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Abstract We have studied different thermo-responsive poly
(2-oxazoline)s with iso-propyl (iPrOx) and n-propyl (nPrOx)
pendant groups in aqueous solutions, where they exhibit lower
critical solution temperature behavior. This paper focuses on
the effect of the degree of polymerization, n, the concentra-
tion, c, in the dilute regime, and the presence of hydrophobic
moieties. The cloud points were investigated as a function of
the degree of polymerization, n, and of the polymer concen-
tration, c. The aggregation behavior near the cloud point was
studied by temperature-resolved small-angle neutron scatter-
ing and fluorescence correlation spectroscopy, i.e., a

combination of ensemble and single molecule methods.
We found that at the cloud points, large aggregates are
formed and that the cloud points depend strongly on
both, n and c. Diblock copolymers from iPrOx and
nPrOx form large aggregates already at the cloud point
of PnPrOx, and, unexpectedly, no micelles are observed
between the cloud points of the two blocks. Gradient
copolymers from iPrOx and n-nonyl-2-oxazoline (NOx)
display a complex aggregation behavior resulting from
the interplay between intra- and intermolecular associa-
tion mediated by the hydrophobic NOx blocks. Above
the cloud point, an intermediate temperature regime with
a width of a few Kelvin was found with small but
stable polymer aggregates. Only at higher temperatures,
larger aggregates are found in significant number.

Keywords Polyoxazoline . Cloud point . Thermo-
responsive polymers . Small-angle neutron scattering .

Fluorescence correlation spectroscopy

Introduction

Thermo-responsive polymers have received increasing atten-
tion as they respond in a defined and reversible way by a
volume change to small changes of temperature and are there-
fore of great interest as smart materials for biomedical appli-
cations [1–3] and in materials science, e.g., for porous
membranes for molecular filtration where the permeability
can be controlled by a change of temperature across the cloud
point of the polymer [4–6]. However, the polymer chain
collapse at the cloud point is still not completely understood.
Most investigations of thermo-responsive polymers focus on
poly(N-isopropylacrylamide) (PNIPAM). Its lower critical so-
lution temperature (LCST) at ∼32 °C is attributed to altera-
tions in the hydrogen-bonding interactions of amide group
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acting as the H-donor and H-acceptors [7–9]. The cloud point
of water-soluble polymers depends on a number of parame-
ters, such as the average molar mass and concentration, which
has been attributed to sequential hydrogen bond formation
between PNIPAM and water [10]. Although the cloud point of
PNIPAM and numerous other polymers was intensively in-
vestigated, detailed studies of the aggregationwith structurally
defined polymer systems are rare, and it is desirable to better
understand the mechanisms leading to the polymer collapse at
the cloud point on the molecular level. In contrast to PNIPAM,
thermo-responsive POx have a very sharp solubility transition,
typically within ±1 °C, with the cloud point showing only a
minor or no transition hysteresis for sufficiently high polymer
concentration. This is explained by the fact that POx (similar
to poly(ethylene glycol) (PEG) can only act as an acceptor in
hydrogen bonding, whereas PNIPAM can act both as an
acceptor and a donor.

Moreover, POx are especially interesting because the
hydrophilicity of each monomer unit can be fine-tuned by
the pendant 2-substitution. While poly(2-methyl-2-oxazo-
line) is highly hydrophilic, poly(2-ethyl-2-oxazoline) is wa-
ter soluble, but already shows a slight amphiphilicity [11],
whereas longer alkyl side groups result in increasing amphi-
philicity and the POx with 2-n- or 2-iso-alkyl chains with 2–
3 hydrocarbon units show a defined cloud point in a similar
range as PNIPAM. With a further increase of the hydrocar-
bon side chain length, POx becomes a polysoap with a
strong amphiphilic contrast in each monomer unit. The
carbon number of the pendant group can be used to modu-
late the LCST of the homopolymer within a broad temper-
ature range. For copolymers (random or gradient) the
introduction of hydrophilic 2-oxazoline monomer units
increases the LCST, whereas hydrophobic ones decrease
the LCST [12–15]. The same strategy can be used to tune
the LCST by the polarity of the polymer end-groups [12].
Recently, Luxenhofer et al. [16] used this subtle tailoring of
the hydrophilic/hydrophobic balance of POx to realize dou-
bly amphiphilic block copolymers with a moderately hydro-
phobic core and hydrophilic tails for a drug-delivery system
with extremely high loading capacities of hydrophobic
drugs such as paclitaxel. The POx system furthermore
allows for the introduction of additional chemical function-
alizations in the polymer side chains as well as at the chain
termini, such as carboxylic acid [17], amine [18], aldehyde
[19],thiol [20], alkene [21], and alkine [22] groups, to name
a few. Together with the possibility of structural tuning,
novel amphiphilic block copolymers for micellar catalysis
could be realized [23] which served as nanoreactors for
atom transfer radical polymerization [24], metathesis [25],
and the asymmetric hydrogenation of amino acid precursors
[26, 27]. Especially the possibilities of the site-selective
introduction of fluorescence labels are of great importance
for correlating the observed physical properties of the

supramolecular aggregates with the specific polymer archi-
tecture, e.g. with fluorescence correlation spectroscopy
(FCS) [28–30]. For biomedical applications the POx system
is especially interesting as hydrophilic POx are nontoxic
[31–35] and display an advantageous biodistribution and
excretion behavior [36]. Thus, POx are currently under
intense study for biological and biomedical applications
[37–39] such as drug-delivery, biohybrid [40, 41], and bio-
mimetic [42–52] systems such as artificial cell membranes.

These possibilities for functionalization greatly promote
the range of applications of POx systems, especially when
combined with their thermo-responsive properties. The
LCST of POx was first reported on poly(2-ethyl-2-oxazo-
line)s by Lin et al. [53]. Later on, more detailed reports on
the same polymer completed this picture [54], and very soon
on, the synthetic possibilities of the variation of the polymer
composition and combination of 2-oxazoline monomers
having different pendant 2-alkyl-chains were used to pre-
cisely modulate the LCST of POx in a wide range [12–15,
55–57]. Moreover, the effect of the POx end-group was
studied [12, 58, 59], and the LCST behavior of novel
POx-based molecular brushes [60–63] and graft copolymers
[64] was investigated. The LCST behavior and aggregation
of poly(2-iso-propyl-2-oxazoline) (PiPrOx) was found to be
unusual because it exhibits an irreversible crystallization at
prolonged heating above the LCST [65].

We have previously investigated the aggregation be-
havior of POx in water as a function of their composi-
tion, architecture and hydrophilic–lipophilic balance
(HLB). Diblock copolymers from 2-methyl-2-oxazoline
(MOx) and 2-n-nonyl-2-oxazoline (NOx) were found to
have very low critical micelle concentrations in aqueous
solution, typical for nonionic polysoaps [28, 30]. Triblock
and gradient copolymers also formed micelles of sizes
that are defined by the polymer chain architecture [29].
These investigations were carried out using FCS on
P(MOx-b-NOx) labeled with tetramethylrhodamineisothio-
cyanate (TRITC) at either terminus. Small-angle neutron
scattering (SANS) allowed us to investigate the micellar
size, structure and shape in detail and to verify the core-shell
structure for diblock copolymers from MOx, NOx as well as
perfluorinated 2-oxazolines [66].

