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ABSTRACT: Poly(2-oxazoline)s with methyl ester functionalized
side chains are interesting as they can undergo a direct amida-
tion reaction or can be hydrolyzed to the carboxylic acid, mak-
ing them versatile functional polymers for conjugation. In this
work, detailed studies on the homo- and copolymerization
kinetics of two methyl ester functionalized 2-oxazoline mono-
mers with 2-methyl-2-oxazoline, 2-ethyl-2-oxazoline, and 2-n-
propyl-2-oxazoline are reported. The homopolymerization of
the methyl ester functionalized monomers is found to be faster
compared to the alkyl monomers, while copolymerization
unexpectedly reveals that the methyl ester containing mono-
mers significantly accelerate the polymerization. A computa-
tional study confirms that methyl ester groups increase the

INTRODUCTION The living cationic ring-opening polymeriza-
tion (CROP) of 2-oxazoline monomers (Scheme 1) was first
reported in the 1960s'™ providing an easy access to a wide
variety of well-defined poly(2-alkyl/aryl-2-oxazoline)s
(PAOx) with controlled end-group functionality during initia-
tion and termination.>® PAOx are an interesting class of
polymers because of its highly tunable and diverse proper-
ties.**%1% Poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-
ethyl-2-oxazoline) (PEtOx) are of special interest for biomed-
ical applications because of their biocompatibility and stealth
behavior that are similar to poly(ethylene glycol)
(PEG).5'%1113 PEtOx and poly(2-propyl-2-oxazoline) (PPro-
pOx) show lower critical solution (LCST) behavior with bet-

electrophilicity of the living chain end, even if they are not
directly attached to the terminal residue. Moreover, the electro-
philicity of the living chain end is found to be more important
than the nucleophilicity of the monomer in determining the
rate of propagation. However, the monomer nucleophilicity
can be correlated with the different rates of incorporation
when two monomers compete for the same chain end, that is,
in copolymerizations. © 2015 Wiley Periodicals, Inc. J. Polym.
Sci., Part A: Polym. Chem. 2015, 00, 000-000

KEYWORDS: copolymers; density functional theory; molecular
dynamics; molecular modeling; polymerization kinetics; poly(2-
oxazoline)s

ter reversibility as compared to the gold standard poly(N-
isopropylacrylamide).**™*® The properties of PAOx can be
easily tuned by variation of the side chain substituent, also
enabling the incorporation of (protected) side chain
functionalities.'”~3°

PAOx with methyl ester functionalized side chains are espe-
cially interesting as the methyl ester can be hydrolyzed to
the carboxylic acid, a versatile functionality for conjugation
of peptides and proteins. Furthermore, the methyl ester
group can undergo a direct noncatalyzed amidation reaction
to easily introduce a wide variety of side chain amide moi-
eties>'3%  Very recently we reported an increased
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SCHEME 1 Cationic ring-opening polymerization of 2-
oxazolines with methyl p-toluenesulfonate as initiator and
piperidine as terminating agent.

propagation rate of the methyl ester containing monomer 2-
methoxycarbonylethyl-2-oxazoline (MestOx, 1) (Scheme 2)
during homopolymerization compared to 2-methyl-2-
oxazoline (MeOx, 3) or 2-ethyl-2-oxazoline (EtOx, 4), while
copolymerization surprisingly revealed slower incorporation
of MestOx.”® Previous computational modeling suggested
that the methyl ester group of the MestOx interacts with the
living chain end, causing a slight increase in electrophilicity
of the carbon atom C5, thereby enhancing the reactivity of
the oxazolinium ring. The nitrogen atom of the MeOx mono-
mer is more negative, and thus more nucleophilic and reactive
towards the chain end, than the nitrogen atom of the MestOx
monomer. This theory is indirectly supported by the work of
Saegusa and Ikeda.®* Nearby ester groups in the growing
polymer can also interact with the incoming MeOx monomer,
inducing higher nucleophilicity of the MeOx monomer.

In this contribution we describe the synthesis of a new
methyl ester containing monomer with a trimethylene (C3)
spacer between the oxazoline ring and the methyl ester
namely 2-methoxycarbonylpropyl-2-oxazoline (C3MestOx, 2).
Detailed studies on the homo- and copolymerization kinetics
of these two methyl ester functionalized 2-oxazoline mono-
mers, MestOx and C3MestOx, with MeOx, EtOx, and 2-n-
propyl-2-oxazoline (nPropOx, 5) are reported. To better
understand the observed copolymerization rate constants,
the Arrhenius parameters of MestOx, C3MestOx, and
MestOx-MeOx copolymerization were also determined by
studying the (co)polymerization at different temperatures.
Theoretical calculations were performed to compare the

O
O o O )6 O O

1, MestOx 2, C3MestOx 3, MeOx 4, EtOx 5,‘VnPrnp0x

SCHEME 2 Monomer structures of MestOx (1), C3MestOx (2),
MeOx (3), EtOx (4), and nPropOx (5). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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nucleophilicities of the monomers and to assess the effect of
the methyl ester side chains in MestOx and C3MestOx on the
electrophilicity of the living cationic center. The computa-
tional approach consists of static density functional theory
(DFT) calculations on monomers, cationic chains and propa-
gation systems, as well as a semiempirical molecular dynam-
ics trajectory of a MestOx decamer, whereby the time
evolution of interactions is observed.

EXPERIMENTAL

Materials

2-Chloroethylamine hydrochloride, methyl p-toluenesulfonate
(MeOTs), and sodium carbonate were purchased from Acros
Organics. EtOx was kindly donated by Polymer Chemistry
Innovations. All other reagents were purchased from Sigma
Aldrich and used as received, except MeOx, EtOx, and MeOTs.
These were purified by distillation over barium oxide and
stored under argon. Dry solvents were obtained from a sol-
vent purification system from J. C. Meyer, with aluminum
oxide drying system and a nitrogen flow.

Instrumentation

Nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker DMC300 (300 MHz for 'H, 75 MHz for 13C) or
a Bruker DMX 500 (500 MHz for 'H, 125 MHz for 13C).

