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Abstract
We have investigated the collapse transition of aqueous solu-
tions of gradient copolymers from poly(iso-propyl-2-
oxazoline)s (PiPrOx), which contain few hydrophobic moie-
ties (n-nonyl-2-oxazoline (NOx) monomers). We extend our
previous investigations (Salzinger et al., Colloid Polym Sci
290:385–400, 2012), where, for the gradient copolymers, an
intermediate regime right above the cloud point was identified
where small aggregates are predominant. Large aggregates are
present in significant numbers only at higher temperatures. To
investigate the stability of the intermediate regime, we per-
formed time-resolved small-angle neutron scattering (SANS)
experiments during temperature jumps starting below the
cloud point and ending in the intermediate regime or in the
high-temperature regime. We found that the intermediate re-
gime is stable during the time investigated (∼1 h). Moreover,

the collapse of the small aggregates and the surface structure
of the large aggregates are related to the number of hydropho-
bic moieties and the quench depth. The present results eluci-
date the structural evolution of these polymers and relate them
to their final state as well as to their macroscopic behavior.
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Introduction

Thermoresponsive polymers in aqueous solution respond re-
versibly to small temperature stimuli by strong changes in their
solubility and chain conformation, i.e., they show lower critical
solution temperature (LCST) behavior [1]. Thus, they have
received increased attention as smart materials, e.g., for bio-
medical applications [2–7] and in materials science [8–12].
Theoretical predictions for the collapse transition at the cloud
point TCP have been made for equilibrium conditions and have
put forward the cooperativity of hydrogen bonding to the
polymer as an important parameter for the nature of the transi-
tion [13]. Moreover, a number of kinetic studies during the
collapse have been carried out, using time-resolved optical
methods [14–18], time-resolved nuclear magnetic resonance
(NMR) [19], and time-resolved light [20] as well as neutron
scattering [21, 22]. Whereas some methods, such as the optical
ones, feature a very high time resolution, down to the micro-
second range [14], only limited by the time needed for thermal
equilibration, small-angle neutron scattering (SANS) may pro-
vide detailed structural information.

Numerous works have addressed poly(N-iso-propyl acryl-
amide) (PNIPAM), which has an LCST around 31 °C [21–25].
The LCST behavior of PNIPAM has been attributed to
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sequential hydrogen bond formation between PNIPAM and
water [13]. PNIPAM can act both, as a H-donor and H-
acceptor and can thus form intramolecular bonds [26–28]. In
contrast to PNIPAM, poly(2-oxazoline) (POx; Fig. 1) is not
only better suited for biomedical applications because of its
excellent biocompatibility [29–33] but also because
thermoresponsive poly(alkyl-2-oxazoline)s with ethyl, iso-
or n-propyl side groups show a very sharp collapse transition
in aqueous solution, typically within ±1 °C, and nearly no
hysteresis [34, 35]. These features are attributed to the fact that
POx, in contrast to PNIPAM, can only act as an acceptor when
forming hydrogen bonds [36].

In contrast to, e.g., polyethers, the water-solubility of POx
can be fine-tuned by the pendant 2-substitution (Fig. 1):While
poly(2-methyl-2-oxazoline) (PMeOx) is highly hydrophilic,
poly(2-ethyl-2-oxazoline) (PEtOx) is similarly hydrated [37]
but already shows a slight amphiphilicity [38], displaying an
LCSTaround 70 °C [39]. An additional methylene unit results
in increased amphiphilicity, leading to defined cloud points of
all isomers of PPrOx such as poly2-n-, 2-iso-, or 2-cyclo-
propyl-2-oxazoline in a similar range as PNIPAM [34, 40,
41]. Even longer alkyl side groups in the homologous series of
poly(2-alkyl-2-oxazoline) yield hydrophobic homopolymers.
Via introduction of hydrophobic or hydrophilic 2-oxazoline
moieties in poly(iso-propyl-2-oxazoline) (PiPrOx) or poly(n-
propyl-2-oxazoline) (PnPrOx) such that they form gradient
copolymers, the cloud point can be decreased or increased in a
wide range (Fig. 1) [34, 40, 42–45].

The kinetics of the transition of thermoresponsive
polymers during abrupt heating through the cloud point
have been studied extensively for PNIPAM [15–19]. It
was found that the collapse transition of PNIPAM is
nontrivial and displays a two-step behavior: PNIPAM
collapses immediately after the temperature jump, and
water is expelled from the collapsed chains, which takes
longer time. In previous time-resolved SANS experi-
ments on concentrated PNIPAM solutions during a tem-
perature jump across the cloud point, the collapse was
found to be very fast, and the aggregation of the col-
lapse comprised two steps [22]. Ye et al. [15] and Lu
et al. [17] were able to detect an intermediate regime in
the collapse transition of PNIPAM. We are not aware of
a systematic investigation of the kinetics of the collapse
transition of thermoresponsive poly(2-oxazoline)s. Due

to the different hydrogen bonding conditions, we expect
that the collapse and aggregation behavior is possibly different
from the one of PNIPAM. We present here investigations of
aqueous solutions of poly(2-iso-propyl-2-oxazoline)50
(PiPrOx50), poly[(2-iso-propyl-2-oxazoline)48-(2-n-nonyl-2-
oxazoline)2]grad (P[iPrOx48NOx2]grad) and poly[(2-iso-pro-
pyl-2-oxazol ine)46-(2-n -nonyl-2-oxazol ine)4]g r ad
(P[iPrOx46NOx4]grad) obtained by means of living cationic
ring-opening polymerization. Due to their different apparent
polymerization rates, the copolymerization of iso-propyl-2-
oxazoline (kp (80 °C)=1.25 mL/(mol s) [47] and n-nonyl-2-
oxazoline (kp (80 °C)=2.24 mL/(mol s) [48] yields gradient
copolymers.

