy, with R, from
indep. meas., v, from ref. 20, for pure MMA. () Typical values. (¥ From ref. 20, for pure MMA. (¢) From
Tiiving = N /vp, with N from photocopy expt., v, from ref. 20, for pure MMA. () From Tiiving = N /vp,
with N from (@), vp from ref. 20, for pure MMA. (9) From R, = vptiotal, With io1er from the photocopy
experiment, v, from ref. 20, for pure MMA. (®) Measured from slope of ¢ vs polym. time data. ¢ from
GPC, RI detection. () From k = 1/(TtivingWtotat), With Tiiving and ote from photocopy expt. ) From
k= 1/(Tiiving¥total), With Tiiying from (), 450 from ). *) Values reported in the Polymer Handbook[43]
for FRP of MMA at 60°C . t We are not aware of any previous direct measurements of V.

measured simultaneously (see Table 1). The technique can also probe non-steady state
properties (see ref. 24); by using photocopy pulses so closely spaced in time that the living
MWD has insufficient time to recover to steady state, we are able to track the evolution of
the non-steady state MWD from complete annihilation back towards its steady state.

Let us speculate on future applications of the photocopy method and consider how adapt-
able the technique is. What monomer species are susceptible to our approach? (1) We need
monomers which do not absorb significantly at the wavelength used to excite the photoin-
hibitor (currently 308 nm). (Note that even a small monomer absorption can be a problem
since the monomer’s concentration greatly exceeds that of photoinhibitor.) We do not view
this as a major barrier. For each new monomer species, it may be necessary to tune the
excitation wavelength, or in the very worst case to employ a different photoinhibitor. (2)
Chain transfer effects. Living chain-monomer transfer is not an issue: this affects the liv-

ing MWD but does not interfere with its measurement. In fact, in ref. [24] we describe
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how non-steady state photocopying experiments in principle allow measurement of chain
transfer coefficients by comparing the recovery kinetics of mean chain length (affected by
transfer) with total number of living chains (unaffected). On the other hand living chain-
photoinhibitor transfer needs to be small and should be checked for each new species by,
for example, performing thermal FRPs in the presence and absence of the photoinhibitor
molecules (without photolysis) and checking that the dead MWD is unaffected. For MMA
we performed this control[23,27,24] and showed this class of chain transfer is unimportant.
(3) Photoinhibitor radical disproportionation effects. If “freezing” of living chain growth by
photoinhibitor radicals occurs through disproportionation, the living chain though killed is
not fluorescently labeled and thus missed from the final living MWD. What matters most
here is that disproportionation is not very strongly dominant, since whether a coupling or a
disproportionation reaction occurs is (presumably) independent of living chain length to a
good approximation (these are highly local effects). This means the same MWD is copied,
but with a lower normalization, i. e. the total number of measured living chains is diminished
relative to its true value, Py. Our results for P, are close to those independently measured
by other methods, suggesting little disproportionation. In summary: this type of dispro-

portionation does not affect the living MWD, though it will diminish the total number of
measured living chains.

Finally, the real excitement, both fundamentally and practically speaking, lies at higher
conversions. Much of the history of fundamental FRP research has revolved around the
issue of entanglements, and we believe the method promises to provide a unique insight
into this question by “imaging” the living MWD at high conversions where entanglements
must be present. Is this feasible? We see no reason why higher conversions should present
insurmountable barriers. Fluorescence conditions may possibly change, but these types of
technical issues can in principle be overcome by judicious selection of fluorescence label or
conditions for detecting fluorescence. In fact, there are distinct advantages in the much
higher living chain concentrations at high conversion, which allow improved separation of
the fluorescently labeled living MWD from the dead chain background.
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