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Abstract
Among the many contributions that Kenneth “Ken” O’Driscoll made to advance the
understanding of radical polymerization kinetics was the implementation of proper statistical
procedures for extracting (monomer) reactivity ratios from experimental data for copolymer
composition. He emphasized the importance of experimental design, using non-linear regression,
and a proper error analysis to construct reliable joint confidence intervals. He disseminated his
views on this topic in many conferences, including the influential Santa Margherita Ligure series
which he initiated, and which helped kickstart the renaissance of radical polymerization kinetics.
This brief retrospective honours both Ken’s scientific contributions and his humanity.
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1 INTRODUCTION
Science is an intellectual endeavour that, as it is carried out by people, is also a human
endeavour. In our experience there have been few people who have combined these strands of
science with such excellence as Ken O’Driscoll – he was both an excellent thinker and had a rare
ability to inspire people to think with him. This can be seen from the fact that three of us have
carried out our careers far across the seas from Canada, and yet we bonded and worked with Ken
before the internet and email even existed. From the first moment of meeting him, one was
drawn to Ken’s easygoing nature, passion for science, and lucid explanations. Whether young or
old, people wanted to hang out with Ken and do research with him. Through this article, we hope
to convey a sense of Ken O’Driscoll the person and Ken O’Driscoll the scientist, and how the
two were so effectively intertwined. We will focus on the work of Ken in copolymerization
kinetics, not covering several of his other achievements.

2 LIFE AND TIMES
2.1 Outline
Kenneth O’Driscoll passed away on August 4, 2020. He was born July 22, 1931 on Staten Island,
New York City. He received advanced degrees at Pratt Institute (B.Ch.E. 1952) and Princeton
University (M.A. 1957, Ph.D. 1958). Ken pursued an outstanding career in Chemical
Engineering, serving as professor at Villanova University (1958-66), SUNY Buffalo (1966-70),
and the University of Waterloo (1970-92), where he was also Chair of the Department of
Chemical Engineering for 6 years. Ken was an enthusiastic researcher and published more than
200 papers on polymerization, copolymerization, polymer reactor engineering, hydrophilic gels,
and bound polymer catalysts, with 10 patents in those areas. As an example of the latter, his
work on hydrophilic gels led to the development of the soft contact lens. Along with Prof. Alfred
Rudin (1924-2011) – whose textbook he would always recommend as the best in the business,
and with justification – Ken founded the Institute for Polymer Research at the University of
Waterloo and served as director of it from 1978 to 1988. He spent sabbatical years in Japan,
Germany, Sweden, and Australia (which is how some of us first met him). After retiring, Ken
was named Distinguished Professor Emeritus at the University of Waterloo in 1996, an honour
that he greatly cherished. Ken kept involved in research for approximately another decade, as
evidenced by his roles in the Santa Margherita Ligure (SML) conferences of 1996 and 2001.

2.2 The SML conference series
In 1985, a small group of chemists interested in radical polymerization happened to meet at a
polymer science conference in Moretonhampstead, England. Here they discussed the possibility
of holding a meeting devoted exclusively to radical polymerization, a topic in which renewed
interest was showing. Ken O'Driscoll and Saverio Russo (of Italy) undertook organizing such a
conference, and it was held at Santa Margherita Ligure in Italy in May 1987 – see Figure 1. As
Ken and Saverio wrote in the foreword to the conference proceedings that emerged from the
meeting and contained a plethora of highly influential reviews: “There has been a resurgence of
interest in studying the kinetics and questioning the details of the mechanistic schemes used to
describe both homo- and copolymerizations.”[1] The meeting was a tremendous success, thereby
demonstrating that there was indeed a renaissance in the field of radical polymerization, and it
catalyzed an even stronger resurgence immediately afterwards. Many researchers regard this
conference as the most exciting and influential they ever attended. For example, the late Enrique
Lopez Madruga wrote of it: “A great impulse of the copolymerization studies emerges from the
Symposium on ‘Free Radical Polymerization: Kinetics and Mechanism’ held in Santa
Margherita Ligure, Italy, May 1987. Sessions on copolymerization are devoted to point out the
importance of the copolymer composition, model discrimination and copolymerization rate.”[2]
One of us (Alexander M. van Herk) attended in 1987 and recalls:
I was lucky to be attending this conference myself in the early days of my
polymer career. What I recall is the model of having only one session with a
limited number of participants (between 100 and 200) and ample time for
discussion. The fiery discussions between Tüdös and Gilbert on the hot radical
theory were legendary as were many other discussions.
Given the success of the 1987 meeting and the upswing it created, the desirability of more such
conferences was clear. In this way it gave rise to the so-called SML series, with the second
conference being held in 1996, again at Santa Margherita Ligure and again with Ken and Saverio
as chairs. The third took place in 2001, again in Italy but about 2 hours south at a venue near
Lucca, meaning that the abbreviation SML – as in Scientific Meeting Lucca – could be retained.
This time Ton German (of TU Eindhoven) and Michael Buback (Göttingen University) were the
chairs, with Ken present – see Figure 2 – and chairman of the poster committee. A fourth

