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Effect of Polymer Architecture of Amphiphilic
Poly(2-oxazoline) Copolymers on the
Aggregation and Aggregate Structure

Tune B. Bonné, Karin Liidtke, Rainer Jordan,* Christine M. Papadakis™

The micelle formation of five poly(2-oxazoline) diblock, triblock and gradient copolymers in
water was investigated using fluorescence correlation spectroscopy. The polymers were
synthesized by consecutive or simultaneous living cationic polymerization of 2-methyl-
2-oxazoline for the hydrophilic and 2-nonyl-2-

oxazoline for the hydrophobic polymer segments.
Fractions of the polymers were fluorescence-

labeled at the polymer termini with TRITC for
the FCS measurements. The hydrodynamic radii
of solubilized polymer unimers and of the aggre-

gates (micelles) were determined in a concen-
tration range of 10 °-~10 > m and were found to

diblock
copolymers
triblock gradient
copolymers copolymers

depend in a characteristic way on the polymer

architecture.

Introduction

Micelle formation is frequently encountered in amphi-
philic block copolymers in aqueous solution.*”®! The
critical micelle concentrations (CMC’s) are typically low
(10781072 m),"*" and above this concentration, micelles
of core-shell type are formed. The architecture of the block
copolymers (e.g. diblock, triblock or random copolymers)
has a strong influence on the micelle formation and on the
size of the micelles, because of the steric situation the
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polymer may encounter to optimize the hydrophobic
interaction and entropic contributions due to block or
segment stretching/coiling. However, in many investiga-
tions, only single samples were studied, and a systematic
investigation of the aggregation behavior as a function of
the polymer architecture is rare. We present here results
from a study of poly(2-oxazoline) copolymers, which offer
the possibility to tailor amphiphilic polymers of compar-
able composition but different polymer architectures. For
poly(2-alkyl-2-oxazoline)s, the water-solubility of the
monomer units can be controlled by altering the nature
of the substitution in the 2-position. In case of n-alkyl
chains longer than ethyl, the monomer unit is of amphi-
philic nature with the structure of a non-ionic polysoap
with a polar backbone and a water-insoluble side group.
However, long alkyl side-chains also impose steric
hindrance to the polymer backbone and force the polymer
to stretch as known from ‘bottle-brush’ type polymers.!
The aggregation behavior of copolymers containing both,
water-soluble and soap-like monomers is thus expected to
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be more complex than the one of the usual copolymers
with water-soluble and water-insoluble monomers.

We have previously found that poly(2-oxazoline)
diblock copolymers from methyl-2-oxazoline (MOx) and
nonyl-2-oxazoline (NOx) monomers in aqueous solution
form micelles, and the critical micelle concentrations
(CMC) and the unimer and micellar hydrodynamic radii
could be determined using fluorescence correlation
spectroscopy (FCS).>*°) Moreover, using small-angle neu-
tron scattering, we have shown that the micelles are of
core-shell type.*™**! Recently, Weberskirch et al.**! used
triphenylphosphane-functionalized block as well as ‘ran-
dom’ copolymers of MOx and NOx as polymer supports in
an aqueous two-phase hydroformulation reaction of
1-octene. They reported of a significant difference in the
catalytic performance of the functionalized polymer
aggregates formed by the amphiphilic random vs. the
defined block copolymers, ie. the random copolymers
showed much higher catalytic activities and different
n/iso selectivities. They attributed this behavior to
differences of the aggregation behavior and morphology
of the aggregates as well as to a different surface activity of
the random block copolymers. Following the early work of
Schulz,**! they performed surface tension measurements
with both copolymer types and concluded that, in contrast
to block copolymer amphiphiles, the random copolymers
are more efficient in the reduction of the surface tension.
Here, it is noteworthy that the copolymers investigated by
Schulz were derived by true random copolymerization of
2-ethyl-2-oxazoline with 2-heptyl-2-oxazoline, whereas
Weberskirch copolymerized 2-methyl-2-oxazoline (MOXx)
with 2-nonyl-2-oxazoline (NOx). The studies by Schubert
et al.l*®) on the random copolymerization kinetics of the
MOx and NOx monomers and recent own recent kinetic
studies on related systems revealed that copolymeriza-
tions of MOx with 2-oxazolines having longer side chains
do not result in strictly random copolymers with MOx but
into copolymers with a gradient composition with
increased frequency of the 2-oxazoline monomer unit
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with the longer (more hydrophobic) side chain towards
the polymer chain end.[*”*#! The more interesting become
the findings of Weberskirch et al. on the MOx/NOx
copolymer systems in micellar catalysis, since even a
gradient system displays enhanced catalytic and surface
activity.