Electro spray ionization mass (ESI MS) spectra were
recorded on a Thermo Finnigan LCQ Advantage Max.

HR-MS was measured on an Agilent 1100 series HPLC
coupled to an Agilent 6220A TOF-MS equipped with ESI/
APCI multimode source.

Polymerization reaction mixtures were prepared in a VIGOR
Sci-Lab SG 1200/750 Glovebox system, with less than 1 ppm
of 0, and H,O0.

Polymerizations were conducted in a Biotage Initiator Micro-
wave System with Robot Sixty utilizing capped reaction vials.
These vials were heated to 120 °C overnight, allowed to cool
to room temperature and filled with nitrogen prior to use.
All microwave polymerizations were performed with temper-
ature control (IR sensor).

Size exclusion chromatography (SEC) was performed on an
Agilent 1260—series HPLC system equipped with a 1260
ISO-pump, a 1260 automatic liquid sampler, a thermostatted
column compartment, a 1260 diode array detector (DAD),
and a 1260 refractive index detector (RID). Analyses were
performed on Mixed D columns and a guard column in
series at 50 °C. N,N-dimethylacetamide (DMA), containing
50 mM of LiCl, was used as an eluent, at a flow rate of
0.593 mL min *. The SEC eluograms were analyzed using
the Agilent Chemstation software with the GPC add on, cali-
brated against poly(methyl methacrylate) (PMMA) standards.

Gas chromatography (GC) was performed on a 7890A from
Agilent Technologies with an Agilent J&W Advanced Capillary
GC Column (30 m, 0.320 mm, and 0.25 um). Injections were
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performed with an Agilent Technologies 7693 auto sampler.
Detection was done with a Flame ionization detector (FID)
detector. Injector and detector temperatures were kept con-
stant at 250 and 280 °C, respectively. The column was ini-
tially set at 50 °C, followed by two heating stages: from 50
to 100 °C with a rate of 20 °C min~ ' and from 100 to 300
°C with a rate of 40 °C min™ %, and then held at this tempera-
ture for 0.5 min. Conversion was determined based on the
integration of monomer peaks using acetonitrile (CH3CN) as
an internal standard.

Monomer Synthesis

Synthesis of Methyl 4-(2-chloroethyl)amino-4-
oxobutanoate (1b, MestOx-precursor)??

Methyl succinyl chloride (1a, 100 g, 664.2 mmol, 91.76 mL)
and 2-chloroethylamine hydrochloride (77.04 g, 664.2 mmol)
were suspended in dry dichloromethane (DCM, 750 mL)
under an argon atmosphere. The reaction mixture was
cooled continuously to 0 °C while triethylamine (TEA)
(144.50 g, 1428 mmol, 1984 mL) was added dropwise
within 2 h. The reaction was allowed to warm to room tem-
perature overnight, after full addition of the TEA. The mix-
ture was washed with water (2 X 50 mL) and brine (1 X
50 mL). The organic phase was dried over Na,SO, and the
solvent was removed under reduced pressure. The resulting
product was purified by filtration column chromatography
(neutral Al,03, DCM:MeOH (methanol, 99:1) yielding product
1b as a yellow oil (107 g, 617.7 mmol, 83%).

'H NMR (CDCls, 500 MHz): 6 = 6.1 (br, 1H, NH), 3.68 (t, 2.1
Hz, 2H, CH,Cl), 3.61 (m, 5H, OCH3 and CH,CH,CI), 2.68 (t,
7.0 Hz, 2 H, NC—OCH), 2.52 (t, 7.0 Hz, 2H, CH,COOCH3).

3¢ NMR (75 MHz, CDCI3): 6=1729 (C=ONH), 171.1
(C=00CH3), 51.4 (OCH3), 43.5 (CH2CH2CI), 40.8 (CH2CI),
30.5 (CH3C=0CH?2), 28.8 (CH3C=0CH2CH?2).

ESI MS: m/z: calculated 193.05, found 194.1 and 196.1
[M+ H"], 216.1 and 218.1 [M + Na™].

Synthesis of 2-methoxycarbonylethyl-2-oxazoline

(1, MestOx)*®

The MestOx precursor (1b, 107 g, 617.7 mmol) and anhy-
drous sodium carbonate (52.7 g, 497.3 mmol) were mixed.
The reaction was performed for 48 h by mounting the flask
at a rotary evaporator (40 °C, 50 mbar) to allow good mixing
of the salt in the viscous mixture, thereby providing a larger
surface area for evaporation of the released CO,. Subse-
quently DCM was added, the reaction mixture was filtered
and the solvent was removed under reduced pressure. The
oil was distilled twice over barium oxide, under reduced
pressure yielding a colorless liquid that crystallized in time
into a white solid (60 g, 381.8 mmol, 69%).

'H NMR (CDCls, 500 MHz,): § = 4.3 (t, 2H, 9.4 Hz, CH,0), 3.8
(t, 9.4 Hz, 2H, CH,N=), 3.7 (s, 3H, COOCH3), 2.7 (t, 2H, 7.3
Hz, CH,C00), 2.6 (t, 2H, 7.3 Hz, CH,C(=N)0).
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3¢ NMR (CDCl;, 75 MHz): §=172.9 (COOCH3), 169.2
(C(=N)0), 67.6 (CH,0), 54.3 (CH,N), 519 (OCHs), 30.2
(CH,C00), 23.2 (CH,N).

ESI MS: m/z: calculated 157.07, found 158.1 and 159.1
[M+H"].

HR-MS: m/z: theoretical 157.07389 Da, found 158.0811 Da
[M+ H"]; A abundance 0.4 ppm.