meeting was held in 2006 with Buback and now Alex van Herk as chairs. The emergence of
reversible-deactivation radical polymerization (RDRP) in the mid-1990s provided additional fuel
for these conferences and came to be a very important theme.
Alex writes of these meetings:
I was able to organize several conferences myself and always tried to match
the spirit of the first SML conference. For me this conference initiated my
interest in copolymerization, and in 1995 I published a paper on a new, simple
non-linear least-squares approach[3] which was discussed at the next SML
conference in May, 1996. The third such conference was held in June 2001,
but was held nearby in Il Ciocco (Tuscany) because insufficient
accommodation was available in Santa Margherita for the number of people
wishing to attend (close to 240). The fourth meeting took place in 2006 and
attracted close to 200 people. Discussions of the next SML conference have
been ongoing ever since, and hopefully the next one will emerge in the coming
years.

Without Ken O’Driscoll, none of this would have ever taken place. But his legacy is not just this
series of conferences, it is also all the collaborations, new scientific developments, and
friendships to which they gave rise.
2.3 IUPAC and KOD
Although Ken O’Driscoll never held office in the International Union of Pure and Applied
Chemistry (IUPAC), all the SML conferences were endorsed by IUPAC and Ken was involved
in IUPAC work even before the first SML conference of 1987, as well as after it. This evidences
a point made above: that Ken recognized the importance of international cooperation in
producing good science, and his excellence at working with people to make this happen,
including within an IUPAC framework.
Ken’s IUPAC work preceding 1987 was as part of a Working Party led by Geoff Eastmond and
tasked with understanding the vexing lack of agreement between published values of
fundamental rate parameters in radical polymerization. This culminated in a contribution[4] at the
first SML meeting that highlighted the need for ongoing international cooperation on the kinetics

of radical polymerization, another indication that the 1987 SML meeting took place at exactly
the right moment in time, as it led to the formation of the IUPAC Subcommittee on Modeling of
Polymerization Kinetics and Processes,[5] with Bob Gilbert as inaugural chair and Ken as a
founding member. As a result of this foundation meeting at SML, a consensus paper from the
IUPAC working party, entitled “Consistent values of rate parameters in free radical
polymerization systems”,[6] was written. Although it did not contain any such values, it laid out
aspirations for obtaining them, and thus set the stake in the ground that has led to a hugely
successful body of work over the decades since, and still ongoing to this day.
The other sense in which the 1987 SML meeting was perfectly timed is that it saw the first
presentation to a wide audience of the so-called pulsed-laser polymerization (PLP) sizeexclusion chromatography (SEC) method for determination of propagation rate coefficients (kp).
Tom Davis, then bound for Waterloo as a postdoc, recounts standing in front of this poster with
Ken, who took it in and said to him: “Have you got a driver’s license? You are going to need it,
because I just decided that you’ll be going back and forth to Toronto to use Mitch Winnik’s laser
to do this type of experiment.” This makes clear that Ken instantly recognized the advantage of
PLP-SEC compared to previous methodologies, including the spatially intermittent
polymerization technique that he had pioneered.[7] By decoupling the estimation of kp from
radical termination kinetics, the technique would enable its unambiguous determination for the
first time, and thus it would lead to consistent values of rate parameters, including for
propagation in copolymerization. Ken was again a co-author of the subsequent paper by the
IUPAC Subcommittee that pointed out this game-changing development,[8] and in 1995 he was a
coauthor of the first IUPAC paper on “Critically evaluated rate coefficients for free-radical
polymerization”,[9] which has been cited approximately 800 times. There have been seven more
IUPAC papers in this series on kp, together with others on termination, initiation, RDRP, and
SEC. Although Ken was not the inventor of the PLP-SEC method, he was a key figure in its
rapid worldwide adoption as a method that transformed the study of radical polymerization
kinetics, and he was the leading figure in the deployment of the method for study of radical
copolymerization kp.
Who can say if any of these hugely significant developments would have happened without Ken
O’Driscoll, for he was an integral part in the early days of all of them.

