
Subscriber access provided by American Chemical Society

Journal of Combinatorial Chemistry is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Report

High-Throughput Synthesis and Screening of a
Library of Random and Gradient Copoly(2-oxazoline)s

Richard Hoogenboom, Martin W. M. Fijten, Sanne Wijnans, Antje
M. J. van den Berg, Hanneke M. L. Thijs, and Ulrich S. Schubert

J. Comb. Chem., 2006, 8 (2), 145-148• DOI: 10.1021/cc050087q • Publication Date (Web): 06 January 2006

Downloaded from http://pubs.acs.org on March 22, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 9 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/cc050087q


High-Throughput Synthesis and Screening of
a Library of Random and Gradient
Copoly(2-oxazoline)s

Richard Hoogenboom, Martin W. M. Fijten,
Sanne Wijnans, Antje M. J. van den Berg,
Hanneke M. L. Thijs, and Ulrich S. Schubert*

Laboratory of Macromolecular Chemistry and
Nanoscience, EindhoVen UniVersity of Technology (TU/e)
and Dutch Polymer Institute (DPI), Den Dolech 2,
5600 MB, EindhoVen, The Netherlands

ReceiVed July 8, 2005

Introduction. The living cationic ring opening polym-
erization (CROP; see Scheme 1) of 2-oxazolines was
discovered in 1966.1-3 After this discovery, the resulting
biocompatible poly(2-oxazoline)s have been used for a wide
variety of applications.4-6 Moreover, amphiphilic structures
are easily accessible by the sequential polymerization of a
hydrophilic monomer (e.g., 2-methyl- or 2-ethyl-2-oxazoline)
and a hydrophobic monomer (e.g., 2-nonyl- or 2-phenyl-2-
oxazoline). Unlike block copoly(2-oxazoline)s, random co-
poly(2-oxazoline)s have not been extensively investigated
so far. The possibility of copolymerizing different 2-oxazo-
lines has been demonstrated by several groups;7-9 however,
reactivity ratios have only been determined for copolymer-
izations involving 2-phenyl-2-oxazoline (PhOx).10 Due to the
low reactivity of PhOx, the copolymerizations resulted in
blocky structures instead of random or gradient copolymers.
Moreover, the properties of copoly(2-oxazoline)s have not
been studied in detail.

Inspired by this lack of knowledge in the literature,
we decided to investigate the synthesis and properties of a
library of random copolymers from 2-methyl-2-oxazoline
(MeOx), 2-ethyl-2-oxazoline (EtOx), and 2-nonyl-2-oxazo-
line (NonOx). Such systematical copolymerization studies
and corresponding structure-property investigations are
reported for the first time. In polymer science, this report is
the first example of a high-throughput approach in which
kinetic details, library synthesis, and property screening were
investigated simultaneously, providing both fundamental and
application-directed insights.

Results and Discussion.The currently described work
was preceded by detailed (automated parallel) kinetic
investigation of the homopolymerizations of four monomers
(MeOx, EtOx, NonOx, and PhOx) with four initiators at four
molecular weights and two temperatures.11 The optimal
conditions from this kinetic screening (polymerization with
benzyl bromide as initiator at 100°C in N,N-dimethyl-
acetamide) were applied to synthesize copolymers from
combinations of MeOx, EtOx, and NonOx utilizing a
Chemspeed ASW2000 synthesis robot.12 For each combina-
tion, nine copolymers were synthesized with 0-100 mol %

(steps of 12.5 mol %) of the second monomer, resulting in
27 parallel polymerizations. For each of the copolymeriza-
tions, the monomer conversion in time was investigated by
automated sampling from the polymerization mixtures for
GC analysis.13 The measured monomer-to-solvent ratios of
the polymerization mixtures before heating (Figure 1) clearly
demonstrate the gradual change in monomer composition for
the different copolymerization series: With increasing mole
fraction of the second monomer, the ratio of the second
monomer to solvent increases linearly, and the ratio of the
first monomer to solvent decreases linearly. Figure 2 (top
row) depicts the resulting kinetic plots in time for the 50
mol % copolymerizations. Similar kinetic plots were obtained
for all other copolymerizations (only one of the polymeriza-
tions failed during the library synthesis cq. kinetic screening).
The linearity of the first-order kinetic plots (ln{[M]0/[M] t})
confirmed a constant concentration of living polymer chains
as expected for a living polymerization. Moreover, mono-
modal GPC traces with narrow molecular weight distributions
(PDI < 1.3) were obtained for the endsamples, which is
indicative of a living polymerization mechanism, as well.