For the investigation of the aggregation behavior of
thermo-responsive polymers, classical macroscopic
methods such as turbidimetry are often combined with
scattering experiments such as static and dynamic light
scattering or small-angle X-ray or neutron scattering
(SAXS and SANS). These methods, however, suffer
from poor statistics if the polymer concentration is very
low. FCS can provide more details on the aggregation
behavior especially at very low concentrations, e.g.,
below the CMC where only individually solubilized
macromolecules (unimers) are of interest.
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A number of FCS studies of synthetic macromolecular
systems have been reported: Fluorescence homopolymers
in solution [67, 68] and at the air–water interface were
studied [69–72]. Polymer gels were investigated both in
the bulk and anchored to solid substrates [73, 74], as
well as protein diffusion through polymer gels [75]. The
micellization of diblock copolymers was investigated by
adding a poorly water-soluble fluorescence agent to the
solution [76–78]. Its solubility in the micellar core en-
abled the detection of the micelles, the determination of
their hydrodynamic radius and to detect the CMC [76],
which, in polymers, usually is very low. In a study on
so-called Janus micelles, the CMC in selective solvent
could be determined using FCS [79]. The reliability of
FCS to characterize micellar solutions from amphiphilic
block copolymers with fluorescent dyes was proven as
well [80]. In bulk polymers, both melts and blends were
investigated [81], also with focus on the chain end to-
pology of the polymers [82]. Bulk polymers in thin film
geometry were investigated with respect to the segmental
dynamics [83] and to the effect of polymer viscosity on
the rotational diffusion of the fluorescent dye [84].

In the present work, we investigate the aggregation be-
havior of thermo-responsive POx with 2-iso-propyl pendant
groups (PiPrOx) in aqueous solution. Their cloud points are
determined using turbidimetry and are found to depend
strongly on concentration in the range c00.5–20 mg/mL.
A set of identical polymers from the same batch were
additionally fluorescence-labeled with TRITC for
temperature-resolved FCS. By this way, we have character-
ized the aggregation behavior as a function of the average
degree of polymerization, n, in dilute solution in the range
n025–50. To investigate the role of the polymer pendant
group, poly(2-n-propyl-2-oxazoline) (PnPrOx) homopoly-
mers of the same degree of polymerization, n, were prepared
and investigated in a second set of FCS experiments. Beside
the PiPrOx and PnPrOx homopolymers, diblock copolymers
from iPrOx and nPrOx were investigated and were found to
form large aggregates already at the lowest cloud point (the
one of PnPrOx). Moreover, gradient copolymers with few
hydrophobic NOx monomers in a thermo-responsive
PiPrOx chain were synthesized. This allowed us to study
the influence of a few but strongly hydrophobic moieties
along the polymer chain on the aggregation behavior. Thus,
by varying n and c, and by inserting different side groups
and additional alkyl moieties as hydrophobic domains, the
cloud point can be tuned in a large range, and the aggrega-
tion process can be modified.

These investigations add to previous work on poly(2-
ethyl-2-oxazoline) [53, 54] and on PiPrOx where the
focus was on the end-group polarity [12] and on gradi-
ent copolymers from iPrOx with various hydrophobic
comonomers [56].

Experimental

Materials for synthesis

All chemicals used for synthesis were purchased from
Sigma-Aldrich (Steinheim, Germany), Acros Organics
(Geel, Belgium), or Fluka (Steinheim, Germany) and were
used without further purification unless otherwise stated.
Deuterated solvents for NMR spectroscopy were purchased
from Deutero GmbH (Kastellaun, Germany). NOx was re-
ceived as a gift from Henkel KGaA (Düsseldorf, Germany).

Solvents, methyltriflate (MeOTf) and all monomers used
for the living cationic polymerization were dried by reflux-
ing over CaH2 for approximately 3 h and subsequent distil-
lation. The chemicals were stored under dry nitrogen
atmosphere and handled in a glove box under dry argon.
As terminating agent, a solution of piperazine in dry chlo-
roform (0.375 g/mL) was prepared and stored under dry
nitrogen.

Characterization methods

Spectroscopy

1H- and 13C-NMR spectra were recorded on a Bruker ARX
300 (1H, 300.13 MHz and 13C, 75.47 MHz) in CDCl3. The
residual solvent signal of CHCl3 was used as internal stan-
dard (δ07.26 ppm for 1H-NMR and δ077.0 ppm for 13C-
NMR; ppm relative to tetramethylsilane). FTIR spectrosco-
py was carried out using a Bruker IFS 55s spectrometer
equipped with an ATR set-up from Harrick (single bounce,
diamond crystal) and an MCT detector.

Gel permeation chromatography

Gel permeation chromatography (GPC) was performed
on a Waters system (pump mod. 510 and RI-detector
mod. 410) with columns Resi Pore Guard (50×7.5 mm)
and 2× Resi Pore (300×7.5 mm) as the stationary and
dimethyl acetamide as the mobile phase. The calculation
of the molar mass and number average (Mw and Mn)
was performed using a calibration with polystyrene
standards.

Elemental analysis

Elemental analysis was performed using an Elementar-
Vario EL instrument at the Microanalytical Laboratory
of the Inorganic Chemistry Institute of the TU
München.
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Synthesis

Monomer synthesis

2-iso-propyl-2-oxazoline (iPrOx) and 2-n-propyl-2-oxazoline
(nPrOx) were synthesized according to Seeliger et al. [85]. A
100-mL round bottomed flask was charged with a catalytical
amount of cadmium acetate dihydrate, 1.2 eq of aminoethanol
and 1 eq of isobutyro- or n-butyronitrile, respectively. The
reaction mixture was heated to 125 °C and stirred for 16 h.
The red raw product was purified by vacuum distillation, the
obtained 2-oxazoline dried over CaH2 and then stored under
dry nitrogen for later use.

2-iso-propyl-2-oxazoline, iPrOx Yield: 17.4 g (71%). bp:
56 °C at 65 mbar. 1H-NMR: (292 K, CDCl3): δ (ppm)01.18
(d, 6H, 3J07.0 Hz, –CH3), 2.53 (m, 1H, –CH–(CH3)2), 3.80
(t, 2H, 3J09.5 Hz, CH2–CH2–N), 4.21 (t, 2H, 3J09.5 Hz, O-
CH2-CH2).

13C-NMR: (300 K, CDCl3): δ (ppm)019.60 (s,
2C, –CH3), 28.00 (s, 1C, –CH–(–CH3)2), 54.20 (s, 1C,CH2–
CH2–N), 67.13 (s, 1C,O–CH2–CH2), 172.55 (s, 1C, O-C0N).
Elemental analysis: found in percent (calculated in percent) C:
63.21 (63.68), H: 10.26 (9.80), N: 12.50 (12.38).

2-n-propyl-2-oxazoline, nPrOx Yield: 10.0 g (50%). bp:
68 °C at 40 mbar. 1H-NMR: (300 K, CDCl3): δ (ppm)0
0.87 (t, 3H, 3J07.4, Hz, –CH3), 1.56 (sextett, 2H, 3J07.4,
CH2-CH2–CH3), 2.15 (m, 2H, C–CH2-CH2), 3.73 (t, 2H,
3J09.4 Hz, CH2–CH2–N), 4.12 (t, 2H, 3J09.4 Hz, O–CH2–
CH2).