In the present publication, we investigate the influence
of the copolymer architecture of amphiphilic copolymers
of NOx and MOx on the aggregation behavior (CMC) and
the micellar hydrodynamic radius of the solubilized uni-
mers and formed aggregates. Both ABA triblock copoly-
mers, polyMOx-block-polyNOx-block-polyMOx (PMOX;-b-
PNOx,,-b-PMOx,,), and gradient copolymers polyNOx-
gradient-polyMOx (PNOx,,-g-PMOx,,) have been investi-
gated using FCS and have been compared to the previously
studied AB diblock copolymers, polyNOx-block-polyMOXx
(PNOX,,-b-PMOx,,). In this way, the influence of the
position and distribution of the hydrophobic monomer
upon the aggregation behavior and structure of the aggre-
gates are explored.

Experimental Part

Synthesis

The synthesis, characterization and fluorescence-labeling of
the diblock copolymers have been described in detail in ref.”.
The characteristics of the diblock copolymers and the tracers are
compiled in Table 1. Triblock copolymer synthesis was performed
in an analog three-step-one-pot synthesis adding the additional
hydrophobic NOx segment. As with the diblocks, the targeted and
obtained polymer compositions were in good agreement. The
gradient copolymers were synthesized by adding MOx and NOx
monomers in one initial monomer feed. All polymerizations were
terminated by adding an excess of dry piperazine as described
before. Fluorescence labeling with tetramethylrhodamine iso-
thiocyanate (TRITC) of a fraction of the respective polymers were
performed accordingly.[*%!

[l Table 1. Analytical values of the polymer amphiphiles and results from FCS. The subscripts denote the average degrees of polymerization.

Polymer M, ? PDIY fox® il pnte CMC
g-mol™?* nm nm 10 ® mol - L7*
PMOx4o-b-PNOXx,? 4034 1.20 0.30 14404 1342 8+2
PNO, o-b-PMOx5,% 4796 1.07 0.43 13402 113409 20+ 10
PMOX50-b-PNOx;-b-PMOX1 4 4380 1.40 0.33 1.3+0.3 5.7x£0.7 3%2
PMOX39-b-PNOX;-b-PMOXag 6250 1.35 0.23 14402 5.6+09 241
P(MOx40-g-NOxg) 4690 1.38 0.27 12+01 47+0.3 8+3

3From end group analysis of 'H NMR spectra; ®Polydispersity index from GPC; “Volume fraction of NOx based on the densities
1.06 g-cm™? for pMOX (calculated based on the group contributions!?®) and 0.93 g-cm™ for pNOx.1??); ¥Results from ref ",
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Fluorescence Correlation Spectroscopy

A ConfoCor 2 from Carl Zeiss Jena GmbH was used together with a
He-Ne laser (4 =543 nm), a pinhole with a diameter of 80 wm, a BP
560-615 emission filter and an HFT 543 plate beam splitter.
Measurements were conducted at room temperature. The auto-
correlation functions of the fluctuations of the fluorescence
intensity, G(r), were analyzed by fitting the following expression:[**!

p<_;)>i(l+$)pll+f ()

™,i$?