2.4 Reflections on personal career influence
Robin Hutchinson, as a young scientist working at DuPont’s Central Research and Development,
travelled to Toronto to see the PLP setup used by Ken and his collaborators in the Winnik lab.
Using the knowledge gained, Robin established and put to good use a similar setup at DuPont’s
Experimental Station in Wilmington, Delaware. Ken provided a favourable review for Robin’s
first paper on the PLP-SEC technique published shortly thereafter,[10] recommending publication
in Macromolecules without change, and commenting “This is a very well written paper which
advances the experimental technique by good data analysis, and also adds new data on both wellinvestigated and a new monomer system.” Well before the days of electronic submissions and
reviews, Ken also reached out to Robin with a personal letter identifying himself as one of the
reviewers, arranged for him to visit and give a lecture at the Institute for Polymer Research at the
University of Waterloo in the same year (1993), and invited him to become involved in the
activities of the IUPAC subcommittee (see Section 2.3), which he now co-chairs. This
encouragement towards a researcher new to the field is well-recognized as a hallmark of Ken’s
generous spirit by all those who have had the opportunity to interact with him.
Bert Klumperman met Ken O’Driscoll for the first time at the first SML conference.
Klumperman was a young and inexperienced new member of the radical polymerization
community, but remembers the heated discussions and the great new developments that were
presented, including Harwood’s bootstrap model to explain solvent dependence of
copolymerization reactions,[11] and the PLP-SEC technique,[12] which – as already mentioned
above – was presented by Oskar Friedrich Olaj in a brilliant poster contribution. After O’Driscoll
published a PLP study on styrene (STY)-methyl methacrylate (MMA) copolymerization,[13]
Klumperman contacted him to explore his interest for doing a similar study for the
copolymerization of STY and maleic anhydride (MAnh). In an exchange of faxes, as the most
modern way of communication at the time, O’Driscoll was initially reluctant with concerns
among others about the SEC measurement of STY-MAnh copolymers. After being convinced
that STY-MAnh would definitely be a good candidate to explore with PLP, O’Driscoll invited
Klumperman to Waterloo for a visit to discuss further details. Most remarkable is that the first
visit led to a joint publication on the bootstrap effect for, which they had independently written
drafts that showed great similarity and could easily be fused into a joint manuscript.[14] As a

result of the discussions in Waterloo, a PLP study on STY-MAnh was initiated, where the
majority of the experiments were conducted by Ramin A. Sanayei, one of O’Driscoll’s postdocs, in the Winnik lab at the University of Toronto. The SEC analyses of the polymers were
conducted in Waterloo between Ramin and Kevin Suddaby in the lab of Alf Rudin. Despite the
initial reluctance, the study turned out to be very successful,[15] and by the time it was completed,
O’Driscoll’s enthusiasm and mentorship had made it very clear to Klumperman that he had to
abandon his industrial research job and pursue an academic career. There is no doubt in
Klumperman’s mind that Ken O’Driscoll is the most influential person in his academic
development.

