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Abstract The thermal behavior of poly(methoxydiethylen-
glycol acrylate) (PMDEGA) is studied in thin hydrogel
films on solid supports and is compared with the behavior
in aqueous solution. The PMDEGA hydrogel film thickness
is varied from 2 to 422 nm. Initially, these films are
homogenous, as measured with optical microscopy, atomic
force microscopy, X-ray reflectivity, and grazing-incidence
small-angle X-ray scattering (GISAXS). However, they
tend to de-wet when stored under ambient conditions.
Along the surface normal, no long-ranged correlations
between substrate and film surface are detected with
GISAXS, due to the high mobility of the polymer at room
temperature. The swelling of the hydrogel films as a
function of the water vapor pressure and the temperature
are probed for saturated water vapor pressures between
2,380 and 3,170 Pa. While the swelling capability is found
to increase with water vapor pressure, swelling in depen-
dence on the temperature revealed a collapse phase
transition of a lower critical solution temperature type. The
transition temperature decreases from 40.6 °C to 36.6 °C with

increasing film thickness, but is independent of the thickness
for very thin films below a thickness of 40 nm. The observed
transition temperature range compares well with the cloud
points observed in dilute (0.1 wt.%) and semi-dilute (5 wt.%)
solution which decrease from 45 °C to 39 °C with increasing
concentration.
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Introduction

Thermoresponsive polymers have attracted considerable
attention due to the manifold applications which arise from
the ability to switch such material by a change in
temperature. Examples of applications are valves in
micro-fluidics, thermosensitive surfaces, artificial pumps
and muscles, light modulation systems, optical switches,
and the release of drugs in the body or sensors. When a
strong change of volume is desired even for small changes
of temperature, the collapse transition of polymers with a
lower critical solution temperature (LCST) behavior is well
suited to install such thermoresponsive behavior. Currently,
the most frequently studied polymer with LCST behavior is
poly(N-isopropylacrylamide) (PNIPAM) [1]. It exhibits an
LCST of about 32 °C that is attributed to alterations in the
hydrogen-bonding interactions of the secondary amide
group [1–5]. In addition to extensive bulk investigations
on PNIPAM solutions [6–8], PNIPAM gels [9–14], and
recently PNIPAM-based thin films have been investigated
[15–24]. Significant macroscopic volume changes were
obtained, and the switchability of thin films was reported.

The LCST of PNIPAM in water is slightly lower than
body temperature and thus has promoted interest in
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biomedical applications [25–27]. This value however
imposes limitations to applications which aim at higher
temperatures. Therefore, alternative thermoresponsive sys-
tems with an LCSTwell above 32 °C are desirable. Moreover,
from a fundamental point of view, it is interesting to extend
the investigations concerning LCST behavior of non-ionic
polymers in aqueous systems to polymers, which do not bear a
"self-consisting" secondary amide group (as in PNIPAM) that
is able to participate as a donor as well as an acceptor in
hydrogen bonding. In this respect, oligoethylenglycol-based
polymers, in particular, acrylates and methacrylates, are an
attractive class of polymers exhibiting a LCST behavior [28].
Their phase transition temperature (PTT) can easily be
adjusted via the number of ethyleneglycol repeat units.
Thus, we have been interested in investigating the polymer
of methoxydiethyleneglycol acrylate (MDEGA), denoted
poly(methoxydiethylenglycol acrylate) (PMDEGA), as such
a thermoresponsive model polymer, which exhibits a PTT in
the range of about 40 °C [29].

We focus on solutions as well as on thin films and
address the film stability and the LCST-type behavior.
Among the large variety of different thin film preparation
techniques, the grafting approach [30–35] and the spin-
coating technique [16–18, 36] are most widely used in the
preparation of thermoresponsive surfaces and thin films.
Spin-coating has proven to be particularly useful [16–18],
being widely applicable in many areas of thin polymer
films and offering the possibility to control the film
thickness over a large range.

Our structural investigations of thin films are based on
scattering techniques, such as X-ray reflectivity and
grazing-incidence small-angle X-ray scattering (GISAXS)
and are complemented by optical and atomic force micros-
copies. Thus, the surface and the inner film structure can be
accessed. The LCST-type behavior for the thin PMDEGA
hydrogel films is probed in swelling experiments in water
vapor atmosphere. It is compared with the PTT of
PMDEGA in bulk solution samples as probed with
turbidimetry and small-angle X-ray scattering (SAXS).