1 TT
Gr)=1+=
(7) +N<17TTeX

where N is the total number of fluorescent particles in the
observation volume, n the number of different fluorescent species,
7p; the diffusion time of the i-th species, p; the amplitude of the
i-th species, and S the axial ratio of the observation volume given
by S =zo/w, with z, and w, the half-height and half-width of the
observation volume, respectively. Tr and zr are the triplet fraction
and time, respectively. From the fit, the values were found to be in
the range Tr=0.05-0.15 and 7r=0.005-0.01 ms. w, Wwas
determined before each session by measuring the diffusion time
of Rhodamine 6G (Sigma-Aldrich, Dgneg=2.8x10"*.m?.s7%
1ef %) 15 zn66, and by using wo = (4Dgnec X Tprhec)”’>. Values
Wo~0.2-0.3 pm have typically been obtained. The ratio z,/w,
determined from the fit to the Rhodamine 6G correlation functions
was typically 5-6. Using the Stokes-Einstein relation together with
the viscosity of water at room temperature, 102 Pa-s, the
hydrodynamic radii ry; corresponding to tp; were calculated.

Stock solutions of fluorescence-labeled and non-labeled poly-
mers were prepared by dissolving the polymers in deionized and
filtered water. Prior to mixing solutions from labeled and
non-labeled polymers, the solutions of non-labeled polymers
were heated to 80 °C for 12 h in order to avoid non-equilibrium
aggregates.”! The FCS measurements were performed at room
temperature as previously described.

Results

We have previously reported on FCS measurements on
aqueous solutions of labeled and non-labeled diblock
copolymers with the compositions PNOXx;o-b-PMOx3, and
PMOXx,0-b-PNOX,,!>*% where the subscripts denote the
degree of polymerization. In all measurements, the identical
copolymers labeled with TRITC were used as tracers.
Here, we present results of the aggregation behavior of
two triblock copolymers, PMOX;q-b-PNOX;-b-PMOX;, and
PMOx30-b-PNOx,-b-PMOXx,6, and a gradient copolymer,
P(MOx49-g-NOXsg).

Triblock Copolymers

Both triblock copolymers under study, PMOXyo-b-PNOX7-
b-PMOXx; 4 and PMOxzo-b-PNOX;-b-PMOx,g, are of ABA type,
ie. they consist of a water-insoluble PNOx middle block
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and water-soluble PMOx end blocks of approximately equal
degree of polymerization (Table 1). In order to investigate the
influence of the degree of polymerization of the water-
soluble PMOx block on the hydrodynamic radius of the
micelles, the length of the PNOx middle block was chosen to
be the same in both copolymers (degree of polymerization of
seven), and only the length of the PMOx blocks was varied.
FCS allowed us to determine the diffusion coefficients of
labeled unimers and micelles in aqueous solution covering a
wide concentration range (10~2-10~3 m).*! For this purpose,
we have used copolymers that were fluorescence-labeled at
the terminus with TRITC. Solutions of labeled copolymers
having low concentrations (below 108 m) were mixed with
solutions of the non-labeled, identical copolymers. In this

N x [G(D)-1]

0,0+
10

© [ms]

Figure 1. FCS correlation functions of aqueous solutions of the
triblock copolymers. (a) PMOX,o-b-PNOX,-b-PMOXx,, at the overall
polymer concentrations 1 x 108 m(A),1x10°°M(A), 1x10 5 M
(W) and 6 x10™% m (V). (b) PMOX;0-b-PNOX,-b-PMOx,¢ at the
overall concentrations 7 x107°2 (A), 8 x10°7 (A), 8 x10°¢ (W)
and 4 x10°% (v7). The curves were normalized by the inverse
average number of fluorescent molecules in the detection
volume, 1/N, as determined from the fit of Equation (1) to the
experimental curves.
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way, the fluorescence-labeled copolymers served as tracers in
the FCS experiment, and we could determine the CMC's as
well as the hydrodynamic radii of the unimers and the
micelles, ri and e,

The autocorrelation functions of the shorter triblock
copolymer, PMOX;q-b-PNOX,-b-PMOX 3,4, at concentrations
below 3 x 10~® m show a single diffusional process with
a diffusion coefficient of (1.9+4+0.2)x10*° m?.s7*
(Figure 1a, 2a). This value is of the same order of magnitude
as the one of the diblock copolymers PMOX4o-b-PNOx; and
PNOX;0-b-PMOx3,/*% which have similar degrees of
polymerization as the triblock copolymer. We conclude
that the diffusional process observed is due to the diffusion
of labeled unimers having a hydrodynamic radius of
FENi=1.340.3 nm (Table 1).