We have recently investigated the structural changes of
similar homo- and gradient copolymers under static condi-
tions around their respective cloud point by means of SANS
[49]. The PiPrOx50 homopolymer shows the expected behav-
ior at the cloud point, namely aggregation into large aggre-
gates due to hydrophobic interactions with the solvent, where-
as the behavior of the gradient copolymers is more complex:
Immediately above the cloud point, small aggregates (formed
already below the cloud point) are predominant, and only at
higher temperatures, large aggregates are present in significant
number. The question arises, whether the small aggregates are
stable with time, i.e., they will remain small, or whether, with
time, large aggregates will appear at the expense of the small
ones. To address this question, we have carried out time-
resolved SANS investigations during temperature jumps
across the cloud point. The target temperatures were chosen
to be either in the intermediate regime, i.e., just above the
cloud point, or in the high-temperature regime. Using D2O as
a solvent, the contrast in SANS was good, enabling a time
resolution of 3 s. This way, we were able to follow the changes
in chain conformation as well as the aggregate formation
as a function of time. For the gradient copolymers, target
temperatures both in the intermediate and in the high-
temperature regime were chosen. For the homopolymer,
no intermediate regime exists, and only one quench above
the cloud point was carried out. The results reveal the
influence of the amount of hydrophobic moieties and the
target temperature on the chain conformation, the small
aggregates, and the surface structure of the large aggre-
gates. The present work may further improve the under-
standing of the pathway of the transition.

Fig. 1 Living cationic ring-opening copolymerization of iso-propyl-2-oxazoline and n-nonyl-2-oxazoline initiated with methyltriflate (MeOTf) and
terminated with piperidine
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Experimental section

Materials

All substances were purchased from Sigma-Aldrich
(München, Germany) and Acros Organics (Geel, Belgium)
and were used as received unless otherwise stated. Deuterated
solvents for NMR analysis were obtained from Deutero
GmbH (Kastellaun, Germany). NOx was received as a gift
from Henkel KGaA (Düsseldorf, Germany). iPrOx was syn-
thesized following the procedure described by Salzinger et al.
[49]. All chemicals used for polymerization, methyl
trifluoromethylsulfonate (MeOTf), iPrOx, NOx, chloroben-
zene (ClBz), and acetonitrile (ACN) were refluxed over
CaH2 and distilled under nitrogen atmosphere.

Instrumentation

NMR spectra were recorded on a Bruker DRX 500 P (1H,
500.13 MHz) at room temperature (RT). The spectra were
calibrated to the signals of residual protonated solvent signals
(CDCl3, 7.26 ppm; ACN, 1.94 ppm). Gel permeation chro-
matography (GPC) was performed on a Polymer Laboratories
GPC-120 (1× PSS GRAM analytical 1,000 and 1× PSS
GRAM analytical 100; differential refractive index detector)
with N,N-dimethyl acetamide (5 mmol/L LiBr, 70 °C, 1 mL/
min) as eluent and polymethylmethacrylate as standards.
Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-ToF) mass spectra were recorded on a Bruker
Biflex IV (Bruker Daltonics, Bremen, Germany) using a N2

laser (λ=337 nm). Microwave-supported polymerization was
performed using a CEM Discover microwave oven.

Living cationic ring-opening polymerization

Under dry and inert conditions, MeOTf andmonomer (s) were
dissolved in 30 mL dry ACN/ClBz (50/50, v/v) at RT. The
reaction mixture was irradiated in the microwave oven for 2 h
with a maximum power setting of 150 W and reaction tem-
perature of 100 °C. After cooling to RT, termination was
carried out with the addition of 3 eq. piperidine and irradiation
for another 60 min at 40 °C and 50W. An excess of potassium
carbonate was added, and the mixture was stirred overnight.
After filtration, the mixture was concentrated, added into a
mixture of chloroform and methanol (75/25, v/v), and precip-
itated in cold diethylether (10- to 20-fold of volume of poly-
mer solution). After centrifugation and removal of
diethylether, the precipitation was repeated one more time.
The residual was dissolved in deionized water and freeze-
dried. All polymers were obtained as colorless powders.

Poly(2-iso-propyl-2-oxazoline)50 PiPrOx50 was prepared ac-
cordingly using 436.6 mg (2.661 mmol, 1 eq.) MeOTf,

15.08 g (0.133 mol, 50 eq.) iPrOx, and 0.8 mL (8.1 mmol,
3 eq.) piperidine as terminating reagent. Yield, 9.60 g (60 %).
1H-NMR (CDCl3, 300 K), δ (ppm)=3.45 (br, 212H, N-
CH2CH2); 3.07/2.97

1 (m, 2H/n.i. N-CH3
Ini); 2.91–2.40 (m,

61H, CH2
Pid, −CH-(CH3) 2); 1.11 (br, 322H, −CH-(CH3)2).

Polymer structure (1H-NMR), PiPrOx53. GPC (DMAc), Mn=
7.5 kg/mol; Ð=1.08. MALDI-ToF, Mp=5.7 kg/mol.