Experimental section

Materials

Carbon disulfide [75-15-0] (99.9%, Acros Organics), pro-
panethiol [2107-03-9] (99%, Sigma-Aldrich), 4-
methoxybenzylbromide [2746-25-0] (with 3 w.% K2CO3,
Sigma-Aldrich), dichloromethane [75-09-2] (Acros Organ-
ics), CHCl3 [37-297-8] (99%, Sigma-Aldrich), triethylamine
[121-44-8] (99%, Acros Organics), basic Al2O3 (Acros
Organics, activated, 50-200 micron), and magnesium sulfate
[7487-88-9] (97%, Acros Organics) were used as received.

Tetrahydrofuran (THF) was distilled over K–Na. Azoisobu-
tyronitrile (AIBN; Wako) was recrystallized from methanol.
Regenerated cellulose dialysis tubing [Zellu Trans 3,5, Roth
(Germany)] had a nominal cut-off of 4.000–6.000 g/mol.
Monomer methoxydiethyleneglycol acrylate (MDEGA) was
synthesized according to the literature [29].

Synthesis of RAFT agent CTA and polymer

The chain transfer agent 4-methoxybenzylsulfanylthio-
carbonylsulfanylpropane (CTA) was synthesized in 90%
yield from propanethiol, carbon disulfide, and 4-
methoxybenzylbromide in CH2Cl2 with triethylamine as
auxiliary base, adapting a standard procedure [37].

Elemental analysis: (C12H16OS3, Mr=272.46): Calc. C
52.90%, H 5.92%, S 35.31%; found: C 53.13%, H 5.90%,
S 34.63 %.

MS (EI, negative ions): m/z=272.45. EA
1H-NMR (300 MHz in CDCl3, δ in parts per million

[ppm]): δ=1.12 (t, 3H, CH3-), 1.83 (m, 2HS-C-CH2-), 3.45
(t, 4 H, S-CH2-), 3.88 (s, 3 H, CH3O-), 4.66 (s, 2 H, CH2-
aryl), 6.93 (d, 2 H, -CH=C-O-), 7.34 (d, 2 H, =CH-C=C-
O-). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ=13.41
(CH3-), 21.50 (CH3-CH2-), 38.72 (-S-CH2-alkyl), 40.92
(-S-CH2-aryl), 114.05 (-CH=C-O aryl), 126.60 (=C< aryl),
130.38 (=CH-C=C-O aryl), 159.12 (=C-O aryl), 223.90
(-S-(-(C=S)-S-). UV-vis (in CH2Cl2): bands at λmax1=
310 nm (π-π*, ε=16,100 L mol−1 cm−1), λmax2=433 nm
(n-π*, ε=62.5 L mol−1 cm−1).

For polymerization, monomer MDEGA (5.0 g;
8.7 mmol) and RAFT agent CTA (0.0686 g; 0.25 mmol)
were dissolved in toluene (8 mL). AIBN (0.0082 g;
0.050 mmol) in THF (2 mL) was added, and the mixture was
purged with argon for 15 min. The sealed reaction flask was
immersed into an oil bath preheated to 70 °C. After 6 h, the
reaction was quenched by placing the flask into liquid
nitrogen. The mixture was diluted with acetone and precipi-
tated thrice into hexane (300mL). The polymer obtained was a
hygroscopic, viscous yellow oil, yielding 3.6 g (72%).

The theoretically expected molar mass was Mn
theo=

14,700 g/mol, and the apparent molar mass according to
SEC was Mn

app=9,700 g/mol (based on polystyrene stand-
ards) with a polydispersity index PDI of 1.7. End-group
analysis by 1H-NMR spectroscopy via the initiating R-
group compared the integrals of the aryl proton signals at
6.9 and 7.3 ppm with the integral of the signal of the ester
α-methylene protons of the constitutional repeat unit at
4.2 ppm and gave a number average molar mass of Mn=
17,000 g/mol. Though less reliable as full conservation of the
active Z end-groups must be assumed, end-group analysis can
be performed alternatively on the basis of the active chain end
Z-groups, quantifying the content of the thiocarbonyl chro-
mophore by UV-vis spectroscopy (in CH2Cl2, using the
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extinction coefficient of 16100 L mol−1 cm−1 at 310 nm of
the RAFT agent engaged). Thus, a number average molar
mass of Mn

Z=24,000 g/mol is formally calculated.