Above a concentration of 3 x107° m, an additional
slower diffusional process is present in the autocorrelation
functions (Figure 1a, 2a, 2c), in analogy with the behavior
of the diblock copolymers.®° We attribute this process to
the diffusion of micelles containing fluorescence-labeled
unimers. The average diffusion coefficient of the micelles
of (4340.5)x 107" m? s corresponds to a hydrody-
namic radius of r®€=5.740.7 nm. The concentration of

110"
— a) b)
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=
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S x10™ 1
ik} ]
3 $
g ik
i
=
o o -
0.6{C) } ' d)
© ] {
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Figure 2. FCS results from PMOX,q-b-PNOX,-b-PMOx,, (a, c) and
PMOX;0-b-PNOX,-b-PMOx,¢ (b, d) with the identical fluorescence-
labeled copolymers as tracers in dependence on the overall
copolymer concentration. (a, b) Concentration dependence of
the diffusion coefficients and (c,d) the relative amplitudes of
the slow decay. Open symbols: solutions containing fluorescence-
labeled polymers only, closed symbols: solutions containing both
labeled and non-labeled polymers. The concentration of labeled
copolymers was kept below 1078 m. The gray bars indicate the
resulting CMCs. The uncertainties of the diffusion coefficients
have been determined from repeated measurements (at least
five). The data points in parentheses were not considered for the
calculation of the average diffusion coefficients of the micelles.

Macromol. Chem. Phys. 2007, 208, 1402—1408
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Macromolecular
Chemistry and Physics

3 x 107° m is attributed to the CMC. It is of the same order
as the one of the diblock copolymers studied previously.

Very similar behavior is observed for the other
triblock copolymer, PMOX3q-b-PNOx,-b-PMOX,6, having
longer hydrophilic blocks (Figure 1b, 2b, 2d). The
average diffusion coefficients of the labeled unimers
and micelles are (1.8+0.4)x107*° m?.s! and (44+
0.7) x 10" ** m?-s %, respectively, which correspond to
riNi=1.440.2 nm and r¥°=5.6 + 0.9 nm, respectively.

We conclude that the variation of the degree of poly-
merization of the hydrophilic block by a factor of ~2 does
not have an influence on any of the values determined. The
CMC’s of both triblock copolymers coincide as well, which
is in agreement with previous findings on di- and triblock
copolymers of ethylene oxide and propylene oxide where
the CMC was found to be mainly dependent on the degree
of polymerization of the hydrophobic block and only to a
lesser extent on the degree of polymerization of the
hydrophilic block.[2*23!

Gradient Copolymers

Very similar aggregation behavior is observed with the
random copolymer, P(MOx40-g-NOX) (Figure 3 and 4 ): The
polymers are present as unimers at low concentrations,
whereas unimers and micelles coexist at higher concen-
trations. The average diffusion coefficients of thelabeled
unimers and micelles are (2.1+0.2) x 10 *° m?-s~* and
(524+0.3)x10 ' m?-s !, which corresponds to rii=
1.2£0.1 nm and r¥=4.7 £0.3 nm. The CMC is found at
8 x 107® M, and the decrease of the relative amplitude of
the slow decay is as pronounced as for the diblock and

triblock copolymers.

Figure 3. FCS correlation functions of aqueous solutions of the
gradient copolymer P(MOx,,-g-NOxg) at the overall polymer
concentrations 3x10° % m (A), 5x10°° m (A), 1x1074 m (V)
and 2x 1073 m (V).

cromolecular
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Figure 4. FCS results from P(MOx,o-g-NOxg) with the identical
fluorescence-labeled copolymers as tracers in dependence on the
overall copolymer concentration. (a) Concentration dependence
of the diffusion coefficients of P(MOx,,-g-NOXxg). All solutions

contained both fluorescence-labeled and non-labeled polymers

with the concentration of labeled copolymers below 3 x 1072 m.