Synthesis of Methyl 5-(2-chloroethylamino)-5-
oxopentanoate (2b, C3MestOx precursor)

Glutaric acid monomethyl ester chloride (2a, 50 g, 303.8
mmol, 41.98 mL) and 2-chloroethylamine hydrochloride
(35.24 g, 303.8 mmol) were suspended in dry dichlorome-
thane (375 mL) under an argon atmosphere. The reaction
mixture was cooled continuously to 0 °C while triethylamine
(66.09 g, 653 mmol, 90.8 mL) was added dropwise within
2 h. The reaction was allowed to warm to room temperature
overnight, after full addition of the TEA. The mixture was
washed with water (2 X 25 mL) and brine (1 X 25 mL).
The organic phase was dried over Na,SO, and the solvent
was removed under reduced pressure. A yellow liquid (60 g,
289 mmol, 95%) was obtained.

'H NMR (CDCI3, 300 MHz): 6 = 6.0 (br, 1H, NH), 3.67 (s, 3H,
OCHs), 3.61 (m, 4H, CH,Cl and CH,CH,CI), 2.39 (t, 7.3 Hz,
2 H, NHC=0CH,), 2.27 (t, 7.3 Hz, 2H, CH,COOCH3;), 1.97 (qt,
7.3 Hz, 2H, CH,CH,CH,).

3¢ NMR (CDCl;, 125 MHz): d=173.4 (C=ONH), 172.4
(C=00CHs), 51.8 (OCH3), 44.2 (CH,Cl), 41.3 (NHCH,), 35.5
(NHC=0CH,), 33.1 (CH3C=0CH,), 20.9 (CH,CH,CH,).

ESI MS: m/z: calculated 207.07, found 208.0 and 210.0
[M~+H".

Synthesis of 2-methoxycarbonylpropyl-2-oxazoline

(2, C3MestOx)

The C3MestOx precursor (2b, 60 g, 289 mmol) and anhy-
drous sodium carbonate (27.6 g, 260 mmol) were mixed.
The reaction was performed overnight by mounting the flask
at the rotary evaporator (40 °C, 50 mbar) to allow good mix-
ing of the salt in the viscous mixture and providing a larger
surface area for evaporation of the released CO,. Subse-
quently, DCM was added, the reaction mixture was filtered
and the solvent was removed under reduced pressure. The
oil was distilled twice over barium oxide, under reduced
pressure, yielding a colorless liquid (24.8 g 145 mmol,
50%).

'H NMR (CDCls, 500 MHz): é = 4.3 (t, 2H, 9.5 Hz, CH,0), 3.8
(t, 9.5 Hz, 2H, CH,N=), 3.7 (s, 3H, COOCH3), 2.7 (t, 2H, 7.3
Hz, CH,C00), 2.6 (t, 2H, 7.3 Hz, CH,C(=N)0)), 1.97 (quint,
7.3 Hz, 2H, CH,CH,CH,)

3¢ NMR (CDCl;, 75 MHz): 6=173.6 (COOCH3), 167.8
(C(=N)0), 67.3 (CH,0), 54.5 (CH,N), 51.7 (OCHs3), 32.9
(CH,COOCH3), 27.2 (CH,C(=N)0), 21.3 (CH,CH,CHy).
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TABLE 1 Overview of Different Reaction Times at Different Temperatures Used for Kinetic Studies

140 °C 120 °C 100 °C 80 °C 80 °C
All Monomers, MestOx and MestOx and MeOx, EtOx, nPropOx, MestOx, C3MestOx,
Homo- and C3MestOx Homo, C3MestOx Homo, MestOx C3MestOx

Sample Copolymerization MeOx-MestOx MeOx-MestOx Copolymerization Copolymerization
1s 1s 7 min 30 s 20 min 35 min

2 2 min 7 min 30 s 15 min 40 min 70 min

3 4 min 15 min 30 min 60 min 105 min

4 6 min 22 min 30 s 45 min 80 min 140 min

5 8 min 30 min 1h 100 min 175 min

6 10 min 37 min 30 s 1 h 15 min 120 min 210 min

7 12 min 45 min 1 h 30 min 245 min

ESI MS: m/z: calculated 171.09, found 172.1[M + H™].

HR-MS: m/z: theoretical 171.08954 Da, found 172.0976 Da
[M+ H"]; A abundance 4.6 ppm.

Synthesis of 2-n-propyl-2-oxazoline (5, nProp0Ox)

nPropOx was synthesized according to literature.** In brief,
butyronitrile (1 equiv.), amino ethanol (1.1 equiv.) and zinc
acetate dihydrate (catalyst, 0.02 equiv.) were refluxed at 130
°C overnight. The reaction mixture was cooled to room tem-
perature, and dichloromethane was added. The organic
phase was washed three times with water and once with
brine. After removing the dichloromethane under reduced
pressure, the monomer was purified by fractional distillation
over barium oxide.

Polymerization Kinetics

Stock solutions (7 mL) for polymerization kinetics were pre-
pared in the glovebox. The total monomer concentration
[Myor] = [M] + [M;] is 3 M, the monomer (M; + M,):initiator
ratio %:100, MeOTs was used as an initiator, acetonitrile
(CH3CN) was used as solvent. For copolymerizations the
molar ratio of both monomers was 50:50. The stock solution
was divided in 0.7 mL portions in separate 0.5-2 mL Biotage
reaction vials. The polymerization times used are listed in
Table 1. After the polymerization, 0.1 mL of polymerization
mixture was sampled and diluted with 0.9 mL of chloroform
for GC measurement. Conversion was determined based on
the integral of monomer peaks using CH3CN as an internal
standard. A second sample of 0.1 mL was diluted with
0.9 mL of DMA containing 50 mM of LiCl for SEC measure-
ment to determine M,, and b.

Computational Methodology

A density functional theory (DFT) study was performed to
rationalize the polymerization kinetics of 2-oxazolines.?®>®
The Gaussian 09 program package®® and the M06-2X/6-
31+G(d,p) level of theory®” were used for all static calcula-
tions. The most stable conformations (minima) of the
2-oxazolines and their N-methyl oxazolinium cations were
found by means of conformational scans. Transition states
(first-order saddle points) were located for several propaga-
tion systems and connected with their prereactive and prod-
uct complexes by following the intrinsic reaction coordinate
(IRC).23*° The nature of the minima and first-order saddle
points was verified by frequency calculations. Hirshfeld-I
(HI) charges were calculated for all systems,**? since this
charge scheme has proven useful for the analysis of the
CROP of 2-oxazolines®®*® and is relatively robust with
respect to conformational changes.** In order to understand
the dynamic behavior of the interactions between the side
chains and the cationic centre, molecular dynamics simula-
tions were performed on a MestOx decamer with the CP2K
program®® within an NVT ensemble using the semiempirical
PM6 method.