Substrate cleaning and thin film preparation

Silicon (Si) with a thin oxide layer surface was used as the
substrate. The precut Si was placed in dichloromethane at
46 °C for 30 min and rinsed with Millipore water shortly.
Afterward, the Si was placed into a base solution containing
350 mL water, 30 mL H2O2, and 30 mL NH3 at 76 °C for
2 h to clean the substrates and remove organic traces. Then,
the Si was stored in Millipore water. Before spin-coating of
the PMDEGA solution, the Si was rinsed with Millipore
water to remove any possible trace of the basic bath.
Compressed nitrogen was used to dry the Si substrate.
Because of this cleaning protocol, a hydrophilic oxide layer
of 5 nm was present at the Si surface [38].

Dry PMDEGA films were prepared by spin-coating
(2,000 rpm, 30 s) from 1,4-dioxane at room temperature
(relative humidity 40%) onto the pre-cleaned Si substrates.
The concentration of the PMDEGA solution varied from 1 to
60 mg/mL to obtain different PMDEGA film thicknesses.
The solutions used for spin-coating were transparent and did
not show any sign of aggregates. Several identical samples
were prepared to prove the reproducibility.

Methods

Spectroscopy

NMR spectra were takenwith an apparatus Bruker Avance 300
(300 MHz). Mass spectra were recorded by a GC/MS-system
Trace DSQII (Thermo Scientific). Elemental analyses were
carried out using a Vario ELIII microanalyzer (Elementar
Analysensysteme, Germany). UV-vis spectra were recorded on
a spectrophotometer Cary-1 (Varian) using quartz cuvettes
(Suprasil, Hellma, Germany, optical path length 10 mm).

Thermal analysis

Thermal properties of the polymers were characterized by
thermogravimetry (TGA) with an apparatus TGA/SDTA
851 (Mettler Toledo) and by differential scanning calorim-
etry (DSC) with a model DSC 822 differential scanning
calorimeter (Mettler Toledo) under nitrogen atmosphere,
applying heating and cooling rate of 20 K/min.

Size-exclusion chromatography

Size-exclusion chromatography (SEC) of the polymers was
run in N,N-dimethylacetamide containing 0.1 % LiBr as
eluent at a column temperature of 45 °C, with a setup

consisting of an Agilent 1200 isocratic pump, an Agilent 1200
refractive index detector, and two GRAM columns (10 μm,
8×300 mm, pore sizes 100 and 1,000; PSS GmbH, Mainz,
Germany). The SEC setup was calibrated using low polydis-
persity polystyrene standards (PSS GmbH, Mainz, Germany).

Turbidimetry

Turbidity measurements were performed on a temperature-
controlled turbidimeter (model TP1, E. Tepper, Germany)
with heating and cooling rates of 1.0 K/min, respectively. The
transmittance of the polymer solutions was set automatically
to 100% at the beginning of each measurement. Temperatures
are precise within 0.5 K.

For cloud point determination, polymer samples were
directly dissolved in water with a concentration of 1 mg/mL.
The cloud points of the aqueous solutions were measured by
turbidimetry at a fixed heating/cooling rate of 1 °C/min. The
temperature at which the first deviation of the scattered light
intensity from the baseline of the turbidity curve occurred was
taken as the cloud point.

Dynamic light scattering

Dynamic light scattering (DLS) was carried out using a
high-performance particle-sizer (HPPS-ET, Malvern Instru-
ments, UK) equipped with a He–Ne laser (λ=633 nm) and
a thermoelectric Peltier temperature controller. Polymers
were directly dissolved at ambient temperature in deionized
water with a concentration of 1.0 mg/mL. The measure-
ments were made at the scattering angle of θ=173º
(“backscattering detection”), and the autocorrelation func-
tions were analyzed with the CONTIN method.