13C-NMR:(300 K, CDCl3): δ (ppm)013.56 (s, 1C, –
CH3), 19.20 (s, 1C, CH2-CH2–CH3), 29.67 (s, 1C, CH2-
CH2–CH3), 54.19 (s, 1C,CH2–CH2–N), 66.89 (s, 1C,O–
CH2–CH2), 168.23 (s, 1C, O-C0N). Elemental analysis:
found in percent (calculated in percent) C: 62.95 (63.68),
H: 10.27 (9.80), N: 13.01 (12.38).

Polymerization

All polymerizations were carried out using a CEM Discover
microwave with a maximum power setting of 150 W. The
microwave was set to a reaction temperature of 130 °C that
was continuously monitored by an internal infrared detector.

In a typical polymerization reaction, a microwave vial
was charged with methyl triflate in dry acetonitrile. The
monomer was added to the reaction mixture (both in case
of gradient copolymers), and the polymerization was carried
out in the microwave reactor at 130 °C for 30 min for n025,
50 min for n050 and two times 30 min for the block
copolymers. Afterwards, piperazine (0.375 g/mL in CHCl3)
was injected into the reaction mixture at room temperature;
20 eq of terminating agent were used in order to prevent
double termination. The solution was stirred overnight at

room temperature. Finally, the solvent as well as the excess
of the terminating agent was removed under vacuum and the
residue was dissolved in chloroform and stirred with dry
potassium carbonate for at least 4 h at room temperature.
After filtration, the polymer was purified by precipitation
(CHCl3 to ether), dialysis in water and freeze drying (water).
All polymers were received as colorless powders.

Poly(2-iso-propyl-2-oxazoline)25 Yield: 0.92 g (75%). 1H-
NMR: (292 K, CDCl3): δ (ppm)01.09 (br, 150H, side chain-
CH3), 2.30–3.00 (br, 33H, CH2

Pip, -CH-(CH3)2), 3.06 (s,
3H, initiator–CH3), 3.44 (br, 100H, –N–CH2–CH2–N–). Mn

(1H-NMR end-group analysis): 2,929 g/mol. IR: in cm−1:
(CH3): 2,967, (CH2): 2,934, (CH): 2,873, (amide-CO):
1,629, 1,473, 1,424, 1,381, 1,363, 1,308, 1,236, 1,201,
1,157, 1,087, 930, 753. Đ01.24 (from GPC).

Poly(2-n-propyl-2-oxazoline)25; PnPrOx25 Yield: 0.96 g
(78%). 1H-NMR: (292 K, CDCl3): δ (ppm)00.93 (br, 75H,
side chain-CH3), 1.62 (br, 50H, CH2-CH2–CH3), 2.00–2.40
(br, 50H, CH2-CH2–CH3), 2.47 (br, 4H, (CH2

Pip)2-NH),
2.69 (br, 4H, (CH2

Pip)2-N-polymer), 3.02 (s, 3H, initiator-
CH3), 3.44 (br, 100H, –N–CH2–CH2–N–). Mn (1H-NMR
end-group analysis): 2,929 g/mol. IR: in cm−1: (CH3):
2,962, (CH): 2,875, (amide-CO): 1,638, 1,457, 1,422,
1,377, 1,194, 1,073, 904, and 754. Đ01.30 (from GPC).

Poly(2-iso-propyl-2-oxazoline)40 Yield: 1.27 g (86%). 1H-
NMR: (300 K, CDCl3): δ (ppm)01.09 (br, 240H, side chain-
CH3), 2.45–3.00 (br, 48H, CH2

Pip, -CH-(CH3)2), 3.03 (s,
3H, initiator-CH3), 3.44 (br, 160H, –N–CH2–CH2–N–). Mn

(1H-NMR-end group analysis): 4,626 g/mol. IR: in cm−1:
(CH3): 2,967, (CH2): 2,934, (CH): 2,873, (amide-CO):
1,630, 1,473, 1,425, 1,381, 1,363, 1,236, 1,202, 1,158,
1,087, 930, and 753. Đ01.19 (from GPC).

Poly(2-iso-propyl-2-oxazoline)50; PiPrOx50 Yield: 1.15 g
(78%). 1H-NMR: (300 K, CDCl3): δ (ppm)01.09 (br,
300H, side chain-CH3), 2.45–3.00 (br, 58H, CH2

Pip, -CH-
(CH3)2), 3.06 (s, 3H, initiator-CH3), 3.44 (br, 200H, –N–
CH2–CH2–N–). Mn (

1H-NMR end-group analysis): 5,758 g/
mol. IR: in cm−1: (CH3): 2,967, (CH2): 2,933, (CH): 2,872,
(amide-CO): 1,633, 1,423, 1,361, 1,201, 1,157, 1,086, and
928. Đ01.17 (from GPC).

Poly(2-n-propyl-2-oxazoline)50 Yield: 1.24 g (86%). 1H-
NMR: (292 K, CDCl3): δ (ppm)00.93 (br, 150H, side
chain-CH3), 1.61 (br, 100H, CH2-CH2–CH3), 2.00–2.40
(br, 100H, CH2-CH2–CH3), 2.45–2.75 (br, 8H, (CH2

Pip)2–
NH, (CH2

Pip)2-N-polymer), 3.43 (br, 200H, –N–CH2–CH2–
N–). Mn (

1H–NMR end-group analysis): 5,758 g/mol. IR: in
cm−1: (CH3): 2,961, (CH): 2,873, (amide-CO): 1,620, 1,418,
1,375, 1,190, 1,071, 901, and 753. Đ01.40 (from GPC).
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Poly[(2-n-propyl-2-oxazoline)25-block-(2-iso-propyl-2-
oxazoline)25] Yield: 2.48 g (86%). 1H-NMR: (292 K,
CDCl3): δ (ppm)00.92 (br, 75H, n-propyl-CH3), 1.08 (br,
150H, iso-propyl-CH3), 1.62 (br, 50H, CH2-CH2–CH3),
2.00–2.40 (br, 50H, CH2-CH2–CH3), 2.45–2.95 (br, 33H,
CH2

Pip, -CH-(CH3)2), 3.03 (s, 3H, initiator-CH3), 3.43 (br,
200H, –N–CH2–CH2–N–). Mn (

1H-NMR end-group analy-
sis): 5,758 g/mol. Monomer ratio (1H-NMR): 25:25. IR: in
cm−1: (CH3): 2,965, (CH): 2,875, (amide-CO): 1,629, 1,473,
1,422, 1,361, 1,221, 1,198, 1,159, 1,088, and 904. Đ01.36
(from GPC).

Poly[(2-iso-propyl-2-oxazoline)48-(2-n-nonyl-2-oxazoli-
ne)2]grad Yield: 1.14 g (77%). 1H-NMR: (292 K, CDCl3): δ
(ppm)00.86 (br, 6H, n-nonyl-CH3), 1.09 (br, 288H, iso-
propyl-CH3), 1.24 (br, 24H, CH2–(CH2)6–CH3), 1.57 (br,
4H, CH2-CH2–(CH2)6–CH3), 2.31 (br, 4H, CH2-CH2–
(CH2)6–CH3), 2.45–3.00 (br, 56H, CH2

Pip, -CH-(CH3)2),
3.06 (s, 3H, initiator-CH3), 3.44 (br, 200H, –N–CH2–
CH2–N–). Mn (

1H-NMR end-group analysis): 5,926 g/mol.
Monomer ratio (1H-NMR): 48:2. IR: in cm−1: (CH3): 2,966,
(CH2): 2,933, (CH): 2,872, (amide-CO): 1,630, 1,473,
1,423, 1,381, 1,361, 1,221, 1,201, 1,157, 1,086, 1,033,
929, and 753. Đ01.19 (from GPC).