RESULTS AND DISCUSSION

Monomer Synthesis

The 2-(methyl ester functionalized) 2-oxazoline monomers,
MestOx, and C3MestOx, were prepared from commercially
available acid chlorides 1a (Scheme 3) and 2a through a
reaction with 2-chloroethylamine hydrochloride in the pres-
ence of triethylamine yielding intermediate compounds 1b
and 2b. The monomers (1 and 2) were obtained by ring clo-
sure of these intermediate compounds with a strong non-

©
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sl HN~C _ Naco;
o] al -~ )ML T . [
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1a: n=2 1b: n=2 h
2a:n=3 2b: n=3 fiss

SCHEME 3 Synthesis of methyl ester containing 2-oxazolines.

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2015, 00, 000-000

Wiley Online Library

S3



JOURNAL OF Polymer
poLYMER sciEncE Chemistry

A 40+
1| = MeOx @
%51 | o Etox P
20 1| # nPropOx /,//‘
' v MestOx P
% 1| ¢ C3MestOx i .
2; 2,01
% 4
£ 154
1,0
054

T T ¥ T v T v T v T
0 100 200 300 400 500 600

Time (s)
B 24
22] [ m MeOx o
0] | ® EtOx .
18] A nPropOx *
q v MestOx
64| & C3MestOx * va o ¥
14 H v n
g =] S
= 10 Ya ®
s" 8] - °
6] °
4]
2]
0L L
T1.4
145®
P ‘. yu A0 L8 4%&‘51‘0
T T - T T T T T T T '

0 10 20 30 40 50 60 70 80 90 100
Conversion (%)

FIGURE 1 (A) First-order kinetic plot for homopolymerization
of MeOx, EtOx, nPropOx, MestOx, and C3MestOx at 140 °C and
(B) number average molecular weight (M,) and dispersity (D)
plotted against conversion. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

nucleophilic base (sodium carbonate) to avoid saponification
of the ester. This last reaction was performed on a rotary
evaporator under reduced pressure to allow good mixing of
the precursor oil and the salt and to ease the release of car-
bon dioxide.”® The monomers were obtained pure and dry
after distilling them twice over barium oxide. It should be
noted that the synthesis of C3MestOx was easier due to the

TABLE 2 Propagation Rate Constants for the Homopolymerizations
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lower viscosity of the amide precursor 2b in comparison to
1b. As a result, the ring-closing reaction that involves release
of CO, proceeded significantly faster.

Polymerization Kinetics

Homopolymerizations

All monomers (MestOx, C3MestOx, MeOx, EtOx, and nPro-
pOx) were polymerized with methyl p-toluenesulfonate
(MeOTs) as initiator,** acetonitrile as solvent under micro-
wave irradiation at both 80 and 140 °C. Stock solutions were
prepared which contained solvent, monomers and initiator
at 3 M monomer concentration and a [M]/[I] ratio of 100.
The corresponding first order kinetic plots obtained at 140
°C reveal linear first-order kinetics for all monomers, indicat-
ing a constant concentration of propagating species in time
and, thus, the absence of termination reactions albeit chain
transfer can not be excluded [Fig. 1(A)]. Each data point rep-
resents a separate polymerization and, thus, the linearity of
these combined results proves the good reproducibility. The
livingness of the homopolymerizations was confirmed by a
linear increase of the number average molecular weight (M)
with conversion as well as the low dispersities of the result-
ing polymers (P < 1.17, 1B). Similar results were obtained at
80 °C, also revealing living polymerization of all monomers
(Supporting Information Figs. S1 and S2).

The polymerization rate constants (k,) were calculated from
the slope of the linear correlation between In([M],/[M].) and
time in the first-order kinetic plots in Figure 1 and Support-
ing Information Figures S1 and are summarized in Table 2.
The rates obtained for MeOx and EtOx are in good agree-
ment with previously reported values,** but the k, values of
nPropOx at 140 °C is slightly higher due to a small overshoot
in temperature to 150 °C during microwave heating of the
polymerization mixture.

Previous computational work revealed that the fast propaga-
tion of the MestOx monomer is due to an interaction of the
oxazolinium ring with the ester group in the side chain of the
MestOx, leading to higher electrophilicity of the 5 position and
thus enhancing the reactivity of the living chain end.?® A simi-
lar intramolecular activation was proposed between the amide
carbonyl of the last monomer before the oxazolinium chain
end, leading to a higher k, value compared to k,, ; value for the
first monomer addition during CROP.*

ko ko ko ko
Monomer1 T(C) (10 3Lmol™'s™") T(¢C) (10 %L mol™'s™") T¢C) (10°Lmol™'s™ ") T(C) (10 3L mol 's™)
MeOx 140 1334 80 4.13+0.15
EtOx 140 99+3 80 2.99+0.05
nPropOx 140° 1334 80 3.86 + 0.27
MestOx 140 1714 120 58.6 + 2.2 100 28.0+1.6 80 6.91+0.29
C3MestOx 140 193+4 120 48.6+ 1.4 100 16.6 = 0.8 80 5.29 + 0.38

@ Value is slightly higher due to a small overshoot in temperature to 150 °C during microwave heating of the polymerization mixture.
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FIGURE 2 First-order kinetic plot for homopolymerization of
MestOx at different temperatures. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

At 140 °C C3MestOx is polymerizing faster than MestOx, while
at 80 °C the order is reversed, but both of them are still faster
than MeOx, EtOx, and nPropOx (Table 2). Similar results were
obtained for the intermediate temperatures 120 and 100 °C,
also revealing linear living polymerization kinetics (Fig. 2 and
Supporting Information Figures S3-S5). At these temperatures
MestOx also polymerizes faster than C3MestOx.