Small-angle X-ray scattering

SAXS experiments were performed at beamline A2,
HASYLAB at DESY in Hamburg, Germany. An X-ray
beam with a wavelength λ=0.15 nm and a size of 2×3 mm
was used. The detector was a MarCCD camera with a
resolution of 1,024×1,024 pixels, which was mounted
1.0387 m from the sample. A piece of lead was used as
the beam stop. The accessible q-range with this setup was
0.25–3.4 nm−1. The background was determined using D2O.
The q calibration was performed using silver behenate.

The polymer was dissolved in D2O at a polymer
concentration c = 50 mg/mL and was stored in the fridge
2 days prior to the SAXS experiment. The polymer solution
was mounted between two pieces of Kapton foil in a
sample holder with five sample positions. The temperature
was controlled by a JUMO temperature controller and was
measured by a thermocouple directly embedded in one of
the sample cells. The sample thickness was 2 mm.
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Measurements were carried out between 27 °C and 55 °C.
Each measurement took 200 s with waiting times of 10 min
after each change of temperature.

For the analysis of the SAXS curves, the NIST SANS
package 7.02 implemented in the software IGOR Pro 6.1
was used [39]. The data were fitted with a combined
equation following Refs. [11, 40]:

IðqÞ ¼ IOZ

1þ x2q2 Dþ 1ð Þ=3� �D=2 þ Ig exp � Rgq2

3

� �
þ K

qa
þ bg

ð1Þ
The first term describes the solution-like concentration
fluctuations by a generalized Ornstein–Zernike equation
(OZ) for a polymer system with a certain fractal dimension,
D. ξ is the correlation length of concentration fluctuations,
and I0 a scaling factor. The second term corresponds to
solid-like concentration fluctuations and is a function of the
radius of gyration Rg of polymer-rich or polymer-poor
domains of the solution with a scaling factor Ig. In our case
of a relatively dilute solution, we attribute it to polymer-rich
domains. It reflects the incomplete hydration of PMDEGA.
To describe the increasing scattering observed at small q
values, a generalized Porod law is added (third term), which
includes the Porod amplitude K and the Porod exponent α.
bg denotes the incoherent background.

Optical microscopy and atomic force microscopy

The sample surfaces were observed with optical microscopy
using a Zeiss Axiotech 25 H optical microscope with
magnifications between ×1.25 and ×50. A PixeLink
S621CU CCD camera was used to record the micrographs.

With a PARK Autoprobe CP atomic force microscope,
the sample surface was probed at high resolution. All
measurements were performed at ambient conditions. Each
scanned micrograph consists of 256 lines, scanned with
0.25 up to 1.0 Hz. Several images were measured for each
sample. Micrographs were recorded at different sample
positions. Contact avoidance to the sample minimized the
tip-induced sample degradation. The silicon gold-coated
conical cantilevers had resonant frequencies at about f=
80 kHz and a spring constant of approximately 2.3 Nm−1.
At each individual sample position, scans with different
ranges from 0.5×0.5 μm up to 10×10 μm were performed.
From the raw data, the background due to the scanner tube
movement was fully subtracted to determine the values of
the rms roughness over the complete scan area.

X-ray reflectivity measurements

X-ray reflectivity (XRR) curves were measured with a
Siemens D5000 diffractometer using a reflectivity exten-

sion. The measurements were performed in air with a
scintillation counter. The samples were fixed on the sample
stage by vacuum. A tantalum knife edge was mounted
above the sample surface to reduce background and to
control the footprint of the X-ray beam on the sample. The
measurements were performed at a wavelength of λ=
0.154 nm (secondary graphite monochromator, Cu Kα).
Data were fitted by the program Parratt32 [41] using the
Parratt algorithm [42]. A model with different refractive
layers was assumed in the program.

Optical interference measurements

Sample thicknesses and optical properties (i.e., the refrac-
tive index, n) were measured with the Filmetrics F20
ThinFilm Measurement System (Filmetrics Inc., San
Diego). By adjusting the distance between the sample and
the beam cable, the spot size of the light beam varied from
500 μm to 1 cm. The wavelength used for obtaining the
characteristic intensity oscillation curve in the measurement
was in the region from 400 to 1,100 nm. For the swelling
behavior measurements, dry PMDEGA films were placed
in a small aluminum chamber under water vapor con-
ditions. The incident beam passed through the glass
windows on top of the chamber. Due to interference of
the light multiply reflected from the film surface and the
film/substrate interface, an interference fringe pattern is
observed in the reflected intensity. The positions and
amplitudes of the fringes are related to the film thickness
and the refractive index, n. By fitting these curves, the
thickness and the refractive index of PMDEGA films were
obtained.