Poly[(2- iso-propyl -2-oxazol ine ) 48 - (2-n -nonyl-2-
oxazoline)2]grad P[iPrOx48NOx2]grad was prepared according-
ly using 422.0 mg (2.572 mmol, 1 eq.) MeOTf, 13.98 g
(0.123 mol, 48 eq.) iPrOx, 1.030 g (5.220 mmol, 2 eq.)
NOx, and 0.8 mL (8.1 mmol, 3 eq.) piperidine as terminating
reagent. Yield, 8.1 g (59 %). 1H-NMR (CDCl3, 300 K), δ
(ppm)=3.45 (br, 178H, N-CH2CH2); 3.07/2.97 (m, 2H/n.i. N-
CH3

Ini); 2.91–2.40 (m, 49H, CH2
Pid, −CH-(CH3)2); 2.35 (br,

4H, CH2-(CH2)7-CH3); 1.56 (br, 7H, CH2-CH2-(CH2)6-CH3);
1.24 (br, 29H, −CH2-(CH2)6-CH3); 1.11 (br, 259H,
−CH-(CH3)2); 0.86 (t, 6H, −(CH2)8-CH3). Polymer structure
(1H-NMR), (P[iPrOx43NOx2]grad). GPC (DMAc), Mn=
7.2 kg/mol; Ð=1.07. MALDI-ToF, Mp=5.3 kg/mol.

Poly[(2- iso -propyl-2-oxazol ine)46- (2-n -nonyl-2-
oxazoline)4]grad P[iPrOx46NOx4]grad was prepared according-
ly using 409.6 mg (2.496 mmol, 1 eq.) MeOTf, 13.00 g
(0.115 mol, 46 eq.) iPrOx, 1.970 g (9.985 mmol, 4 eq.)
NOx, and 0.8 mL (8.1 mmol, 3 eq.) piperidine as terminating
reagent. Yield, 2.94 g (23 %). 1H-NMR (CDCl3, 300 K), δ
(ppm)=3.45 (br, 169H, N-CH2CH2); 3.07/2.97 (m, 2H/n.i. N-
CH3

Ini); 2.91–2.41 (m, 46H, CH2
Pid, −CH-(CH3)2); 2.34 (br,

8H, CH2-(CH2)7-CH3); 1.56 (br, 12H, CH2-(CH2)6-CH3);
1.25 (br, 49H, −CH2-(CH2)6-CH3); 1.11 (br, 230H,
−CH-(CH3)2); 0.87 (t, 12H, −(CH2)8-CH3). Polymer struc-
ture (1H-NMR), (P[iPrOx38NOx4]grad). GPC (DMAc),
Mn=7.0 kg/mol; Ð=1.07.

Methods

Two weeks before the measurement, aqueous solutions of
20 mg/mL in D2O (Deutero GmbH, Kastellaun, Germany) were
prepared. The samples were frozen at approximately −18 °C, and
then shaken at RT until they were completely molten. This
procedure was repeated three times and resulted in completely
transparent solutions. Until the beginning of the measurement,
the samples were kept in a refrigerator (∼5 °C) to avoid clouding.

1 Due to restricted rotation of the methylene group, the signal is generally
split into two signals (cis/trans position). Here, the signal at 2.97 ppm is
overlapped by the multiplet of the 2-iso-propyl-2-oxazoline signal.
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Turbidimetry

Turbidimetry was performed using a Varian Cary 50 UV–vis
photo spectrometer at a wavelength of 500 nm. Temperature
was increased in steps of 0.1 K with a rate of 0.1 K min−1, and
the cloud points of the solutions prepared as described above
were determined from the decrease of the light transmission to
90 % [34, 49]. The resulting cloud point temperatures (TCP)
are given in Table 1. They differ slightly from the previously
determined cloud points from similar polymers [49], because
here freshly synthesized polymers were used. The width of the
intermediate regime was assumed to be the same as previous-
ly; the resulting crossover temperatures between the interme-
diate and the high-temperature regime are given in Table 1.

Time-resolved SANS

SANS experiments were performed at the high-flux SANS
instrument D22 at the Institut Laue-Langevin (ILL) in
Grenoble, France. To enable rapid temperature changes, we
used a modified Biologic SFM-300 [21]. The sample solution
was equilibrated inside the reservoir for at least 15 min, while
the reservoir was kept at the start temperature. The cuvette for
circulating fluids (Hellma 137-QS, 1 mm thickness) was
preheated to the target temperature in a custom-made sample
holder. The sample was injected into the cuvette, and data
acquisition was started simultaneously. During the first 2 min,
the accumulation time was chosen to be 3 s, whereas it was
30 s for the subsequent 54 min. Each temperature jump was
repeated at least twice for each SDD, and the resulting SANS
curves were compared to ensure reproducibility. The curves
were similar and were averaged to improve the statistics. The
temperature profiles in the cuvettes were determined in sepa-
rate measurements using a negative temperature coefficient
thermistor (NTC) probe PB5-43-SD4 (Delta-R GmbH,
Mannheim, Germany). These temperature profiles were used
to determine the times when the cloud points were crossed.
The temperature jumps envisaged for the three polymers, and
the resulting start (Tstart) and target temperatures (TTarget) are
given in Table 2. The reservoir temperature was controlled by

a separate Julabo thermostat. We chose the reservoir temper-
atures close to the CP to obtain a good reproducibility of the
temperature jumps, which is especially crucial when the CP is
close to ambient temperature.

The neutron wavelength was λ=8.0 Å with a nominal
spread of λ/λ=10 %, and the sample-detector distances
(SDD) were 4.0 and 14.0 m. This resulted in a q range of
0.0028–0.20 Å−1 (q=4 πsin(θ/2)/λ, θ is the scattering angle).
A sample aperture of 6×9 mm was used. The resulting 2D
images were azimuthally averaged, corrected for background
scattering from both the cuvette and the solvent as well as the
detector sensitivity, measured using H2O, and brought to
absolute units using the LAMP software provided by ILL
giving 1D intensity curves [50].