Poly[(2-iso-propyl-2-oxazoline)46-(2-n-nonyl-2-oxazoli-
ne)4]grad Yield: 1.21 g (80%). 1H-NMR: (292 K, CDCl3): δ
(ppm)00.86 (br, 12H, n-nonyl-CH3), 1.09 (br, 288H, iso-
propyl-CH3), 1.24 (br, 48H, CH2–(CH2)6–CH3), 1.58 (br,
8H, CH2-CH2–(CH2)6–CH3), 2.31 (br, 8H, CH2-CH2–
(CH2)6–CH3), 2.45–3.00 (br, 54H, CH2

Pip, -CH-(CH3)2),
3.06 (s, 3H, initiator-CH3), 3.44 (br, 200H, –N–CH2–
CH2–N–). Mn (

1H-NMR end-group analysis): 6,094 g/mol.
Monomer ratio (1H-NMR): 46:4. IR: in cm−1: (CH3): 2,965,
(CH2): 2,931, (CH): 2,872, (amide-CO): 1,632, 1,473,
1,422, 1,380, 1,362, 1,200, 1,157, 1,086, 929, and 753.
Đ01.19 (from GPC).

Fluorescence labeling

Fluorescence labeling was performed according to a
procedure described before [28]. Analysis of the product
by GPC and FTIR spectroscopy revealed that the label-
ing was not quantitative and that the product does not
contain free dye. However, as, for the FCS studies, only
very small amounts of labeled polymers are to be added
and mixtures of labeled and unlabeled POx are used,
the incomplete labeling does not affect the results of the
FCS experiments. The FTIR analysis and labeling effi-
ciency are as follows: PiPrOx25-TRITC: yield: 40 mg
(69%). IR: in cm−1: (CH3): 2,966, (CH2): 2,933, (CH):
2,872, (amide-CO): 1,634, 1,472, 1,422, 1,381, 1,362,

1,305, 1,233, 1,199, 1,156, 1,086, 930, and 753.
PnPrOx25-TRITC: Yield: 34 mg (59%). IR: in cm−1:
(CH3): 2,961, (CH): 2,874, (amide-CO): 1,635, 1,419,
1,377, 1,318, 1,191, 1,157, 1,098, 1,072, 903, and 754.
Poly(2-iso-propyl-2-oxazoline)40 (PiPrOx40)-TRITC:
Yield: 48 mg (88%). IR: in cm−1: (CH3): 2,966,
(CH2): 2,933, (CH): 2,872, (amide-CO): 1,634, 1,471,
1,421, 1,380, 1,362, 1,305, 1,233, 1,199, 1,156, 1,086,
1,038, 930, and 752. PiPrOx50-TRITC: Yield: 43 mg
(80%). IR: in cm−1: (CH3): 2,967, (CH2): 2,934, (CH):
2,873, (amide-CO): 1,641, 1,475, 1,427, 1,200, 1,159,
1,088, and 752. Poly(2-n-propyl-2-oxazoline)50
(PnPrOx50)-TRITC: Yield: 44 mg (81%). IR: in cm−1:
(CH3): 2,961, (CH): 2,874, (amide-CO): 1,632, 1,418,
1,376, 1,238, 1,189, 1,098, 1,072, 903, and 754. P
(nPrOx25-b-iPrOx25)-TRITC: Yield: 39 mg (73%). IR:
in cm−1: (CH3): 2,964, (CH2): 2,933, (CH): 2,873, (am-
ide-CO): 1,620, 1,472, 1,423, 1,364, 1,237, 1,197,
1,160, 1,088, 928, and 754. P(iPrOx48NOx2)grad-TRITC:
Yield: 51 mg (93%). IR: in cm−1: (CH3): 2,966, (CH2):
2,932, (CH): 2,872, (amide-CO): 1,633, 1,471, 1,421, 1,378,
1,306, 1,234, 1,198, 1,156, 1,086, 933, and 753. P(iPrOx46-
NOx4)grad-TRITC: Yield: 50 mg (91%). IR: in cm−1: (CH3):
2,965, (CH2): 2,931, (CH): 2,872, (amide-CO): 1,634, 1,471,
1,421, 1,381, 1,362, 1,234, 1,199, 1,156, 1,086, 930, and 753.

TRITC IR: in cm−1: 1,706, 1,646, 1,592, 1,484, 1,405,
1,343, 1,185, 1,131, and 925.

Methods for characterization of the aggregation behavior

Turbidimetry

A Cary 3 UV–vis spectrometer from Varian was operated to
measure the transmittance at λ0550 nm. Solutions of the
nonlabeled polymers at c00.5–20 mg/mL in H2O were
heated at a rate of 1 Kmin−1 in steps of 1 K, followed by a
3-min equilibration time. The transmittance of the solutions
was set to 100% at the beginning of each measurement. The
cloud point was defined at the respective temperature with
90% transmittance. Because the transition is very sharp, the
accuracy of this procedure is not worse than 1 K.

Fluorescence correlation spectroscopy

A ConfoCor2 spectrometer (Carl Zeiss Jena GmbH) was
used as previously described in Ref. [28]. As a light
source, a HeNe-Laser with an emission wavelength of
543 nm was used. The measurements were carried out
with a pinhole diameter of 70–78 μm and a 2-s bleach-
ing time before the measurement. A Zeiss Plan-Neofluar
40×/1.3 oil objective in combination with the immersion
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oil Zeiss Immersol™ 518F was used for measurements
at elevated temperatures. At each temperature, ten meas-
urements of 100-s duration were carried out. The auto-
correlation curves were analyzed using the Zeiss LSM
510 ConfoCor 2 software version 3.2 SP2 following
Ref. [86]:

GðtÞ ¼ 1þ 1

N
�
Xk
i¼1

ρi

1þ t
tD;i

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

S2 � t
tD;i

q � 1þ TT
1� TT

� exp � t
tT

� �� �

ð1Þ

where N is the average total number of fluorescent
particles in the detection volume, k the number of
different fluorescent species, τ the decay time, τD,i the
characteristic diffusion time of component i, ρi the rel-
ative amplitude of the fluorescent species (i.e., the frac-
tion of component i), S0z0/w0 the axial ratio of the
detection volume with radii of the detection volume in
beam direction z0 and normal to beam direction w0. τT
is the triplet time and TT the triplet fraction. In the fit, S
was fixed at 1,000, τT at 10 μs, and TT was typically
between 5% and 20%.

To determine the diffusion coefficient of the unimers or
aggregates, a calibration with a fluorophore with a known
diffusion coefficient was carried out. We therefore used
Rhodamine 6G (DRh6G02.8·10

−10·m2s−1 at 20 °C [87]).

The diffusion coefficient of the unimers or aggregates was
calculated using

D ¼ DRh6G � tD;Rh6G
tD

: ð2Þ

The hydrodynamic radii of the unimers or aggregates, rH,
were determined using the Stokes–Einstein equation,

rH ¼ kBT

6pηD
; ð3Þ

with η being the viscosity of water and kB being the Boltz-
mann constant.

As the sample temperature could not be determined during
the measurements, the temperature calibration was carried out
ex situ. The sample temperature was installed using a heating
chamber (Carl Zeiss Jena GmbH) with a custom-made metal
lid connected to a Julabo F12-MC thermostat. To avoid heat
losses, the objective was additionally heated by an objective
heater (Carl Zeiss Jena GmbH). With this set-up, stable and
reproducible sample temperatures between 19 and 46 °C
could be realized.