3 COPOLYMERIZATION KINETICS
We will now highlight Ken O’Driscoll’s contributions to the understanding of copolymerization
kinetics and the determination of copolymerization parameters and the accompanying data
analytics. This is a topic that was near and dear to Ken’s heart and for which he was renowned.
Furthermore, it is the topic of a current IUPAC project (as detailed below) that largely builds on
the foundations put in place by Ken.
3.1 The early days
In 1936, Dostal[16] published the first paper in which he laid out the correct expressions for the
rate of copolymerization and the composition of the copolymer:
F1/F2 = (r1[M1] + [M2])[M1] / (([M1] + r2[M2])[M2])

(1a)

Others credited with this development are Mayo and Lewis[17]; Wall,[18] who introduced the
concept of reactivity ratios (ri, see Equation (1)); and Alfrey and Price,[19] who introduced the Qe scheme to estimate relative copolymerization rates based on monomer structure.
Equations (1a) and (1b) are only for instantaneous (not cumulative) composition, and deriving it
assumes that chains are long (i.e., chain-starting and -stopping reactions have negligible effect on
overall composition), that radical intermediates are consumed as quickly as they are produced
(the steady-state approximation), and that radical reactivity is determined only by the last unit of
growing chains (the so-called terminal model). The resulting copolymer composition equation
may be arranged into many forms, with the following being the most widely used:
𝐹𝐹1 =

𝑟𝑟1 𝑓𝑓1 2 + 𝑓𝑓1 𝑓𝑓2

2

𝑟𝑟1 𝑓𝑓1 + 2𝑓𝑓1 𝑓𝑓2 + 𝑟𝑟2 𝑓𝑓2 2

(1b)

In these equations, Fi is the fraction of monomer i in copolymer, fi is the (mole) fraction of
monomer i in the (reacting) feed, and ri is the ratio of propagation rate coefficients for radical
chain-end i adding to monomers i and j. Equation (1b) makes clear that (instantaneous)
copolymer composition does not depend on all four propagation rate coefficients individually,
and similarly it depends on monomer mole fractions rather than monomer concentrations.
Additional contributions to the theoretical development of Equation (1) are summarized in one of
the first books on copolymerization published in 1952.[20]
O’Driscoll published a series of early papers on copolymerization between 1964 and 1969.[21-26]
The first of these demonstrated that, under the azeotropic condition in which the composition of
copolymer formed is the same as that of the monomer feed, the time-dependent copolymerization
equations can be integrated.[21] His early work also discussed the concept of describing trends in
copolymerization reactivity ratios by the so-called Q-e scheme,[22-25] and provided an explanation
for the very limited temperature dependency of many reactivity ratios.[26] In the late seventies,
following his move to the University of Waterloo, we see renewal of Ken’s activities on
copolymerization.[27]
3.2 Attempts to improve on the situation for determining reactivity ratios
The pivotal paper of O’Driscoll is that published in 1980 – see Figure 3 – together with Randall
McFarlane and Park Reilly, the latter of whom was engaged in research and teaching on the
application of statistics in engineering at the University of Waterloo.[28] In the paper, they use
simulated data to compare two design-of-experiment approaches for the estimation of reactivity
ratios: the empirical scheme (ES), where the values of f1 are chosen to be 0.1, 0,2, 0.3, and so on,
and the approximate design scheme (ADS), where on the basis of the D-optimal design described
by Tidwell and Mortimer[29] and initial estimates of the reactivity ratios, the experiments are
performed at the two monomer compositions for which the copolymer composition is the most
sensitive to variations in the reactivity ratios. Although many literature studies still adopt the ES
approach, the superiority of the ADS is demonstrated in this seminal paper. In addition, the paper
clearly demonstrates that the only correct statistical method to be used to estimate the r values is
that of non-linear least squares (NLLS) fitting of Equation (1b) with a deliberate assignment of
the error in the dependent variable (F). If the ADS approach is chosen, the Kelen-Tüdös
linearization method[28,30] – which after all has a basis in statistical design – gives comparable
results to the NLLS method, but in general linearization methods should not be used.