The uncertainty in q was calculated following [50]

Δq2 ¼ q2
1

2
ffiffiffiffiffiffiffiffiffi

2ln2
p Δλ

λ

� �2
" #

þ 4π
λ

� �2

−q2
" #

Δθ2 ð1Þ

where the measured wavelength spread Δλ/λ=13.1 % was
used. For the SDD of 4.0 mwith a collimation length of 5.6 m,
Δθ=1.78×10−3 rad. In case of a SDD of 14.0 m, the collima-
tion length was 14.4 m, which leads to Δθ=1.211×10−3 rad
(all values taken from Ref. [50]).

Modeling of SANS curves

All scattering curves show two distinct features, namely for-
ward scattering below q≅0.02Å−1 due to large aggregates and
the form factor scattering from single chains or small aggre-
gates at q values above ∼0.02 Å−1. The curves were thus
consistently modeled using

I qð Þ ¼ IPL qð Þ þ I fractal qð Þ þ Ibkg ð2Þ

IPL denotes the forward scattering modeled by a power law,
Ifractal the scattering of single chains or small aggregates
modeled by a fractal form factor, and Ibkg the incoherent
background. These contributions are detailed below.

Single chains and small aggregates The scattering from sin-
gle chains and from small aggregates was described using a
form factor for small fractal objects [51]:

I f ractal qð Þ ¼ I0f ractal �
1

qr0ð ÞD
DΓ D−1ð Þ

1þ 1= q2ξ2
� �� � D−1ð Þ=2

� sin D−1ð Þtan−1 qξð Þ� � ð3Þ

Here, Ifractal
0 denotes the intensity of this contribution, r0 the

radius of the building blocks constituting the fractal (see
below), ξ the overall size of the chain or aggregate, Γ the
gamma function, and D the fractal dimension. ξ is usually

Table 1 Cloud points and crossover temperatures between the interme-
diate and the high-temperature regime

Cloud point TCP (°C) Crossover temperature
(°C)a

PiPrOx50 39.2b –

P[iPrOx48NOx2]grad 24.5 29.0 °C

P[iPrOx46NOx4]grad 17.7 24.0 °C

a Between the intermediate and the high-temperature regime
b This value is consistent with the one given by Diab et al. [35], consid-
ering the difference in polymer concentration and end group
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interpreted as the cutoff length of the mass fractal
regime. Using this form factor instead of, e.g., the
Debye form factor describing ideal chains, the expres-
sion in Eq. 3 can be used during the entire temperature
jump, where the chain conformation changes from swol-
len to collapsed; thus, a continuous description of the
chain conformation is obtained. We omit here the con-
stant term, which is present in the fractal structure
factor given originally [51], as it makes the structure
factor at large q go to unity which should not be the
case here. In preliminary fits, we found that r0 varies
between 6 and 7 Å for all polymers and temperature
jumps. Therefore, in all further analyses, we kept r0
constant at 6.5 Å, which corresponds to twice the
monomer length a=3.7 Å [52], i.e., the persistence
length, which is plausible. According to the following
relation [53], D is related to the Flory exponent (ν),
describing the chain conformation, by

ν ¼ 3

2þ D
ð4Þ

Thus, the better the solvent quality, the lower the value of
D: For a good solvent, ν=0.588 and D=3.10, for a θ-solvent,
ν=0.5 and D=4, and for a nonsolvent, ν=0.33 and D=7.09.

Large aggregates The scattering of the large aggregates is
modeled by a power law:

IPL qð Þ ¼ I0PLq
−α ð5Þ

Here, IPL
0 is the intensity of the forward scattering and α the

exponent of the power law. For large spheres, having a smooth
interface with the solvent (i.e., the scattering length density
(SLD) follows a step function from the polymer-rich aggre-
gate to the solvent-rich matrix), α=4 [54]. Positive deviations
from this behavior, i.e., values of α>4, as encountered in the
present study, are due to a gradient of the SLD along the
interface normal [55–57]. To estimate the gradient width, the
SLD profile along the interface normal (SLDgrad(r)) is written
as the convolution product of the step function describing a

smooth interface (SLDsmooth(r)) and a Gaussian function char-
acterizing the smooth decay:

SLDgrad rð Þ ¼ SLDsmooth rð Þexp −σ2r2=2
� � ð6Þ

σ 2 is the variance of the Gaussian profile and denotes the
convolution product. For the scattered intensity, the following
expression is obtained:

Iobs qð Þ ¼ I0Porodq
−4 � exp −σ2q2

� � ð7Þ

To estimate σ, ln(Iobsq
4) was plotted vs. q2, using the

unsmeared, full-fitting curves. Strictly speaking, from this
analysis, it cannot be decided whether the SLD—and thus
the polymer concentration—increases from the inside toward
the surface or vice versa. However, we hypothesize that it is
more likely that the polymer concentration is maximum in the
outer shell of the aggregate because, after the water release, a
dense polymer shell is formed which may hinder residual
water from the center of the aggregate to escape, thus resulting
in a polymer gradient.

In most cases, the incoherent background was left as a free
fitting parameter which resulted in values between 0.01 and
0.05 cm−1, in accordance with the calculated value of
0.014 cm−1. It turned out to be constant during all temperature
jumps, i.e., the polymers did not precipitate.