For the FCS experiments, aqueous solutions of 0.5 and
5 mg/mL of the nonlabeled polymer were prepared. Aqueous
stock solutions of the corresponding fluorescence-labeled
polymer were prepared, and a small amount was added to the
solution of the nonlabeled polymer, such that the concentration
of the fluorophore in the final solution was 20–100 nM. The

Scheme 1 Living cationic
ring-opening polymerization of
2-oxazolines to the homo-,
block, and gradient copolymers
as well as the polymer analogue
coupling of the fluorescence
label tetramethylrhodamineiso-
thiocyanate (TRITC) via the
free secondary amine group of
the piperazine at the polymer
terminus

Table 1 Analytical data of poly
(2-oxazoline) homo- and
copolymers

Đ0Mw/Mn is the dispersity index
aDetermined by 1H-NMR end
group analysis
bDetermined by GPC

Polymer Mtheor(g/mol) MNMR (g/mol)a Đb Yield (%)

PiPrOx25 2,925 2,929 1.24 75

PiPrOx40 4,620 4,626 1.19 86

PiPrOx50 5,750 5,758 1.17 78

PnPrOx25 2,925 2,929 1.30 78

PnPrOx50 5,750 5,758 1.40 86

P(nPrOx25-b-iPrOx25) 5,750 5,758 1.36 86

P(iPrOx48NOx2)grad 5,918 5,926 1.19 77

P(iPrOx46NOx4)grad 6,086 6,094 1.19 80
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final solution was freshly filtered (Rotilabo syringe filter; pore
diameter, 0.45 μm) before the experiments. Higher concentra-
tions could not be addressed, because sedimentation of large
aggregates blocked the incident and fluorescent light and thus
resulted in deterioration of the FCS signal, which is measured
from below.

Small-angle neutron scattering

SANS experiments were carried out at the KWS-1 in-
strument of the JCNS outstation at the FRM II,

Garching, Germany. For the experiments, a wavelength
λ00.7 nm (Δλ/λ020%) and sample-detector distances
(SDD) of 1.71 and 7.70 m were used, which resulted in
a q range of 0.03–2.1 nm−1. The detector is a 6Li glass
scintillation detector with an active area of 60×60 cm
[88]. Solutions of 20 mg/mL in D2O were used. After
each temperature change, the samples were equilibrated
for 6 min. Exposure times were 5 min at SDD01.71 m
and 15 min at SDD07.70 m. The samples were
mounted in standard Hellma glass cuvettes with a light
path of 2 mm in an oven. The oven was an aluminum
sample holder with a plastic covering. The temperature
was controlled by a heating circulator. We note that
sedimentation of aggregates was not an issue in SANS
experiments. The beam hits the sample from the side
(and not from below as in the FCS experiments) and
has a large diameter (7 mm). Moreover, possible sedi-
mentation was very slow because the cuvette is very
thin. Poly(methyl methacrylate) was used to determine
the detector sensitivity. The scattering of boron carbide
was used for correcting the intensities for dark current
and background. The scattering of D2O and the empty
cell were subtracted from the sample scattering, taking
the transmissions into account. The resulting intensities
were azimuthally averaged. Good agreement was found
in the overlap region of the curves measured at the two
SDDs. All data reduction was performed with the soft-
ware QtiKWS provided by JCNS.

Model fitting of the SANS curves

Model fitting was carried out using the NIST software
implemented in Igor Pro [89]. In all curves, two contribu-
tions were observed: form factor scattering at high q values
from the unimers and forward scattering from large aggre-
gates at low q values. Two functions were used to model the
single-chain scattering, Ichain(q). For PiPrOx50, P(iPrOx25-b-

Fig. 1 Low concentration part of the LCST type phase diagrams of a
PiPrOx25 (filled circles), PiPrOx40 (open up-pointing triangles), and
PiPrOx50 (filled down-pointing triangles), b PnPrOx25 (filled circles),
PnPrOx50 (filled down-pointing triangles), P(iPrOx25-b-nPrOx25; open
squares), and c P[iPrOx48NOx2]grad (open circles) and P[iPrOx46-
NOx4]grad (filled up-pointing triangles) in H2O. The cloud points were
determined using turbidimetry. The experimental error of all temper-
atures is ±1 °C. The lines are guides to the eye

Fig. 2 FCS correlation functions of aqueous solutions with 5 mg/mL:
PiPrOx40 at 34.5 °C (filled circles) and 43.5 °C (empty circles). The
lines are fits of Eq. 1 for a single decay at 34.5 °C and two decays at
43.5 °C
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nPrOx25) and poly[(2-iso-propyl-2-oxazoline)48-(2-n-nonyl-
2-oxazoline)2]grad (P[iPrOx48NOx2]grad), a Debye function
was used:

IDðqÞ ¼ I0Dðρpol � ρD2OÞ2 �
2½e�q2R2

g þ q2R2
g � 1�

ðq2R2
gÞ2

; ð4Þ

where I0D ¼ NDV 2
D , ND denoting the number of polymer

chains and VD their respective volume, ρpol and ρD2O the
scattering length densities of the polymer and of D2O, and
Rg the radius of gyration of the chain. For the scattering
length densities, the following values were fixed during the
fi t t ing procedure: rD2O ¼ 6:36� 10�10cm�2 and rpol ¼
0:20� 10�10cm�2 , where the latter value was calculated
from the polymer mass density of 1.05 g/cm3 [90]. For
poly[(2-iso-propyl-2-oxazoline)46-(2-n-nonyl-2-oxazoli-
ne)4]grad (P[iPrOx46NOx4]grad), instead of ID(q), the sphere
form factor describing homogeneous spheres was used to
model the scattered intensity:

ISðqÞ ¼ I0Sðρpol � ρD2OÞ2

� 3½sin qRð Þ � qR cosðqrÞ�
ðqRÞ3

 !2

; ð5Þ

where I0S ¼ NSV 2
S , NS denoting the number of spheres and

VS and R their respective volume and radius. The size

distribution of the spheres was modeled by a Schultz–Zimm
distribution which has the functional form

f ðRÞ ¼ ðz� 1Þz�1xz � exp½�ðzþ 1Þx�Þ
RavgΓðzþ 1Þ ; ð6Þ

Here, Ravg denotes the average radius, x ¼ R=Ravg and
z ¼ 1=p2 � 1 with p ¼ σ=Ravg where σ is the standard
deviation of the radius.

In addition to the single-chain scattering described by ID(q)
and Is(q), forward scattering due to large aggregates was
observed in many cases. This contribution, Iagg(q), was mod-
eled using Eq. 5 with a significantly higher value of R than the
unimer Rg or R. The total intensity was thus modeled by

IðqÞ ¼ IchainðqÞ þ IaggðqÞ þ bkg; ð7Þ
where bkg is the incoherent background. The background was
left free during the fitting and gave nearly the same value in all
fits (∼0.25 cm−1) which is consistent with the calculated value
(0.27 cm−1).