The logarithms of the k, values of MestOx and C3MestOx
show a linear relationship with the inverse temperature as
expected based on the Arrhenius equation (eq 1).

ky=Ae (1)

The Arrhenius plots for the MestOx and C3MestOx homopo-
lymerizations are shown in Figure 3. From these plots, the

1 MeOx
14 ® FEtOx
¥ MestOx Ink=-7,57*10° T"+16,55
2 i\\‘ # C3MestOx In k =-8,62*10° T"'+19,07
SN
\:'-"“-\_
3 N
s g
* T
- 7 ~3 S W
< . R
5 \\\ v
~_ ¢
. Tm
-6 i
-7 4 °
T T T T
0,0024 0,0025 0,0026 0,0027 0,0028
1T (10°K™)

FIGURE 3 Arrhenius plot of MestOx and C3MestOx. The data
from literature of MeOx*® and EtOx*® are included for compari-
son. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FIGURE 4 (A) First-order kinetic plot for copolymerization of
nPropOx and MestOx at 140 °C and (B) number average molec-
ular weight (M) and dispersity (D) plotted against conversion.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

activation  energy (En,  mestox =63.0*43 Kk mol },
Encamestox = 71.7 = 4.9 K] mol ') and the frequency factor
(Amestox=154*013 x 10 L mol ' s
Acamestox = 1.92 = 0.15 X 108 L mol? 571) were calculated.
These activation energies are lower than for MeOx
(EA=754%05 k] mol )* and EtOx (734*05 Kk
mol ™ 1),*® thereby indicating that the methyl ester groups

indeed lower the activation barrier for monomer addition.

Copolymerizations

To further examine the remarkable copolymerization behav-
ior of MestOx with MeOx and EtOx leading to reversed
monomer incorporation order compared to the homopolyme-
rization,?® the copolymerization of MestOx and C3MestOx
was studied with MeOx, EtOx, and nPropOx at both 80 and
140 °C with a monomer ratio of 50:50 using the same condi-
tions as for the homopolymerizations. The previously
reported copolymerizations of MestOx with MeOx or EtOx at
140 °C are also included to give a complete overview.*®
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TABLE 3 Propagation Rate Constants and Apparent Reactivity Ratios for the Copolymerizations of MestOx and C3MestOx with

MeOx, EtOx, and nPropOx

Monomer 1 Monomer 2 T (°C) kpq (1073 L mol™" s")
MeOx MestOx 140 244 + 6
EtOx MestOx 140 162 +4
nPropOx MestOx 140 212*+6
MeOx C3MestOx 140 184 +12
EtOx C3MestOx 140 144 £ 4
nPropOx C3MestOx 140 157 =7
MeOx MestOx 120 73.3+6.3
MeOx MestOx 100 29.2+1.4
MeOx MestOx 80 5.09 +0.13
EtOx MestOx 80 4.50+0.26
nPropOx MestOx 80 4.65+0.13
MeOx C3MestOx 80 7.91+0.62
EtOx C3MestOx 80 5.80 + 0.26
nPropOx C3MestOx 80 7.37+0.38

The first-order kinetic plots of nPropOx and MestOx copoly-
merization at 140 °C is shown in Figure 4(A) as representa-
tive example for all copolymerizations (Supporting
Information Figs. S6-S27). For all investigated copolymeriza-
tions, the 2-alkyl-2-oxazoline monomer was incorporated
faster than MestOx and C3MestOx in agreement with our
previous findings.”®

Modeling showed that the monomers bearing alkyl and
methyl ester side chains compete for incorporation into the
same living chain, which is activated due to the interaction
between nearby MestOx and C3MestOx residues and the
chain end. Since the reacting nitrogen atom is more negative
and thus more nucleophilic in the monomers bearing alkyl
side chains, these monomers are incorporated faster into the
chain. The ester group in the growing polymer can also
interact with the incoming MeOx monomer, inducing higher
nucleophilicity of the MeOx monomer. The same interactions
are expected to occur during (co)polymerization of
C3MestOx.

All first-order Kkinetic plots revealed a linear increase, indi-
cating a constant concentration of propagating species in
time and, thus, the absence of termination reactions. Each
data point represents a separate polymerization and, thus,

ko2 (1073 L mol™'s™") PP (ki/kz) PP (ko ky)
89+3 2.74 ©.37
97 =3 1.67 0.60
114 =3 1.86 0.54
93+8 1.98 0.50
[ABESS 1.26 0.79
1096 1.44 0.70
27.1+1.8 2.71 0.37
8.90+0.44 3.29 0.30
1.34 £0.07 .79 0.26
2.68+0.20 1.68 0.60
2.45*+0.16 1.90 0.53
3.36 £ 0.03 2.36 0.42
4.10+0.14 1.41 0.71
5.27 £0.24 1.40 0.72

the linearity proves the good reproducibility. The livingness
of the polymerization was confirmed by the linearly increas-
ing M, with conversion as well as low dispersities (P) [Fig.
4(B)]. The discrepancy with the theoretical M,, values can be
addressed to the PMMA standards, that is, the different
hydrodynamic volume, used for the SEC calibration of the
experimental values as shown previously.?®

The k, values were calculated from the slope of the kinetic
plots and are summarized in Table 3. Compared to the k,
values of the homopolymerization, the incorporation of 2-
alkyl-2-oxazoline monomers is accelerated while the incorpo-
ration of MestOx and C3MestOx is slowed down. This is due
to the activation of the alkyl monomer by the interaction of
the incoming alkyl monomer with the methyl ester side
chain of the growing polymer chain.