All curves were analyzed using the NIST SANS package
7.04 in the IGOR Pro 6.1 environment [58] and self-written
procedures.

Results

After presenting a survey of the time-resolved SANS mea-
surements for all three polymers and the two types of
temperature jump, we will discuss the homopolymer
sample—which serves as a reference—and subsequently
the gradient copolymers in detail. Finally, we will com-
pare the results and discuss them.

Table 2 Start and target temper-
atures for all jumps

a For the low-start temperatures,
the value of Tstart in the cuvette is
overestimated because the sample
heats up already in the short hose
leading from the reservoir to the
cuvette

Envisaged Tstart→Ttarget (°C) Reservoir temperature
(°C)

Measured in the
cuvette (°C)a

PiPrOx50 36→42 36 33.3→39.8

P[iPrOx48NOx2]grad
Shallow 23→27 23 24.6→27.0

Deep 23→31 23 25.2→30.0

P[iPrOx46NOx4]grad
Shallow 16→20 16 19.2→22.2

Deep 16→27 16 24.0→27.3

Colloid Polym Sci (2014) 292:2413–2425 2417



Survey

Figure 2 shows the SANS curves taken during the temperature
jumps of PiPrOx50 and the shallow and the deep quenches of
the two gradient copolymers P[iPrOx48NOx2]grad and
P[iPrOx46NOx4]grad, as given in Table 2. Two contributions
are discerned in all scattering curves: a decay at
q>∼0.02 Å−1—attributed to the scattering of single chains
or small aggregates—and forward scattering at q<∼0.02 Å−1

due to large aggregates. The slope of the latter increases with
time, especially for PiPrOx50 (Fig. 2a) and for the shallow
quench of P[iPrOx48NOx2]grad (TTarget=27.0 °C; Fig. 2b). In
the case of PiPrOx50 (Fig. 2a) and the deep quenches of the
gradient copolymers (Fig. 2d, e), the scattering due to single
chains/small aggregates is relatively weak, and the large ag-
gregates dominate, as observed by us previously [49].
Moreover, in these runs, the contribution of the small aggre-
gates decreases with time. In the shallow quenches
(Fig. 2b, c), no changes are observed in the late stages, i.e.,
the final state seems stable.

PiPrOx50

The sample solution was equilibrated at the reservoir temper-
ature of 36 °C, and its temperature increased to 39.8 °C after
injection into the pre-heated cuvette (Fig. 4a). The cloud point,
TCP=39.2 °C, is crossed after approximately 49 s; subsequent-
ly, the temperature is stable. Representative scattering curves
with fits of Eq. 2 are given in Fig. 3.

The choice of the fitting function is an important issue. In
our previous work, we have chosen tomodel the SANS curves
from PiPrOx50 and a P[iPrOx48NOx2]grad solutions across the
cloud point, by a Debye function, whereas the one by a
P[iPrOx46NOx4]grad solution (all at 20 mg/mL in D2O) could
only be fitted by a form factor for polydisperse spheres [49].
These model functions resulted in very good and robust fits
with a minimum number of parameters. Here however, the
resulting chain radii could not easily be compared as the inner
structures of a compact sphere and a Gaussian chain are
different. Therefore, we chose a different approach here. To
compare the chain conformations of the polymers with each
other and to characterize their changes across the cloud point,
we describe them as fractals with a cutoff length. This way,
good fits were obtained for all polymers and all temperatures
(Fig. 3). The form factor of a small fractal is thus appropriate
to describe the initially molecularly dissolved chains; and,
moreover, the change in chain conformation during the col-
lapse is also captured. To model the scattering caused by large
aggregates, we chose in our previous work to use a model
function for large spheres. Here, we decided to use a modified
Porod law instead, because the forward scattering follows a
power law in all cases, the aggregate radius cannot be deter-
mined reliably because of the limited q range, and we strive at

using as few fitting parameters as possible. Below, we com-
pare the results of the two ways of fitting.

Results of the fits of Eq. 2 are compiled in Fig. 4. During the
first 45 s, the forward scattering intensity IPL

0 decays by five
orders of magnitude (Fig. 4b), and the exponentα increases from
3.1 to 5.4, then both values remain constant. Thus, the aggregate
surface is first fractal (α<4), and with time, a surface gradient
develops (α>4). At the end of the run, the gradient width is σ =
135±7 Å (Eq. 7), i.e., significantly larger than a single chain, see
below. We note that the decay in the measured scattering curve
appears to have a slope close to 4, however, due to smearing with
the resolution function, the true value of α is larger.

The intensity of the contribution from single chains, Ifractal
0 ,

scatters around a value of 0.025 cm−1 and eventually reaches
0.02 cm−1 (Fig. 4c).D decreases within the first 24 s from 3.6
±1.3 to 2.8±0.3 (Fig. 4d), which corresponds to an increase of
v from 0.53±0.12 to v=0.63±0.04. The initial and the final
values are slightly lower and slightly higher than the value
expected for a polymer in a good solvent, v=0.588, respec-
tively. The aggregate size, i.e., the upper cutoff length of the
fractal (ξ) is initially 9±4 Å, which is in consistency with the
results obtained by Ye et al. [46]. These authors found for
poly(ethyl-2-oxazoline) unimers the relation Rh=0.179 Å×
Mw

0.539. Accounting for the difference in molar masses, we
expect Rh=0.179 Å×(Mw/1.37)

0.539 for PiPrOx. Using the
relationship Rg=0.775×Rh [59] for polymers, the radius of
gyration of PiPrOx is estimated at Rg=14.4 Å [59]. This
number is within the same range as the ξ value obtained by
us; therefore, we conclude that, far below the cloud point,
most polymers are present as unimers. As time proceeds, ξ
increases, until it reaches a value of 19±7 Å 30 s after the
injection, before decreasing to a final value of 13.0±1.7 Å.
This increase and subsequent decreasemay be attributed to the
transient aggregation of a few chains: Small aggregates are
formed already below TCP and collapse above.