Results and discussion

Synthesis

The monomers, iPrOx and nPrOx were obtained following
the procedure by Seeliger et al. [91]. By living cationic ring-

Fig. 3 Hydrodynamic radii of
POx unimers and aggregates as
determined by FCS. a
PiPrOx40, b PiPrOx50, c
PnPrOx25, and d PnPrOx50.
Circles, 0.5 mg/mL and
triangles, 5 mg/mL, both in
H2O. Open symbols, unimers
and closed symbols, aggregates.
The vertical dashed and
dashed-dotted lines indicate the
cloud points from turbidimetry
at 0.5 and 5 mg/mL,
respectively
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opening polymerization, the respective polymers, PiPrOxn
and PnPrOxn, with n025, 40, and 50 were obtained in high
yields and low dispersities. Furthermore, one P(iPrOxn-
b-nPrOxm) block copolymer with n, m025 was obtained by
sequential monomer addition and two gradient copolymers
of iPrOx with NOx with a monomer feed composition of
48:2 and 46:4 were obtained by the one-shot copolymeriza-
tion technique. All polymerization reactions were carried
out using microwave-assisted synthesis as reported before
[12, 56] with MeOTf as the initiator and piperazine as the
terminating agent. For the study of the polymer aggregation
near the cloud point, small portions of the polymers were
additionally labeled with the rather hydrophilic fluorescence
label TRITC via a polymer analogue coupling reaction on
the secondary amine function [28]. The homo- and

copolymerization reactions are summarized in Scheme 1.
The analytical data of the synthesized polymers are summa-
rized in Table 1.

This set of defined polymers enables us to study the
diffusion of unimers as well as their aggregation behavior
around the cloud point by FCS. We vary the average degree
of polymerization, n, the 2-substitution and thus the hydro-
phobicity (iso-propyl-, n-propyl-, and n-nonyl-) as well as
the polymer composition, n/m. By means of SANS, we
gained more insight into the polymer conformation and the
aggregation behavior.

Homopolymers PiPrOxn and PnPrOxn

The cloud points of PiPrOxn and PnPrOxn homopolymers
with n between 25 and 50 were determined by turbidimetry
at concentrations of 0.5, 5, and 20 mg/mL in aqueous
solution (Fig. 1a, b). As expected, they were found to
depend both on the degree of polymerization, n, and on
the concentration, c, as shown in Fig. 1a. The cloud points
decrease with increasing concentration and with increasing
degree of polymerization. The values of PiPrOxn are above
40 °C, whereas the ones of PnPrOxn are significantly lower
(24–38 °C, Fig. 1b). Thus, the latter is more hydrophobic, as
expected from the extended nature of the side group in
PnPrOxn. The transitions are very sharp, usually of the order
of 1–2 K.

Temperature-resolved FCS allowed us to characterize the
aggregation behavior around the cloud point. As reliable
measurements could only be performed in the temperature
range up to ∼50 °C, we investigated solutions of PiPrOx40
and PiPrOx50 at 5 mg/mL. In these solutions, only a very
minor fraction of chains (1 out of 1,000) is labeled with
TRITC at one chain terminus. The aggregation behavior is
thus not expected to be perturbed by a possible interaction
between the dyes. For both polymers, a single, fast decay is
present in the FCS autocorrelation functions (Fig. 2). The
hydrodynamic radii derived using Eq. 1–3 are found to be
rH01–2 nm, and are attributed to unimers, i.e. single dis-
solved polymers (Fig. 3), in consistency with our previous
studies on POx copolymers [28–30]. Above the cloud point,
the solutions are turbid. However, unimers are still detect-
able, and an additional slow decay is observed in the FCS
autocorrelation functions. The decay times calculate to rH0
60–300 nm with amplitudes between 0.05 and 0.30 and are
attributed to the formation of large polymer aggregates. The
aggregates dissolve completely upon cooling, the process
was found to be reversible. Similar aggregate formation has
frequently been observed in PNIPAM homopolymer solu-
tions [92]. Interestingly, the hydrodynamic radius of the
polymer unimers stays unchanged when the cloud point is
crossed, i.e. the collapse of single chains cannot be detected
by FCS.

Fig. 4 SANS results of sample PiPrOx50 at 20 mg/mL in D2O. a
Representative scattering curves: open circles, 24.8 °C; open squares,
32.4 °C; open triangles, 37.4 °C, closed diamonds, 41.6 °C. The solid
lines are model fits, see text. For clarity, the intensities are shifted by
factors of 2, 4, and 16. b Radius of gyration of the single chains. c
Normalized forward scattering intensity of the large aggregates nor-
malized by total forward scattering, see text. In (b) and (c), the error
bars are smaller than the symbol size. The vertical dashed lines in (b)
and (c) mark the cloud point from turbidimetry in H2O
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Investigation of PnPrOxn homopolymers did not show as
clear results as that. For PnPrOx25 at 0.5 mg/mL, the same
behavior as for PiPrOx40 and PiPrOx50 is observed, namely
aggregate formation above the cloud point (38 °C) with the
aggregates having a hydrodynamic radius of 17 nm (ampli-
tude, 0.026), thus smaller than in the case of the two
PiPrOxn homopolymers (Fig. 3c). At 5 mg/mL, the cloud
point (32 °C) is already quite close to room temperature, and
very large aggregates are already observed at 30 °C (ampli-
tude increases with temperature from 0.04 to 0.28). The cloud
points of PnPrOx50 are much lower (25.5 and 31 °C for 5 and
0.5 mg/mL, respectively) than the ones of PnPrOx25, and the
aggregation behavior is different (Fig. 3d): At 0.5 mg/mL, no
aggregates could be detected even far above the cloud point,
whereas at 5 mg/mL, aggregates were already present at
20 °C (amplitudes, 0.06 and 0.12), i.e., below the cloud point.
For both PnPrOxn homopolymers, the aggregates did not
dissolve rapidly upon cooling.

SANS measurements allowed us to gain more insight
into the mechanism of aggregation around the cloud points.
Temperature-resolved studies were carried out on a 20-mg/
mL solution of PiPrOx50 in D2O. This relatively high con-
centration was necessary to achieve a sufficient scattering
signal. Due to the different geometry of the SANS experi-
ment compared to FCS, segregation was not an issue. The
use of D2O instead of H2O has in other systems only
resulted in minor shifts of the phase transition temperatures
but has shown the same aggregation behaviors. Representa-
tive SANS curves at temperatures below and above the
cloud point (40.0 °C) are given in Fig. 4a. At all

temperatures, they show a smooth decay above ∼0.2 nm−1

which is due to single chain scattering. At low q values, an
additional scattering contribution is observed which increases
in amplitude upon heating through the cloud point. We attri-
bute this contribution to large aggregates formed by collapsed
polymers. Over the entire temperature range, the curves could
very well be modeled by the sum of a Debye function (Eq. 4),
describing the scattering of ideal polymer coils, and a sphere
form factor to model the aggregates (Eq. 5). It was not
necessary to include a structure factor resulting from inter-
particle interaction; in fact, tests of several structure factors
did not improve the fitting quality. The resulting radius of
gyration of the unimers (Fig. 4b) increases weakly from
∼2.5 nm at 25 °C to 2.7 nm at 38.2 °C. Above, it decreases
rapidly and reaches 2.3 nm at 43.2 °C, i.e., a certain fraction
of the polymers is present as unimers which collapse.