(b) Relative amplitude of the slow decay. The gray bar indicates
the resulting CMC.

Discussion

In this section, we compare the hydrodynamic radii of the
unimers of the copolymers with the ones from the
previously reported diblock copolymers!® and from PMOx
homopolymers. The dependence of the hydrodynamic
radii of the micelles as well as the CMC'’s on the copolymer
architecture is eventually discussed.

Hydrodynamic Radius of the Unimers

The hydrodynamic radii of poly(2-oxazoline) unimers are
not easily accessible with classical techniques because

Macromol. Chem. Phys. 2007, 208, 1402-1408
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Macromolecular

T. B. Bonné, K. Ludtke, R. Jordan, C. M. Papadakis

micelles form at low concentrations already (the CMC’s are
aslow as 10> mor even below), and their signal dominates
over the signal from the unimers, e.g. in scattering
experiments. FCS offers the possibility to measure the
hydrodynamic radius of fluorescence-labeled polymers
because concentrations far lower than the CMC can be
accessed, where the autocorrelation curve is entirely due to
unimers (apart from the fast triplet decay). Moreover, even
above the CMC, the decay from the unimers can be
distinguished from the one of the micelles.

We compare here the values of r& of poly(2-oxazoline)
copolymers of different architecture to values from PMOx
homopolymers having molar masses in the same range
(see Figure 5a).?*! The comparison shows that the
hydrodynamic radii of the copolymers are significantly
smaller than the ones of the homopolymers having the
same overall molar mass. We attribute this reduction of
the hydrodynamic radius to the influence of the NOx
monomers, which aggregate in aqueous solution, thus
leading to less extended chain conformations for the
copolymers. In the range studied, no dependence on the
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Figure 5. Hydrodynamic radii of the fluorescence-labeled unimers
as a function of (a) overall molar mass and (b) fyox- (x) TRITC, (O)
pMOx homopolymers, (A) diblock copolymers, (H) triblock co-
polymers, (%) gradient copolymer.
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volume fraction of NOx could be detected, though
(Figure 5b).

Hydrodynamic Radii of the Micelles Formed by
Triblock Copolymers

The hydrodynamic radii of the micelles formed by the
triblock copolymers are roughly half the ones of the
micelles formed by the diblock copolymers, independent of
the degree of polymerization of the hydrophilic block
(Table 1). The degrees of polymerization of the hydro-
phobic blocks in the triblock copolymers are very similar to
those of the diblock copolymers. The origin of the
reduction in size has several reasons: (i) The additional
hindrance imposed by the architecture of the triblock
copolymer: In micelles formed by triblock copolymers,
both ends of the hydrophobic block are located near the
surface of the micellar core, whereas the hydrophobic
block stretches from the surface of the micellar core to the
center (Figure 6a and b). (i) The grafting density of
hydrophilic blocks at the core surface: In the triblock
copolymers, each hydrophobic block is bound to two
hydrophilic blocks in triblock copolymers, whereas it is
only bound to one hydrophilic block in diblock copolymers.
(iii) For diblock copolymers, the micellar core must there-

Figure 6. Sketch of the micelles formed by (a) diblock, (b) triblock
and (c) gradient copolymers. The circles indicate the surface of the
micellar core and the micellar shell, respectively. The thick gray
lines represent the hydrophilic backbone, the thin black lines the
nonyl side groups. For clarity, a single polymer is shown per
micelle, even though they consist of a number of polymers.
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fore contain more hydrophobic segments to stabilize the
micelle and is thus larger than in the case of triblocks.
These effects seem to dominate over the difference of the
degrees of polymerization of the hydrophilic blocks of
the two triblock copolymers under study.