By dividing both k, values the apparent reactivity ratios
(r*PP) for both monomers are calculated (Table 3).*” For
copolymerizations of MestOx and C3MestOx with EtOx and
nPropOx, changing the polymerization temperatures (140
and 80 °C) did not influence the r*PP and, thus, the monomer
distribution of the resulting polymer is independent of the
temperature. In fact, for these copolymerizations r*? is less
than 1.9 while r,?PP is larger than 0.5, so there is only a

P(EtOx-C3MestOx 50-50), 140°C

FIGURE 5 Monomer distribution of (A) MeOx (black, open) and MestOx (blue) after 80 °C copolymerization and (B) EtOx (red,
open) and C3MestOx (pink) after copolymerization at 140 °C along the polymer chain, calculated from the kinetics plots. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 6 Gradient plots of the instantaneous copolymer composition along the polymer chains for (A) MestOx copolymers at
140 °C, (B) C3MestOx copolymers at 140 °C, (C) MestOx copolymers at 80 °C, and (D) C3MestOx copolymers at 80 °C. On the y axis
0 refers to no MestOx, 1 refers to fully MestOx and 0.5 to an equimolar mixture of both monomers. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

minor deviation from an ideal random monomer distribution.
The visualization of the monomer distributions in Figures
5(B) and 6 that are calculated based on the individual mono-
mers conversions in time confirms a near ideal random
structure for r{*? < 1.9.

The copolymerizations of the more reactive MeOx with Mes-
tOx and C3MestOx have an r{*P? which is larger than 1.9 and
a ;PP is smaller than 0.5, so the monomer distribution sig-
nificantly deviates from an ideal random distribution, for
example, a gradient copolymer is formed. The strength of the
gradient is determined by temperature and monomer. Lower
temperatures lead to stronger gradients while copolymers
with MestOx also have a stronger gradient than copolymers
with C3MestOx.

From the first-order kinetic plots the average distribution of
monomers along the polymer chain can be calculated. In Fig-
ure 5 two extremes are shown, in A the strongest gradient
obtained from MeOx and MestOx copolymerized at 80 °C and
in B the near random distribution of EtOx and C3MestOx
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FIGURE 7 Temperature dependence of the apparent reactivity
ratios of MeOx—MestOx copolymerization. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]

Wiley Online Library


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

JOURNAL OF Polymer
POLYMER SCIENCE Chemlstry

] 140°C (T
W= i
g 0,8 80 °C 14 HHHV i
= LT TR
2 IR
(=1 | ‘ l |
5 06 L HW J Wl
| o\

g- “ I\‘llukﬁ“lfmllw |
8 0,44 ||ﬁ‘(|f'\|\ "ﬂ Wﬂ‘l\ i“”'l' | |
o /”;\ \ ||¢ Lmn\w“ il ‘ l
5 oo Il DAL WA .H"'H'..‘n.v‘\
<
:|‘
|
0,044 . | | 1 :
0 20 40 60 80 100

monomer units in polymer chain

FIGURE 8 Gradient plots of MeOx—MestOx copolymerization at
different temperatures. On the y axis 0 refers to no MestOx, 1
refers to fully MestOx, and 0.5 to an equimolar mixture of both
monomers. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

copolymerized at 140 °C. For easier comparison the different
gradients are also plotted in Figure 6 clearly showing that the
first part of the polymers is slightly enriched in the comono-
mer and the final part of the copolymer is enriched in
(C3)MestOx.

As the MeOx-MestOx copolymerization showed the strongest
gradient formations as well as a temperature dependence of
the apparent reactivity ratios, the MeOx-MestOx kinetic studies
were also performed at two intermediate temperatures (100
and 120 °C). Both temperatures also revealed linear first-order
kinetics (Supporting Information Figs. S28 and S30), indicating
a constant concentration of propagating species in time and,
thus, absence of termination reactions. The livingness was con-
firmed by a linear increase of the M,, with conversion as well as
D values of the resulting polymer (P < 1.13, Supporting Infor-
mation Figs. S29 and S31). The k, values and r**" values are
listed in Table 3. The apparent reactivity ratios are plotted ver-

- = MeOxIn k =-9.16*10° T'+20.76
2] \\\ *  MestOx In k =-10.03*10° T"+21.91
S
= o
T \\\
. \'\
B4 e
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FIGURE 9 Arrhenius plot for the MeOx—MestOx copolymeriza-
tion. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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sus temperature in Figure 7, showing the temperature depend-
ence of the apparent reactivity ratios between 80 and 120 °C
while increasing further to 140 °C has no effect. The gradient
plots of MeOx-MestOx copolymerizations at different tempera-
tures are depicted in Figure 8, showing slightly stronger gradi-
ent formation at lower temperatures. Because the k, values
were determined at different temperatures, an Arrhenius plot
could be made (Fig. 9) and from this the activation energy
(En, meox=761%58 kI mol ', Epmestox=834+56 K]
mol 1), and the frequency factor (Aueox = 1.04 = 0.09 X 107 L
mol ' s, Ayestox = 3.27 = 0.27 X 10° L mol ' s~ 1) were cal-
culated. The activation energy of MeOx in the copolymerization
is a comparable to the activation energy of MeOx in homopoly-
merization (Ea meox = 75.4 K] molfl), while the activation of the
MestOx raised in comparison with homopolymerization (Ej,
=63.0 = 4.3 kj mol ).

MestOx —

Computational Rationalization

In order to rationalize the difference in polymerization
kinetics between 2-oxazolines bearing aliphatic (MeOx, EtOx,
nPropOx) and methyl ester side chains (MestOx, C3MestOx),
at first, a density functional theory (DFT) study was per-
formed.?®3> 2-oxazolines and their N-methyl-2-oxazolinium
cations were studied as model systems for monomers and
living chain ends, respectively. Subsequently, a dimeric living
end was used to model the second propagation step for sev-
eral systems. As a final step, a molecular dynamics simula-
tion of a model polymer—MestOx decamer—was performed
to investigate the dynamic behavior of the polymer chain
and the time evolution of interactions within the living
chain.

Various conformers were localized for the isolated oxazoline
monomers and their N-methyl oxazolinium cations corre-
sponding to different orientations of the side chain with
respect to the five-membered ring. The relative free energies
of these conformations are listed in Table 4, alongside
Hirshfeld-1 charges of the N3 and C5' ring atoms. These
charges will be used as measures for the nucleophilicity of
the monomer and the electrophilicity of the living chain,
respectively. The Hirshfeld-I charge scheme has been suc-
cessfully used to rationalize k,’s for the CROP of 2-oxazoline
polymerizations?®3> and is robust with respect to conforma-
tional changes.*?