Assuming that D2O is a theta solvent for PiPrOx50
below the cloud point, Rg is expected at Rg0b(N/6)

0.50

1.07 nm (with b00.37 nm [66]). This value is in con-
sistency with the measured value. The measured radius
of gyration is of the same order of magnitude as the
one found in the FCS experiment at 5 mg/mL. To
determine the origin of the increase of Rg with tempe-
rature, we consider the fitted forward intensity. It
increases with temperature when approaching the cloud
point (not shown), i.e., the increase of Rg with temper-
ature is due to aggregation of few unimers. The radius
of the large aggregates cannot be determined precisely
due to the limited q range of our experiment, but we
consistently obtained 50–60 nm from the fits.

Scheme 2 Schematics of the
temperature-dependent aggrega-
tion behavior of PiPrOx homo-
polymers (a), P(iPrOx25-b-
nPrOx25) diblock copolymers
(b), P[iPrOx48NOx2]grad (c), and
P[iPrOx46NOx4]grad gradient
copolymers (d). The different
colors and line types indicate the
monomer type. CP stands for
cloud point, IR for the interme-
diate regime
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To estimate the fraction of large aggregates as a function
of temperature, we plot the relative forward scattering in-
tensity of their scattering contribution, normalized by the
total forward scattering intensity, Iagg

0/(Iagg
0+ Ichain

0)
(Fig. 4c). We note that Vs and VD only change weakly in
the temperature range studied, thus the intensity ratio is a
measure of Nagg/(Nagg+Nchain). It increases steeply at the
cloud point, i.e., above this temperature large aggregates
are formed in significant number.

The SANS results corroborate our findings from FCS that
the polymers are dissolved as unimers, which form small
aggregates as the cloud point is approached and which
collapse above the cloud point. A certain fraction of these
collapsed polymers form large aggregates above the cloud
point (Scheme 2a).

A diblock copolymer P(iPrOx25-b-nPrOx25)

For a diblock copolymer with two thermo-responsive blocks
PiPrOx and PnPrOx, it is expected that the block copolymer
is completely water-soluble below the cloud point of
PnPrOx and that micelles are formed as the cloud point of
PnPrOx is crossed which consist of a water-insoluble
PnPrOx core and a water-soluble PiPrOx shell, similar to
poly(2-methyl-2-oxazoline-block-2-n-nonyl-2-oxazoline)
[66]. When the cloud point of PiPrOx is crossed, the shell
will also become hydrophobic, and the micelles will form
large aggregates. A two-step aggregation behavior is thus
expected for a P(nPrOx25-b-iPrOx25) diblock copolymer.

Turbidimetry, however, shows a behavior very similar to
the one of PnPrOx25 (Fig. 1). The cloud point lies between
28.5 and 38 °C for concentrations between 20 and 0.5 mg/
mL, i.e., already at these temperatures, large aggregates
which scatter the light are formed. With FCS, no micelles
could be detected either (Fig. 5): at 5 mg/mL, aggregates
with a hydrodynamics radius larger than 200 nm are formed
right above the cloud point (amplitude, 0.13–0.17). In con-
trast, in the accessible temperature range, no aggregates

could be detected at 0.5 mg/mL. In this sample, the unimer
size could not be determined reliably because it may contain
free TRITC.

SANS at 20 mg/mL in D2O confirmed that no micelles
are formed at the cloud point of the PnPrOx25 block
(28.5 °C; Fig. 6a). The scattering curves could again be
fitted with the Debye model, i.e., Ichain(q)0ID(q). Above
27.3 °C, an additional scattering contribution from large
aggregates is observed, which is again modeled by a sphere
form factor. The radius of gyration of the unimers is 2.4 nm
up to 29 °C (Fig. 6b). In contrast to the PiPrOx50 homopol-
ymer, it is not temperature-dependent. Above 29 °C, the
radius of gyration decreases to 1.7 nm at 35 °C, i.e., the
unimers collapse at the cloud point of the more hydrophobic
PnPrOx25 block. Above 29 °C, the collapsed diblock

Fig. 6 SANS results of P(iPrOx25-b-nPrOx25) at 20 mg/mL in D2O. a
Representative scattering curves: open circles, 16.4 °C; open squares,
24.8 °C; closed triangles up, 33.2 °C; and closed down-pointing trian-
gles, 37.4 °C. The full lines are model fits, see text. The intensities are
shifted by factors of 2, 4, and 16. b Radius of gyration of the unimers. c
Normalized forward scattering intensity of the large aggregates normal-
ized by total forward scattering, see text. The vertical dashed lines in (b)
and (c) mark the cloud point from turbidimetry in H2O
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Fig. 5 Hydrodynamic radii of P(iPrOx25-b-nPrOx25) determined using
FCS. Same symbols as in Fig. 2
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copolymers form aggregates larger than 50 nm, thus far too
big to be attributed to core-shell micelles. Above 27.3 °C,
the number fraction of aggregates increases steadily
(Fig. 6c), thus above the cloud point determined by turbi-
dimetry, large aggregates are formed in significant number.
We conclude that, contrary to expectation, SANS does not
give any hint to the presence of micelles above the cloud
point of PnPrOx25 which are expected to have a micellar
radius of ∼5–10 nm [66]. Instead, all methods (turbidimetry,
FCS and SANS) point to the immediate formation of large
aggregates at the cloud point of PnPrOx25 (Scheme 2b).

Gradient copolymers P[iPrOxnOx]grad

Two gradient copolymers were investigated, where, on av-
erage, out of 50 iPrOx monomers, two or four are replaced
by (very hydrophobic) NOx monomers. We expect a lower
cloud point and the formation of unimolecular micelles in
which the n-nonyl side groups of the NOx monomers are in
the core and are shielded from water by the polar backbone
and the iPrOx monomers. Again, above the cloud point of
PiPrOx, large aggregates containing a high number of poly-
mers are expected with the cloud point being much lower
than the ones of the PiPrOx homopolymers because of the
NOx monomers [13].

Indeed, we found very low cloud points for the gradient
copolymers (Fig. 1c). They lie between 21.5 and 27.5 °C, i.e.,
far below the ones of PiPrOx50 (40.0–51.0 °C; Fig. 1a). The
cloud points are as sharp as in the case of the PiPrOx50
homopolymer.

FCS reveals a quite complex aggregation behavior for both
gradient copolymers (Fig. 7). At 0.5 mg/mL, apart from the
unimers having rH01–2 nm, small aggregates having
rH025–30 nm are present already a few Kelvin below the
cloud point. At the cloud point, the aggregates grow and reach
sizes of rH0150–250 nm. At this point, their fraction increases
considerably (Fig. 7c, d). Above 27 °C, FCS measurements
are not possible for P[iPrOx48NOx2]grad because of sedimen-
tation, i.e., the formation of very large aggregates. Similar
behavior—the formation of small aggregates already below
the cloud point and subsequent sedimentation – is observed at
5 mg/mL (Fig. 7b, d).

The SANS curves of P[iPrOx48NOx2]grad solutions of
20 mg/mL in D2O (Fig. 8a) are very similar to the ones of
PiPrOx50 (Fig. 4a), and the same model can be used for
fitting (Debye functions for the unimers and spheres for the
aggregates). Between 12.1 and 25.6 °C, the average radius
of gyration of the unimers increases from 3.0 to 5.6 nm. Rg

at temperatures far from the cloud point is close to the value
of PiPrOx50. Again, the forward intensity increases, i.e., the
increase of Rg is due to aggregation of few chains already
below the cloud point which may be promoted by the n-nonyl
side groups. Between 25.6 and 29 °C, Rg stays at 4–6 nm and
only then increases steeply.