O’Driscoll emphasizes that before using the ADS method, it must be verified that the MayoLewis model (i.e., Equation [1]) provides a good representation of copolymer composition for
the system at hand. The topic of model discrimination is described in a separate paper by the
same authors,[31] and their collaboration in this area continued for another decade.[32-35]
O’Driscoll presented his insights on this topic during the first SML meeting in 1987, with the
key points also contained in the O’Driscoll and Reilly paper in the conference proceedings.[34]
These are so essential to the field of radical copolymerization kinetics that they bear repeating
these many decades later, for many workers remain ignorant of them:
•

Model discrimination and parameter estimation normally require two different sets of
experiments.

•

To apply the Mayo-Lewis equation, low conversion data needs to be used (Ken indicates
< 5% conversion).

•

The outcome of the statistical method applied should not depend on the indexing of the
monomers.

•

The starting point of the calculation should not affect the estimates (referring to iterative
methods to find the optimal values).

•

Distortion of the error structure by linearization methods cannot be expected to give good
estimates of the reactivity ratios.

•

Correct design of experiments is of great importance.

•

Results should be reported as a point estimate together with a joint confidence interval
(e.g., see Figure 3).

•

If there is also an error in the feed composition (fi), the errors in (all) variables method
(EVM) should be used, and this is especially relevant for the determination of reactivity
ratios from conversion dependent data using the integrated copolymerization equation.

Interestingly, O’Driscoll also pointed out that the ease of doing the calculation plays an
important role in the choice of the method, writing: “The ease criterion was, even in 1970,
satisfied by the ‘advent of the digital computer’ (unfortunately, the subsequent advent of the
pocket calculator with its linear least squares button has made the Fineman-Ross and related
techniques seem more convenient)”.[34] The unavailability of a simple-to-use NLLS computer

program likely contributed to the continued use of linearized methods by many researchers. In
the early 1990s, O’Driscoll therefore worked with Reilly and others at the University of
Waterloo to develop a microcomputer program based on the EVM method (RREVM) to alleviate
that issue.[35] Despite the availability of this program, the number of papers using linearized
methods was still disappointingly large.
In 1995, van Herk tried to simplify things by using NLLS fitting through visualization of the sum
of squares space (VSSS), a method that can be easily implemented by scientists themselves in
Excel, Basic, or any other computer language.[3] This method was taught at the Eindhoven
University of Technology to undergraduate chemistry students and was also presented at the
second SML conference in 1996. One advantage of the VSSS method is that the true shape of the
joint confidence interval can be assessed, which is not possible when the full sum of squares of
residuals space is not known, and then a linearized symmetrical confidence ellipsoid is given
instead.
At several conferences, O’Driscoll presented the important aspects of determining reactivity
ratios correctly,[33,34,36,37] and he was arguably the leading figure for enlightening colleagues
around the world about this.
Despite all the efforts by Ken and others, even up to today the important key points listed above
are often not taken into account. For example, in 2020 more than 400 papers still used the
Fineman-Ross linearization method to determine reactivity ratios, and out of those only two
papers also mentioned the work of Tidwell and Mortimer on the design of the experiments!
Many publication pages are wasted by comparing the results obtained with different incorrect
fitting methods, whereas there is basically only one correct method – NLLS fitting of Equation
(1) – that in combination with all the further points that O’Driscoll raised should lead to the
correct reactivity ratios estimates. In addition, it is noted that only a very limited number of
papers use the exact joint confidence interval. Mostly these are the papers associated with the
IUPAC Subcommittee, which again emphasizes Ken’s impact within that group.
With this as motivation, the IUPAC Subcommittee on Modeling of Polymerization Kinetics and
Processes[5] has started the project Experimental methods and data evaluation procedures for the
determination of radical copolymerization reactivity ratios to improve the situation. The task
group comprises the four authors of this paper along with Simon Harrisson, Sabine Beuermann,

Marco Drache, Chris Fellows, Daniel Keddie, Anton Allen Abbotsford Smith, and Atsushi
Kajiwara. We have set ourselves the following tasks:
•

Define an IUPAC-recommended methodology for proper experimental design,
experimental procedures, error estimation, and statistical methods in order to determine
reactivity ratios.

•

Capture the essential aspects of this IUPAC-recommended methodology in software that
is freely available.