Size of the Micelles Formed by Gradient Copolymers

The hydrodynamic radius of the micelles formed by the
gradient copolymers calculate to 4.7 nm, i.e. even smaller
than the one of the triblock copolymers. We do not expect
the gradient copolymer to form micelles of distinct core-
shell morphology because the hydrophobic and hydro-
philic monomer units are not arranged in separated blocks.
Possibly, the hydrophobic n-nonyl side groups aggregate
with the polymer backbone partly wrapping around
(Figure 6c¢). The contour length of the n-nonyl side groups
can be estimated to be ~1.0-1.2 nm.!**! The value riic =
4.7 nm may thus result from aggregated, stretched n-nonyl
side groups with the main chain wrapped around. How-
ever, we cannot exclude more complex structures. In this
context, the results by Schulz**! on random copolymers in
bulk, showing no alkyl side chain melting transition, are
corroborating our interpretation of a frustrated association
of the alkyl side chains in the aggregates.

CMC’s

The CMC’s of the triblock copolymers are of the order of
(~2 x107° m), ie. lower than the ones of the diblock
copolymers described in ref.®! (10=° m). This behavior is
contradictory to what has been reported for block co-
polymers based on ethylene oxide (E) and butylene oxide
(B) in aqueous solution:1?®! In measurements of the surface
tension, the CMC of a diblock copolymer with the com-
position E4,Bg was found to be 1.3 x 10™* m, whereas the
one of a triblock copolymer E,;BgE»; is a factor of 10 higher.
The same behavior was observed with block copolymers
based on ethylene oxide and propylene oxide (P):”! Static
light scattering experiments resulted in a CMC of
12x10* m for a diblock copolymer E;p,P3; and 5 x
103 m for a triblock copolymer Es,P34Es,. The different
behavior of the poly(2-oxazoline) copolymers requires fur-
ther research in order to identify the reasons.

The gradient copolymer, P(MOx,9-g-NOXx¢), exhibits a
CMC very close to the one of the diblock copolymer,
although the size of the micelles formed by the gradient
copolymers are smaller (Table 1). The relatively high
CMC of the gradient copolymer may be attributed to a
stabilization of the unimer state in solution by the
intramolecular aggregation of the nonyl chains.

In a recent study, the effect of random and diblock
copolymers from MOx and NOx on the surface tension of
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water was investigated.**) The copolymers had similar
compositions, P(MOx,9-7-NOx;) and PMOX,;-b-PNOXs,
which are in the same range as the ones in our study.
The CMC’s can be inferred from the drop of the surface
tension between 107°-107> M, which corresponds very
well to the CMC of the copolymers studied in the present
work. However, the function of the surface tension vs. the
polymer concentration did not allow the identification of a
distinct CMC.

Conclusion

Fluorescence correlation spectroscopy is a very valuable
tool to investigate the aggregation behavior of amphiphilic
copolymers. By means of tracers that are identical to the
copolymers under study, a large concentration range
(1078-1072 M) can be accessed. In this way, the CMC of
various copolymers has been detected and reliable values
for the hydrodynamic radii of the labeled unimers and
micelles have been obtained. The architecture of the
poly(2-oxazoline) copolymers composed of MOx and NOx
monomers has a significant influence on the aggregation
behavior: (i) The hydrodynamic radii of the unimers is
decreased with respect to the ones of PMOx homopoly-
mers, which we ascribe to association of the nonyl groups,
even below the CMC. (ii) The CMC’s are detected at
concentrations of ~10° m, however, in the present system,
the CMC’s of the triblock copolymers are lower than the
ones of the diblock copolymers, in contrast to other
amphiphilic systems described in the literature. (iii) The
hydrodynamic radii of the micelles formed by the triblock
copolymers are lower than the one of the diblock copoly-
mers. We ascribe this behavior to the space demands of the
hydrophilic block as well as the stretching of the core block
through the micellar core. For gradient copolymers, the
micellar hydrodynamic radii are even lower and constant
up to 2 decades above the CMC. Importantly, the sensitive
FCS technique revealed that gradient copolymers of
2-oxazolines display a distinct CMC.
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