Below the cloud point, the increase of Rg with tempera-
ture is stronger than in PiPrOx. We attribute it to the aggre-
gation of a few chains which are mediated by the NOx
blocks (Scheme 2c). At the cloud point, the chains/small
aggregates tend to collapse because now also the PiPrOx
monomers become hydrophobic. However, this collapse is

Fig. 7 Hydrodynamic radii of
a P[iPrOx48NOx2]grad and b
P[iPrOx46NOx4]grad determined
using FCS as well as the
fraction of the slow decay (c,
d). Same symbols as in Fig. 2
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sterically hindered by the already associated chains, which
are bridged by the NOx blocks. Therefore, these small aggre-
gates, formed by few, now completely hydrophobic chains,
are stable at Rg05.6 nm up to ∼29 °C. Only above this
temperature, the small aggregates collapse, and a significant
number of aggregates larger than 50 nm are formed. Thus an
intermediate regime is encountered between 25.6 and 29 °C,
similar to the observation made with FCS for lower polymer
concentrations. The collapse and aggregation behavior is thus
more complex than observed for the PiPrOx50 homopolymer.

The SANS curves of P[iPrOx46NOx4]grad copolymers
could not be fitted using the Debye function for unimers
(Fig. 9a) in the q region above 0.2 nm−1 but instead with a
form factor for homogeneous spheres (Eq. 5). This indicates a

compact chain conformation, which is due to the additional
hydrophobic interaction by the n-nonyl side groups. A possi-
ble inner structure cannot be resolved due to the low internal
scattering contrast of the polymer. Together with a sphere
form factor describing the aggregates, good fits could be
obtained. Thus, the aggregation behavior is very similar to
the one described in Ref. [93]. Intramolecular bridging of
nonsoluble comonomers prevails over intermolecular associ-
ation, leading to a more compact chain conformation.

Between 12.1 and 23.1 °C, the resulting sphere radius of
the unimers increases from 0.8 to 1.3 nm. The unimer radius
discontinuously jumps to 2.4 nm where it stays up to 30 °C.
Only above this temperature, it decreases steeply. The rela-
tive number of large aggregates increases weakly between
23.1 and 30 °C and much stronger at elevated temperatures.

Fig. 8 SANS results of P[iPrOx48NOx2]grad at 20 mg/mL in D2O. a
Representative scattering curves: open circles, 12.2 °C; open squares,
20.6 °C; open up-pointing triangles, 24.8 °C; and closed diamonds,
29.0 °C. The full lines are model fits, see text. The intensities are shifted
by factors of 2, 4, and 16. b Radius of gyration of the unimers. c
Normalized forward scattering intensity of the large aggregates normal-
ized by total forward scattering, see text. The error bars in (b) and (c) are
smaller than the symbol size. In (b) and (c), the vertical dashed linemarks
the cloud point from turbidimetry in H2O. The dashed-dotted line marks
the upper limit of the intermediate aggregation regime, see text

Fig. 9 SANS results of P[iPrOx46NOx4]grad at 20 mg/mL in D2O. a
Representative scattering curves: open circles, 12.2 °C; open squares,
20.6 °C; open up-pointing triangles, 24.8 °C; and closed diamonds,
29.0 °C. The full lines are model fits, see text. The intensities are shifted
by factors of 2, 4, and 16. b Radius of unimers. c Normalized forward
scattering intensity of the large aggregates normalized by total forward
scattering, see text. The error bars in (b) and (c) are smaller than the
symbol size. In (b) and (c), the vertical dashed linemarks the cloud point
from turbidimetry in H2O. The dashed-dotted line marks the upper limit
of the intermediate regime, see text
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In the swollen state below the cloud point, the radii of the
unimers are smaller than the ones of P[iPrOx48NOx2]grad
because of a more compact chain conformation of
P[iPrOx46NOx4]grad. The higher number of NOx moieties
results in intramolecular association with the iPrOx mono-
mers screening the hydrophobic interactions between NOx
monomers from different chains (Scheme 2d). Above the
cloud point, the copolymer is hydrophobic and forms small
aggregates which are stable up to 30 °C. Only above this
temperature, the small aggregates collapse, and aggregates
larger than 50 nm form in higher numbers (Scheme 2d).
This two-step aggregation is consistent with the FCS obser-
vation at lower polymer concentration.

Summary

Due to its versatility regarding side groups and chain archi-
tecture, the POx system is ideally suited to study the aggre-
gation behavior of thermo-responsive polymers. The cloud
point varies over a wide range (here between 21 and 67 °C)
which allows tailoring stimuli-responsive materials for spe-
cific applications. Moreover, POx are nontoxic and biocom-
patible and both PnPrOx and PiPrOx show cloud points in
the physiological range.

Combining an ensemble method (turbidimetry), a quasi-
single molecule method (FCS) and a scattering method
(SANS), we have investigated the thermo-responsive behav-
ior of PiPrOx homopolymers as well as compositionally
symmetric diblock copolymers from PiPrOx with thermo-
responsive, but slightly more hydrophobic PnPrOx and gra-
dient copolymers with few very hydrophobic NOx
monomers, all at concentrations between 0.5 and 20 mg/
mL. In FCS, fluorescence-labeled polymers served as trac-
ers in dilute aqueous solutions of the identical nonlabeled
polymers. By means of SANS on concentrated solutions, the
chain conformation and the aggregation behavior could be
elucidated. The results are summarized in Scheme 2.

The PiPrOx homopolymers are dissolved as unimers
below the cloud point, where they collapse and form large
aggregates. The aggregate formation is fully reversible. In
contrast, the PnPrOx homopolymers have much lower cloud
points, and the aggregates do not fully dissolve upon cool-
ing which we attribute to side chain crystallization occurring
above the cloud point. The behavior of the thermo-
responsive PiPrOx and PnPrOx homopolymers is reminis-
cent of the one encountered with other thermo-responsive
homopolymers, such as PNIPAM [7, 10]. The cloud points
of both, PiPrOx and PnPrOx, depend strongly on concen-
tration (especially below 5 mg/mL) and on the degree of
polymerization.

The diblock copolymer behaves in the same way as the
homopolymer with the lower cloud point. Contrary to our

expectations, no micelles are formed between the two cloud
points, but large aggregates are formed right away at the
cloud point of PnPrOx.

The behavior of the gradient copolymers is governed by
the association mediated by the strongly hydrophobic n-
nonyl side groups: even below the cloud point of the PiPrOx
main chain, intra- or intermolecular association hinder the
collapse and a significant number of large aggregates are
only formed within a few Kelvin above the cloud point. For
P[iPrOx48NOx2]grad, already below the cloud point small
aggregates form which persist above the cloud point. Only
a few Kelvin above the cloud point large aggregates start to
dominate.

The aggregation behavior of P[iPrOx46NOx4]grad is sim-
ilar to the one of P[iPrOx48NOx2]grad with small aggregates
forming below the cloud point which stay stable up to a few
Kelvin above the cloud point. The difference is that the NOx
groups mediating the interaction between the chains now
find more partners within the same chain; thus, also compact
unimers are present where the NOx monomers are shielded
from hydrophobic interaction with water by the iPrOx
monomers. Therefore, the intermediate regime is more pro-
nounced than for P[iPrOx48NOx2]grad.

We conclude that the PiPrOx system offers manifold
possibilities to tune the cloud point. The copolymerization
with more hydrophobic monomers results in an increased
complexity of the collapse transition.
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