This effort will build on the foundations that O’Driscoll has laid, along with others such as
Tidwell and Mortimer.[29,38]
3.3 Other contributions
It would be remiss not to at least briefly mention some of O’Driscoll’s other contributions to the
field of radical (co)polymerization. While copolymer composition and sequence distribution are
well described by the terminal model of monomer addition (i.e., Equation [1] for the former),
copolymerization rate is not. O’Driscoll was one of the first to apply the PLP-SEC technique, to
demonstrate this breakdown of the so-called terminal model of copolymerization kinetics
through his studies of STY-methacrylate[13,39] and STY-acrylate[40] systems. These key early data
supported the model developed by Fukuda et al.[41] that accounts for the influence of the
penultimate monomer unit on copolymerization rate, now widely used to successfully represent
this behaviour.
A key assumption in the derivation of Equation (1) is that all monomer propagation reactions are
irreversible. While usually a good assumption, the reverse reaction – depropagation – becomes
important if the reaction temperature approaches the ceiling temperature of one or both of the
monomers, such that the apparent reactivity ratios become a strong function of both temperature
and monomer concentration. Once again, O’Driscoll was an early contributor to the field,
studying the influence of depropagation on copolymer composition and copolymerization rate
both theoretically[42] and experimentally[43] for the challenging case when all addition steps for
monomers in the system (e.g., α-methyl styrene and MMA) are reversible. The work is also an
excellent example of how O’Driscoll combined experimental studies with modelling, as one of

the first researchers who applied Monte-Carlo simulations to the representation of
copolymerization.[42]
A strength of Equation (1) – which mostly remains valid for describing copolymer composition,
even if its kp analogue is not – is that in most cases the effect of solvent on the reactivity ratios is
small, usually within the range of experimental error. However, there are exceptions to this
general rule, particularly when the solvent strongly interacts (e.g., through hydrogen-bonding)
with one or both of the reacting monomers. O’Driscoll studied this effect for a number of
systems, including STY-MMA in benzyl alcohol[44] and STY-MAnh in a variety of solvents.[14]
While the interpretation of these results is beyond the scope of this overview, needless to say
these studies are accompanied by the rigorous parameter estimation techniques characteristic of
O’Driscoll’s contributions.
Drawing together several of the above points, one of Ken’s final papers[45] on copolymerization
provided a comment on the Alfrey-Price Q-e scheme published in 1947.[19] He mused on the
sometimes poor fit as seen from low correlation coefficients of the Q and e values to the
experimentally obtained reactivity ratios, writing[45]:

That these (correlation) coefficients are so low results from the possible
compounding of at least four effects: (1) the empiricism of the Q-e scheme, (2)
the incorrectness of [using] the basic Mayo-Lewis model of copolymerization
[in some situations], (3) the experimental inaccuracy of the reactivity ratios
used to determine Q and e, and (4) the statistical inaccuracy of the method used
to calculate Q and e from the data.

The second point relates to the application of the Mayo-Lewis model to systems with strong
solvent-monomer or monomer-monomer interactions such that it does not apply; the last two
points again refer to the application of incorrect fitting procedures.

4 CONCLUSIONS
Copolymerization plays a paramount role in polymer manufacturing in order to obtain desired
properties. For example, the knowledge of reactivity ratios guides semi-batch manufacturing of

copolymers through monomer addition profiles. The proper determination of these reactivity
ratios still remains of concern. Ken O’Driscoll contributed to both understanding and improved
determination of reactivity ratios, not only through academic papers but also through
disseminating his knowledge in a clear and often humorous way, including at many conferences.
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Figure Captions
FIGURE 1 Poster of the first SML (Santa Margherita Ligure) conference, as initiated and
organized by Ken O’Driscoll and Saverio Russo

FIGURE 2 Ken O’Driscoll (left) and Saverio Russo receive the SML (Santa Margherita Ligure)
series token of appreciation (insert, bottom right) at the 2001 conference in Il Ciocco from Ton
German

FIGURE 3 Joint confidence interval together with point estimates for reactivity ratios, as
obtained from simulated data by O’Driscoll et al. (reproduced with permission[28])
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