The kinetic plots revealed a slightly faster consumption
(higher reactivity) of MeOx, as compared to EtOx and
NonOx. To further elucidate the copolymer compositions,
the reactivity ratios (r1 ) k11/k12 and r2 ) k22/k21)14 were
determined from the relation between the fraction of
monomer A in the monomer feed (f1) and the incorporated
fraction of monomer A in the polymer (F1) at both∼20%
and∼60% monomer conversion (Figure 3.15, bottom row).
For living polymerizations, the reactivity ratios should be
calculated at higher monomer conversions (20% or higher)
since different reactivities during the initiation process are
commonly observed.15,16 Also for the polymerization of
2-oxazolines, it is well-known that the polymerization rate
during initiation can be different from the final polymeri-
zation rate.17 In the first instance, the reactivity ratios were
determined using the classical Mayo-Lewis terminal model
(MLTM) utilizing nonlinear least-squares fitting of the data
in Figure 2, bottom.18 However, the applied MLMT method
is strictly only valid for 0% monomer conversion, and
therefore, reliable reactivity ratios can only be determined
from extrapolation of the data obtained at low monomer
conversions up to∼10%. To accurately determine the
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Scheme 1.Schematic Representation of the CROP of
2-Oxazolines Initiated with Benzyl Bromide
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reactivity ratios at higher monomer conversion, the extended
Kelen-Tüdös (KT) method can be applied.19 The resulting
reactivity ratios from both the MLTM and KT methods are
summarized in Table 1. As expected, the reactivity ratios
obtained for low conversion (initialr1 and r2) are similar

for both calculation methods; however, the reactivity ratios
for high conversion (finalr1 and r2) from the different
calculation methods differ significantly for the MeOx:NonOx
and MeOx:EtOx copolymerizations. The KT method revealed
similar reactivity ratios at low and high conversion for the

Figure 1. Ratios of monomer to solvent ([M]/[DMAc]) obtained by GC fort ) 0 samples of the different copolymerizations plotted
against fraction of the second monomer (f): a. EtOx:NonOx, b. MeOx:NonOx, and c. MeOx:EtOx. These graphs clearly demonstrate the
gradual change in monomer composition within the investigated library.

Figure 2. Top row: conversion (ln([M]0/[M] t) against time plots for 50 mol % copolymerizations (a, c, and e). Bottom row: relationship
between the monomer feed (f1) and the actual monomer incorporation (F1) at the initial (∼20% conversion) and final (>50% conversion)
polymerization stages (b, d, and f). Both conversion and monomer incorporation are shown for EtOx:NonOx (a and b), MeOx:NonOx (c
and d), and MeOx:EtOx (e and f) copolymerizations.
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MeOx:EtOx copolymerizations, whereas the MeOx:NonOx
and EtOx:NonOx copolymerizations revealed a more pro-
nounced difference in reactivity ratios (utilizing the KT
method) at the initial stage of the polymerizations, demon-
strating a higher reactivity of the MeOx and EtOx, as
compared to the NonOx during the initiation process.
Furthermore, the reactivity ratios (KT method) revealed the
formation of random copolymers for the EtOx:NonOx
copolymerization (both finalr1 and r2 ≈ 1).20 Finally, the
copolymerizations of MeOx:NonOx and MeOx:EtOx resulted
in the formation of gradient copolymers,21 whereby the
gradient is slightly more pronounced for the MeOx:NonOx
copolymers.

The resulting library of copolymers was utilized to
investigate the differences between random and gradient
copolymers regarding surface and thermal properties. More
specifically, the series containing MeOx:NonOx and EtOx:
NonOx were compared, because they have a gradient or
random composition, respectively (Figure 3), and pMeOx
and pEtOx homopolymers have very similar surface and
thermal properties. As a result, any differences observed
between those series might be assigned to their different
compositions. Other gradient copolymers were already shown
to exhibit interesting mechanical and thermal properties.22-24

The synthesized copolymers were screened with regard
to their surface energy in a high-throughput manner as
described recently for a library of block copolyoxazolines.25

Contact angles of spin-casted films were measured with two
different test liquids (ethylene glycol and diiodomethane; four
measurements per test liquid). The surface energy (SE) of
the polymer films could be calculated from the difference
between the contact angles of the polar and the apolar test
liquids (the calculated SEs were generally obtained with
<5% standard deviation). Figure 4 depicts the resulting SEs
for the NonOx-containing copolymers against the wt % of
NonOx present in the copolymers. The SEs are plotted
against wt % NonOx, because wt % closer resembles the
volume fraction NonOx and, thus, the theoretical surface
coverage in the absence of preferential orientation. Both
copolymer series show similar trends, whereby the SE