We conclude that the PiPOx50 homopolymers are molecu-
larly dissolved far below TCP. As TCP is approached, small
aggregates form which shrink as TCP is passed, in consistency
with our previous observations in temperature-resolved exper-
iments [49]. Above TCP, additional large aggregates are
formed featuring an initially smooth surface which changes
into a concentration gradient at later times. This may be due to
a depletion of solvent (D2O) in the near-surface region, which
may hinder further growth of the aggregates, as found in
previous work on PNIPAM [60–63].

P[iPrOx48NOx2]grad—shallow quench

For P[iPrOx48NOx2]grad, we performed a shallow quench
from 23.0 to 27.0 °C, i.e., into the intermediate regime
(Fig. 2b). The cloud point of TCP=24.5 °C was reached
immediately after injection, and the temperature becomes
stable at 27.0 °C after ∼100 s (Fig. 5a). As for PiPrOx50,
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two regimes are distinguished: Initially, the slope of the for-
ward scattering increases; then, it stays constant.

The results of the fits of Eq. 2 to the curves are shown in
Fig. 5b–e. The prefactor of the forward scattering (IPL

0 ) de-
creases steadily over the entire measurement time. The expo-
nent α increases during the first 21 s from 4.2 to 5.6, i.e., the
initially smooth surface of the large aggregates develops a
concentration gradient. Later, no more change is observed.
The final gradient width is σ =247±9 Å.

The fractal prefactor Ifractal
0 decreases slightly during the

first 60 s and more strongly during the subsequent 30 s, then, it
becomes constant. The fractal dimension,D, is constant at 3.1-
3.2, which corresponds to a Flory exponent ν =0.58–0.59,
i.e., the solvent is good. The size ξ is initially 24.2±1.5 Å. This
value is higher than the one of the PiPrOx50 homopolymers (9
±4 Å); thus, P[iPrOx48NOx2]grad forms small aggregates al-
ready below the cloud point because of intermolecular

bridging by the hydrophobic n-nonyl groups of the NOx
monomers [47]. ξ decreases to 21.8±0.7 Å during the first
66 s and during the subsequent 60 s to 19.3±0.7 Å, which
reflects the collapse of the small aggregates.

We conclude that the large aggregates behave in the same
way as for PiPrOx50. The solvent quality is slightly worse than
for PiPrOx50, as expected. Instead of single chains, small
aggregates are present which collapse during the temperature
jump. All fit parameters reach stable values after 100 s, i.e.
when the cuvette reaches the target temperature. There seems
to be no delay once TCP is crossed.

P[iPrOx48NOx2]grad—deep quench

When quenching P[iPrOx48NOx2]grad from 23.0 to 30.0 °C,
i.e., high above the cloud point, TCP=24.5°C was reached
immediately after the injection (Fig. 5f). Two regimes are
distinguished (Fig. 2d): While the forward scattering stays
nearly unchanged during the entire run, the decay at high q
values (q>0.02 Å−1) changes shape during the first 100 s.
Later, no more changes are observed.

The fitting results are compiled in Fig. 5g–j. The prefactor
IPL
0 and the exponent α are nearly constant. α decreases from
α=5.6±0.1 to α=5.4±0.1 during the first 60 s and then stays
constant. Thus, a surface gradient is already present from the
beginning of the measurements, i.e., the early stage is missed.
The final gradient width σ is 140±7 Å.

The fractal prefactor decreases during the first 120 s and
then stays constant. D is constant at 3.1±0.1 during the first
30 s, then it increases and reaches 3.5±0.7 110 s after the
injection, i.e., ν decreases from 0.59±0.01 to 0.54±0.07. The
initially good solvent thus becomes slightly worse but not yet

Fig. 2 SANS curves taken during the temperature jumps. a PiPrOx50, TTarget=39.8 °C. b, d P[iPrOx48NOx2]grad, TTarget=27.0 °C (b) and 30.0 °C (d). c,
e P[iPrOx46NOx4]grad, TTarget=22.2 °C (c) and 27.3 °C (e)

Fig. 3 Representative scattering curves from PiPrOx50 at 6 s (red
circles), 48 s (black squares), and 3,360 s (blue triangles) after the
injection. The solid lines are fits of Eq. 2. The curves were shifted
vertically for clarity
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a theta solvent. The final solvent quality is worse than in the
end of the shallow quench of the same polymer, as expected. ξ
decreases from 23±2 to 8±2 Å 110 s after the injection, i.e.,
the small aggregates collapse. This means the collapse is
stronger than for the shallow quench and the solvent quality
becomes worse.

P[iPrOx46NOx4]grad—shallow quench

In the shallow quench of the P[iPrOx46NOx4]grad solution, the
temperature was changed from 16.0 to 22.2 °C (Fig. 6a). The
cloud point, TCP=17.7 °C, was reached immediately after
injection, and the temperature became constant after ∼150 s.

The SANS curves do not show any obvious changes
(Fig. 2c). The fitting results are compiled in Fig. 6b–e.
Whereas the prefactor of the forward scattering decreases
slightly over the entire measurement time, the exponent α
increases from 5.2±0.2 to 5.6±0.2. Thus, the surface gradient
is already present at the beginning of the measurement. The
final gradient width is σ =228±10 Å.