The extended (ext) and interacting (int) conformations of
MestOx, C3MestOx (Fig. 10) and nPropOx systems stem from
the bond rotations in the side chain, since the five-membered
oxazoline and oxazolinium rings are relatively rigid. MestOx
and C3MestOx cations preferentially adopt a contracted or
interacting conformation in which the side chain interacts
with the oxazoline ring (AGineex(MestOx) = —33.5 K] mol %,
AGint_ext (C3MestOx) = —27.4 K] molfl). This electrostatic cat-
ion-dipole interaction between the oxazolinium ion and the
carbonyl group of the MestOx side chain is an important fac-
tor in the k, increase of MestOx and C3MestOx and can be
found in prereactive complexes of propagations and molecular
dynamics simulations of longer living chains (see further).
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TABLE 4 Relative Gibbs-Free Energy and N3/C5' Hirshfeld-I Charges of the Most Stable Monomer and Cation Conformations
(ext = extended, int = interacting, M06-2X/6-31+G(d,p), 413.15 K, 1 atm)

Monomer Cation
AG (kJ mol™") N3 (e) AG (kJ mol™") C5' (e)
MeOx —0.578 0.041
EtOx —0.582 0.040
NPropOx ext 0.0 —0.581 0.0 0.044
int 4.0 —0.586 0.1 0.045
MestOx ext 0.0 —0.567 0.0 0.040
int 12.6 —0.577 =285 0.047
C3MestOx ext 0.0 —0.568 0.0 0.040
int 5.2 —0.570 —27.4 0.057

The opposite is true for the monomers: extended side chains
are favored over interacting conformations in these cases
(AGint_ext (MestOx) =12.6 kJ mol ™, AGine_ext (C3MestOx) = 5.2
k] mol ™, AGine_ext (nPropOx) = 4.0 kJ molfl). The conformers
are equally stable in the case of nPropOx cations (AGin ext
(nPropOx) = 0.1 k] mol ™).

The charge of the 2-oxazoline nitrogen atom N3 is a mea-
sure for the nucleophilicity of the monomer. Therefore, 2-
oxazolines with aliphatic side chains (MeOx —0.578, EtOx
—0.582, nPropOx —0.581) are more nucleophilic than those
with methyl ester side chains (MestOx —0.577, C3MestOx
—0.570). The lower nucleophilicity of the methyl ester con-
taining monomers can be ascribed to a reduction of the
electron donating character of the aliphatic side chains
resulting from the electron withdrawing nature of the
methyl ester group. This leads to the observed incorpora-
tion rate in copolymerizations: if both types of monomers
compete for addition to the same living chain end, the ali-

C3MestOx monomer (ext)

MestOx cation
(int)

C3MestOx cation
(int)

FIGURE 10 Most stable conformation of the C3MestOx monomer
and C3MestOx and MestOx  cation (ext = extended,
int = interacting, M062X/6-31+G(d,p)). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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phatic monomers are more likely to react. The charge of
the oxazolinium carbon atom C5’ is a measure for the elec-
trophilicity of the living homopolymer chain end. Cations
with aliphatic side chains are less electrophilic (MeOx
0.041, EtOx 0.040, nPropOx 0.044) than those with methyl

monomer

living chain

MeOx - - - T MeOx-MestOx
b (PRC)

MeOx - - - TMeOx-MeOx
a (PRC)

C3MestOx - - - TMeOx-C3MestOx
d (PRC)

e (PRC)

[C3MestOx - - - TMeOx-C3Mestox]*
d (T5)

[MeOx ... +Me0x-C3MestOx]¢
c (TS)

FIGURE 11 Geometries of selected pre-reactive complexes and

transition states (distances in A, interactions in green, mono-

mers in red living chains in blue, M06-2X/6-31+G(d,p), propa-

gation systems a—f in Table 5). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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TABLE 5 N3/C5' Hirshfeld-I Charges of Selected Prereactive
Complexes (M06-2X/6-31+G(d,p), 413.15 K, 1 atm)

Monomer Living Chain N3 (e) C5' (e)
A MeOx *MeOx—MeOx —0.635 0.065
b MeOx *MeOx-MestOx —0.623 0.070
(@ MeOx *MeOx-C3MestOx —0.631 0.074
D C3MestOx *MeOx-C3MestOx —-0.610 0.071

ester side chains (MestOx 0.047, C3MestOx 0.057), given
the methyl ester interacts with the ring (MestOx: 0.047 vs.
0.040, C3MestOx: 0.057 vs. 0.040). The longer C3MestOx
side chain (trimethylene spacer) causes a larger electrophi-
licity increase than the shorter MestOx side chain (ethylene
spacer). This electrophilicity increase is almost absent in
nPropOx (nPropOx: 0.045 vs. 0.044). Due to steric/torsional
effects, the MestOx side chain is positioned closer to the
cationic center (2.61 A, Fig. 11) than the C3MestOx side
chain (2.68 A).

As a consequence, two opposing effects come into play during
the homopolymerization of 2-oxazolines bearing methyl ester
side chains: less nucleophilic monomers and more electrophilic
living chain ends. For 2-oxazolines bearing aliphatic side chains,
the situation is reversed: more nucleophilic monomers, but less
electrophilic living chain ends. Since the same order (C3Mes-
tOx > MestOx > nPropOx > MeOx > EtOx) was found for C5'
charges (0.057 > 0.047 > 0.045 > 0.041 > 0.040) and homopoly-
merization rates (Table 2, kp(lof3 L mol ! s) at 140 °C:
192.7 >171.0, 133.2 > 132.7 > 98.7), the electrophilic effect is
seemingly more important for these 2-oxazolines. MestOx and
C3MestOx homopolymerizations are faster due to the interaction
between the methyl ester side chain and the 2-oxazolinium ring.