changes from∼42 mN‚m-1 for the pMeOx and pEtOx to
∼21 mN‚m-1 for the pNonOx. The similar trends for both
series can be explained by the fact that the contact angle
measurements are performed on a macroscopic scale (droplet
size), whereas the small difference in composition for the
copolymer series is a microscopic effect that is averaged out
on this macroscopic level. Surprisingly, the SE does not
decrease gradually with increasing NonOx content, but the
presence of NonOx only becomes visible at approximately
50 wt % of NonOx. With lower NonOx contents, the SE is
the same as for the pMeOx or pEtOx. The reason behind
this peculiar behavior of the SEs of the copolymers is not
understood at the moment. Moreover, the copolymers have
a significantly higher SE when compared to a block
copolymer or a blend of homopolymers of EtOx:NonOx
(both 50 mol %; open square in Figure 4). This difference
can be explained by the fact that the nonyl side-chains cannot
orient to the surface without exposing the second monomer
(MeOx or EtOx) to the surface in the copolymers, resulting
in intermediate SE’s; whereas, the NonOx segment can orient
to the surface in the block copolymer or in the blend,
resulting in a low surface energy close to the SE of pNonOx.

The influence of gradient or random monomer distribution
on the thermal properties was investigated by DSC (Figure
5). Figure 5 shows the change of glass transition temperature
(Tg), melting temperature (Tm), and the heat of fusion with
incorporation of NonOx. Upon incorporation of NonOx into
pMeOx or pEtOx, theTg is decreasing due to the higher
flexibility of the nonyl side-chains. At∼90 wt % of NonOx,
the glass transition disappears, which corresponds to the
absence of aTg for pNonOx in the DSC traces. In addition,
the melting point of pNonOx decreases upon the incorpora-

Table 1. Reactivity Ratios Determined for the 2-Oxazoline Copolymerizations Utilizing Both the Mayo-Lewis Terminal Model
(MLTM) and Extended Kelen-Tüdös (KT) Method

M1:M2 method initialr1 initial r2 final r1 final r2

EtOx:NonOx MLTM 1.2( 0.2 0.7( 0.1 0.97( 0.01 0.99( 0.01
EtOx:NonOx KT 1.23( 0.13 0.60( 0.05 0.91( 0.05 0.94( 0.03
MeOx:NonOx MLTM 1.8( 0.3 0.3( 0.1 1.26( 0.05 0.66( 0.03
MeOx:NonOx KT 1.94( 0.15 0.25( 0.04 1.83( 0.04 0.46( 0.02
MeOx:EtOx MLTM 1.52( 0.1 0.54( 0.03 1.18( 0.04 0.65( 0.02
MeOx:EtOx KT 1.67( 0.04 0.51( 0.04 1.63( 0.05 0.52( 0.04

Figure 3. Schematic representation of the random and gradient
monomer distributions throughout the EtOx:NonOx and MeOx:
NonOx copolymers, respectively.

Figure 4. Surface energies calculated from the contact angles of
diiodomethane and ethylene glycol for the copolymer series of
MeOx:NonOx and EtOx:NonOx.
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tion of MeOx or EtOx, since the crystallinity of the pNonOx
is disturbed. The difference inTm between the two series
could be ascribed to small differences in polymer length,
since differentTm’s were obtained for both pNonOx homo-
polymers, as well. Corresponding to the decrease inTm, the
heat of fusion decreased upon the incorporation of MeOx
or EtOx into pNonOx. Since the differences inTm and heat
of fusion most likely result from chain length differences,
no conclusions on the effect of MeOx or EtOx incorporation
on the crystallinity can be drawn except that the presence of
a second monomer disturbs the crystallinity of the pNonOx
side chains.

Conclusions.In conclusion, we have demonstrated the
successful application of a high-throughput workflow for the
investigation of random copolymerizations of 2-oxazolines
regarding copolymerization parameters, surface properties,
and thermal properties. Different reactivity ratios were
determined for the initial and final polymer stages, revealing
the formation of random (EtOx:NonOx) or gradient (MeOx:
NonOx and MeOx:EtOx) copolymers. Contact angle mea-
surements for the synthesized MeOx:NonOx and MeOx:EtOx
copolymers revealed similar trends for both random and
gradient copolymers; however, these copolymers showed
significantly different surface energies, as compared to a
block copolymer or a polymer blend. Moreover, the glass
transition, melting temperatures, and heat of fusion changed
in a similar manner within both MeOx:NonOx and MeOx:
EtOx copolymer series. The small observed differences in
Tm and heat of fusion most likely resulted from differences
in polymer chain length and not from the difference between
random or gradient monomer distributions.

In addition, it was demonstrated that the application of a
high-throughput workflow to the synthesis and screening of
a library of copolymers can result in both fundamental and
application-directed knowledge at the same time.
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Figure 5. Thermal properties,Tg, Tm, and heat of fusion, of the
copolymers consisting of MeOx:NonOx and EtOx:NonOx.
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