The prefactor of the small aggregates decreases slightly
during the first 60 s, then more strongly until 100 s after
injection, and eventually it is constant. D is nearly constant
at 3.10–3.25, which corresponds to a value between ν=0.588
and ν=0.571, i.e., a good solvent. ξ decreases slightly from 27
±1 to 23±1 Å during the first 60 s, then more strongly to ξ=
20.6±0.4 Å 100 s after the injection where it remains. Thus,
small aggregates are initially present which collapse as the
cloud point is crossed.

The main structural change in this temperature jump is the
collapse of the small aggregates.

Fig. 4 Temperature jump of PiPrOx50 from 36.0 to 39.8 °C. Tempera-
ture profile (a) and results of fits from Eq. 2 (b–e). Red symbols in (b) are
calculated using the scaling law for the forward scattering, blue symbols
in (c–e) are calculated using the fractal form factor. The vertical dashed
line indicates the time when TCP is crossed. a Prefactor of the forward
scattering. b Exponent α (triangles), prefactor Ifractal

0 (circles). c Fractal
dimension D (d) and size of the small aggregates ξ (e). The arrows in (b)
indicate the axis used for the respective values. For better visibility, data
points at later times are omitted

Fig. 5 Shallow (left) and deep quench (right) of P[iPrOx48NOx2]grad.
Same notations and symbols as in Fig. 4. The arrows in (b, g) indicate the
axis used for the respective values. For better visibility, data points at later
times are omitted
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P[iPrOx46NOx4]grad—deep quench

In the deep quench, temperature was changed from 16.0 to
27.2 °C. Again, TCP=17.7 °C was reached immediately after
injection, and temperature became constant after ∼130 s. Due
to the limited beam time, we could only measure at a SDD of
4.0 m, i.e., in the limited q range of 0.01–0.2 Å−1. The forward
scattering could thus not be resolved properly. The time series
(Fig. 2e) displays again two regimes: During the first 80 s, the
intensity in the range q>0.02Å−1 changes shape, then remains
unchanged.

Results of the fits of Eq. 2 to the curves are seen in Fig. 6g–j.
The prefactor and exponent of the forward scattering cannot be
determined reliably, and we therefore do not discuss them
further. The prefactor of the small aggregates decreases during
the first 100 s and then remains constant. D is 3.1–3.2 through-
out the measuring time, which corresponds to values ν=0.58–

0.59 and ν=0.58, i.e., the solvent is good. ξ has an initial value
of 25±3 Å; it decreases during the first 100 s to 17±5 Å and
during the subsequent 50 s to 13±2 Å. This initial aggregate
size is comparable to the value for the shallow jump, as expect-
ed because the initial conditions are the same, whereas the
collapse, as for P[iPrOx48NOx2]grad is more pronounced for
the deep quench.

Discussion

We have followed the structural changes of aqueous solutions
of the homopolymer PiPrOx50 and the gradient copolymers
P[iPrOx48NOx2]grad and P[iPrOx46NOx4]grad during tempera-
ture jumps across the cloud point, i.e., from the swollen to the
collapsed state. For the gradient copolymers, the temperature
jumps were performed both into the intermediate state and
into the high-temperature regime. Time-resolved SANSwith a
time resolution of 3 s allowed us to follow the evolution of (i)
the single chains/small aggregates with respect to the aggre-
gate size and the chain conformation and (ii) the presence and
the surface structure of the large aggregates. All solutions
reach equilibrium latest after 150 s, and no further changes
were observed during the remaining time (∼1 h); thus, on this
time scale, the intermediate regime is stable.

The initial and final values of the most important charac-
teristics are compiled in Fig. 7. The initial values of the
correlation lengths of the unimers (Fig. 7a) show that the
homopolymer PiPrOx50 is initially present as unimers, where-
as the gradient copolymers form small aggregates because of
intermolecular interaction due to the n-nonyl side groups.
Thus, the inclusion of NOx monomers promotes aggregation.
The final aggregate size (ξ) of PiPrOx50 is higher than the
initial one, which is a consequence of the aggregation accom-
panying the collapse of the unimers. For the gradient copoly-
mers, the final correlation lengths are consistently lower than
the initial ones. As expected, for the deep quenches into the
high-temperature regime, the collapse is stronger than for the
shallow ones into the intermediate regime.

This intermediate regime found by us compares to the
intermediate regimes found for PNIPAM by Ye et al. [15]
and Lu et al. [17]. In the PNIPAM system, however, the
intermediate regime is a transient phenomenon and, after an
equilibration time, the chains collapse fully. In the present
case, the strength of the collapse seems to be solely related
to the target temperature, and the chain conformation does not
change further with time after the initial collapse.

Fitting a form factor for small fractal aggregates formed by
the monomers allowed us to characterize the scattering from
the single chains/small aggregates by fitting the same expres-
sion throughout, both in the swollen and the collapsed state.
Our aim was to characterize the chain conformation as a

Fig. 6 Shallow (left) and deep quench (right) of P[iPrOx46NOx4]grad.
Same notations and symbols as in Fig. 4. The values in (g) suffer from
large uncertainties due to the limited q range. The arrows in (b, g) indicate
the axis used for the respective values. For better visibility, data points at
later times are omitted
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function of time and temperature across TCP, in the interme-
diate and the high-temperature regime. The values of the Flory
exponent ν seem to be slightly overestimated, but the trend
upon collapse in dependence of the depth of the quench is
recovered (Fig. 7b). The reason may be 2-fold: First, the
prefactor of the forward scattering and the slope of the forward
scattering are strongly correlated parameters. Second, the
fractal dimension is only obtained from the decay of the
scattering curves in the high q region (q>0.06 Å−1). This
contribution is in many cases very low, especially above TCP
where only few chains are still molecularly dissolved and
possibly more swollen than those (the majority), which are
located in the large aggregates. The qualitative behavior,
however, confirms the expectations for the collapse of a
thermoresponsive polymer: The higher the content of hydro-
phobic moieties, the worse is the solvent quality. The same

holds for the final states of the quenches to high temperatures
where the polymer is more hydrophobic.