The rate-enhancing effect of methyl ester side chains is not
limited to single-unit chains, such as the N-methyl oxazoli-
nium cations, since nearby MestOx and C3MestOx residues
can contribute to the electrophilicity and nucleophilicity
increase as well. In order to obtain a deeper insight into the

side chain
antepenultimate
residue

living
chain
end

distance (A)

side chain
penultimate residue
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role of the nearby side chains, four propagation reactions a-
d, in which a monomer is incorporated into a dimeric living
chain, were studied (Table 5 and Fig. 11) and a molecular
dynamics simulation was performed on a MestOx decameric
living chain (Fig. 12).

The nearby MestOx and C3MestOx residues in the pre-
reactive complexes of propagation reactions b-d coordinate
toward the reactive center. The carbonyl oxygen atom of
their methyl ester side chain interacts with one of the hydro-
gen atoms attached to the electrophilic carbon atom C5’ (b:
230 A, c: 238 4, d: 2.25 A). This interaction withdraws elec-
tron density from the cationic ring, thereby increasing the
electrophilicity of the living chain end (Table 5, see further).
Since there is no methyl ester side chain present in the
MeOx homopolymerization (a), the corresponding living
chain end is less electrophilic.

The carbonyl oxygen of the methyl esters interacts with the
chain end through one of the hydrogens atoms attached to
C5’ and with one of the hydrogen atoms attached to the first
methyl(ene) group of the monomer side chain, both in the
transition states (SI) and the prereactive complexes of these
propagations (Fig. 11).

In the prereactive complexes of these larger systems [Fig. 11(a—
d), Hirshfeld-I charges in Table 5], the reactive nitrogen atom
N3 is more nucleophilic (—0.635<N3<—-0.610 in PRCs,
—0.586 <N3 < —0.567 in isolated monomers) and the reactive
carbon atom more electrophilic (0.065 < C5' <0.074 in PRCs,
0.040 < C5' <0.057 in isolated cations) than in the isolated
monomers and cations, respectively. Complexation of the reac-
tants thus increases the reactivity, regardless of the nature of
the side chain. The higher nucleophilicity of the MeOx monomer
is confirmed (—0.635<N3<—0.623 for MeOx, —0.610 for
C3MestOx). If nearby methyl esters are present in the living
dimer (b-d), the electrophilicity of the living chain is increased
relative to the MeOx homopolymerization a (0.065 for a,
0.070 < C5' <0.074 for b-d). This electrophilicity increase is
larger for C3MestOx (0.074 for c) than for MestOx (0.070 for

20 40 60 80
time (ps)

FIGURE 12 Snapshot of a MestOx homodecamer and selected distances during an MD simulation (selected interactions as green
and blue lines, PM6, NVT at 300 K). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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b), in accordance with the charges of N-methyl 2-oxazolinium
cations.

The conformational space of the methyl ester groups and their
interactions with the oxazolinium chain end were investigated
by means of a semiempirical molecular dynamics (MD) simula-
tion of an elongated living chain (Fig. 12). A trajectory of about
100 ps was obtained for a cationic MestOx homodecamer.
Herein, two important interactions can be discerned: (a) one
between the oxazolinium ring and the side chain of the terminal
residue (green line) and (b) one between the side chain of the
antepenultimate residue (" MestOx-MestOx-MestOx-MestOx;)
and the ring (blue line). Remarkably, the side chain of the
penultimate residue (" MestOx-MestOx-MestOx-MestOx;) is
positioned further away from the ring (~5 A) than that of the
antepenultimate residue (~3.5 A). Irrespective of their position
in the living chain, methyl ester groups can cause intrachain sta-
bilization by coordinating toward the chain end when sterically
allowed. Similar behavior may also lead to interchain stabiliza-
tion when multiple living chains are in contact.

The calculations on isolated reactants and extended systems
are in good correlation. Interactions between the methyl
ester groups of the reactive or nearby residues and the chain
end withdraw electron density from the reactive carbon
atom and render the living chain more electrophilic. This
explains the higher homopolymerization rate of MestOx and
C3MestOx. Similar rate increases are found in the copolymer-
izations of MeOx/EtOx/nPropOx with MestOx/C3MestOx. In
these reactions, different monomers compete for the same
chain end and the nucleophilicity of each monomer controls
its rate of incorporation.

CONCLUSIONS

The methyl ester containing 2-oxazoline monomers, MestOx
and C3MestOx, were successfully synthesized via the reaction
of an acid chloride with 2-chloroethylamine and subsequent
ring closure with sodium carbonate. Homopolymerization
kinetic studies revealed a faster propagation of MestOx and
C3MestOx compared to the alkyl monomers, MeOx, EtOx,
and nPropOx, while in copolymerization a reversal of mono-
mer incorporation was found, yielding a gradual change of
monomer composition along the polymer from MeOx, EtOx,
or nPropOx to MestOx or C3MestOx. EtOx and nPropOx
copolymerizations lead to a minor deviation from ideal ran-
dom monomer distribution, while copolymerization with
MeOx leads to temperature-dependent gradient formation.

A theoretical rationalization shows that methyl ester groups
in MestOx and C3MestOx living chains interact with the liv-
ing chain end, thereby increasing its electrophilicity. This
interaction was found in static DFT calculations on N-
methyl 2-oxazolinium cations, as well as in a molecular
dynamics simulation of a MestOx decameric living chain.
Both methyl ester groups attached to the terminal residue
and to nearby residues can interact with the oxazolinium
chain end. However, the nucleophilicity of 2-oxazolines
bearing alkyl side chains (MeOx, EtOx, and nPropOx) is
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larger than that of MestOx and C3MestOx. The electrophilicity
increases were shown to be more important in determining
the rate of propagation than the inherent monomer nucleophi-
licity. This explains the faster homopolymerization of MestOx
and C3MestOx. In copolymerizations, however, multiple mono-
mers compete for the same living chain end and the most
nucleophilic one will be incorporated faster. This was con-
firmed by modeling the incorporation of a monomer into a
dimeric living chain for several polymerization systems.
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