The exponent describing the slope of the forward scatter-
ing, α, gives information about the surface structure of the
large aggregates. We found α>4 for all polymers at all target
temperatures, i.e., the final state of the aggregates seems to
feature a concentration gradient along the surface normal. For
the homopolymer, α increases with time: The aggregate sur-
face is initially rough, then it becomes smooth, and a surface
gradient having a width of 135 Å appears (Fig. 7c). A similar
gradient width is found for the gradient copolymer
P[iPrOx48NOx2]grad at the end of the deep quench. For the
shallow jumps, much higher values (∼200–250 Å) are en-
countered for both gradient copolymers. Additional USANS
measurements (Fig. S1 in the Supporting Information) re-
vealed that the aggregate have radii of R≅6000 Å, i.e., the
concentration gradient is a surface effect. It can either be
attributed to the release of D2O from the surfaces resulting
in a dense surface layer at the surface or to the swelling of the
surface-near region with D2O. In PNIPAM homopolymers, no
concentration gradient was detected [22]. However, the sur-
face structure may not only depend on the chemical nature of
the polymer, but also on the polymer concentration and the
details of the temperature jump.

Comparison with previous results

To compare the present results from time-resolved measure-
ments during temperature jumps with our previous static,
temperature-resolved investigation [49], we reevaluated these
static curves using Eq. 2. Representative curves from

Fig. 7 Initial and final values of a the correlation length of the single
chains/small aggregates (ξ), b the Flory exponent (ν), and c the width of
the surface gradient of the large aggregates (σ). Open blue triangles,
initial values; purple square, value at the cloud point; closed red circles,
final values. Arrows indicate the time-dependent behavior. The vertical
dashed lines separate the samples from each other

Fig. 8 Scattering curves from P[iPrOx48NOx2]grad from the static
temperature-resolved measurement at 30.7 °C (open black circles) [49]
and the data for 720 s after the jump of the time-resolved measurement
(red dots) for P[iPrOx48NOx2]grad from the deep temperature jump from
23.0 to 30.0 °C (Fig. 5f–j). Both curves were measured at least 12 min
after crossing TCP and at a temperature of 5.6 K above TCP. For better
visual comparison, the curve from the temperature jump was shifted to
match the static measurement
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P[iPrOx48NOx2]grad at 20 mg/mL in D2O are shown in Fig. 8
together with the fits. The minimum q value in the present
study is with ∼2×10−3 Å−1 lower than in our previous study
(5×10−3 Å−1). Also, the signal-to-noise ratio is improved.
Thus, the fitting parameters obtained for the forward scatter-
ing cannot be directly compared. However, this does not affect
the data collected at higher q values where information about
the single chains/small aggregates is found. The resulting
fitting parameters from the static and the time-resolved data
sets are shown in Fig. 9 in dependence on the temperature
difference to TCP. While the discrepancy for α is probably due
to the difference in q range as well as the different settings, the
values ofD and ξ coincide very well for the static data and the
deep quenches. This corroborates the existence of the inter-
mediate regime and that the final chain conformation only
depends on the final temperature.

Conclusions

In the present study, we confirm that the gradient copol-
ymers form small aggregates already below TCP.
Moreover, the intermediate regime found in our previous
work is stable [49]. Comparing different jump depths
allows us to determine the influence of the quench depth
in gradient copolymers differing in the amount of

hydrophobic moieties. Deeper quenches result in a stron-
ger collapse of the small aggregates at TCP and in thinner
surface gradient layers of the large aggregates. Comparison
with the static results shows good coincidence, which
justifies the use of the finite fractals as a model function
describing the chain size and conformation.

Time-resolved structural investigations of the phase sepa-
ration at TCP of aqueous solutions of thermoresponsive poly-
mers are still scarce. A recent study addresses aqueous solu-
tions of a concentrated PNIPAM homopolymer where a very
deep quench into the phase-separated regime was carried out
[22]. Our finding of a finite surface gradient in the PiPrOx50
homopolymer differs from the smooth surface observed in the
PNIPAM solution. Moreover, the two-step behavior encoun-
tered with PNIPAM could not be detected in the present
PiPrOx system. A possible reason is the different nature of
the binding of water to the polymers and its release. By being
able to form hydrogen bonds with itself, PNIPAM can expel
the water to a higher degree than in the case of POx, which
does not form hydrogen bonds with itself. This leads to
remaining solvent within the POx aggregates, which then
causes the observed surface gradient.
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Fig. 9 Parameters from fits of Eq. 2 to the static curves (closed black
circles) [49] and the curves from the temperature jumps: shallow
quenches (open blue circles) and deep quenches (open red triangles), in

dependence on temperature difference to TCP. The data are given for
PiPrOx50 (left), P[iPrOx48NOx2]grad (middle), and P[iPrOx46NOx4]grad
(right). Vertical dashed linesmark the temperature of the cloud point TCP
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