Grazing-incidence small-angle X-ray scattering
measurements

GISAXS measurements were carried out at the beamline
BW4 of the DORIS III storage ring at HASYLAB (DESY,
Hamburg) [43]. The selected wavelength was λ=0.138 nm.
The beam divergence in and out of the plane of reflection
was set by two entrance cross-slits. To operate a micro-
beam the X-ray beam was moderately focused to the size of
(H×B) 40×60 μm2 by using an assembly of refractive
beryllium lenses [44]. The sample was placed horizontally
on a goniometer. A beam stop was used to block the direct
beam in front of the detector (MARCCD; 2,048×2,048
pixels). A second, point-like moveable beam stop was also
used to block the specular peak on the detector. The
incident angle was set to αi=0.35° for the initially prepared
PMDEGA film, and αi=0.365° for the PMDEGA film after
being exposed to water vapor, which is well above the
critical angles of PMDEGA (0.149°) and of Si (0.20°). As a
result, specular and Yoneda peak are well separated on the
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detector and both, the sample surface and the film are
probed [45–48]. At the chosen sample-detector distance of
2.22 m (for the initially prepared PMDEGA film) and
1.99 m (for the PMDEGA film after being exposed to water
vapor), the Yoneda and the specular peak are well separated
on the detector. Due to the simple shape of the two-
dimensional GISAXS pattern, structural information is
obtained from vertical and horizontal cuts of the 2D
intensity distribution [48–50].

The vertical cut at qy=0, called detector cut, contains the
information of the structure perpendicular to the surface.
Horizontal cuts at constant qz allow extracting the informa-
tion (geometry, size distribution, and spatial correlation) of
lateral structures. The intensity of the qy-cuts was integrated
over a small slice Δqz in the vertical direction to obtain
improved statistics. In literature, these horizontal cuts are
also named as GISAXS cuts and out-of-plane cuts [48].

Results and discussion

Synthesis and molecular characterization

Homopolymers PMDEGA were synthesized via radical
addition-fragmentation chain transfer (RAFT) polymeriza-
tion, using the RAFT agent CTA and AIBN as free radical
initiator (see Fig. 1). The polymerization proceeded
smoothly, to give the polymer in good yield as a highly
viscous, tacky mass, in agreement with a glass transition
temperature of PMDEGA of about −50 °C [51, 52].

Characterization by SEC in dimethylacetamide reveals a
monomodal molar mass distribution, with a moderate
polydispersity of 1.7. The obtained apparent number
average molar mass of Mn

app=9,700 must be taken as
approximate only, as polystyrene standards are used for
calibration. Fortunately, the 1H-NMR spectrum of
PMDEGA exhibits in addition to the characteristic signals
of the repeat units also some signals of end groups
incorporated via the RAFT agent CTA (see Fig. 2). In
particular, the protons of the phenylene end group are
resolved (protons "b" and "c"), so that their quantification
relative to the signal intensity of a characteristic signal of

the constitutional repeat units (such as protons "g") enables to
determine an absolute number average molar mass by end-
group analysis, to give a molar mass of Mn=17,000 g/mol.
This value is in good agreement with the theoretically
expected one of Mn

theo=14,700 g/mol. The comparison of
the data of Mn and Mn

app shows that the mismatch is less
dramatic in the case of PMDEGA than for higher poly
(oligoethyleneglycol acrylate)s [53], but it is still substantial.
Additionally, the strong thiocarbonyl chromophore of the Z-
group at the active chain end allows performing an
alternative end group determination via UV-vis spectroscopy,
under the assumption that no end groups get lost in the
course of the polymerization reaction. The thus obtained
value of Mn

Z=24,000 g/mol is somewhat higher than the Mn

value determined via the R-group, pointing to a loss of about
25–30 % of active end groups in the course of the
polymerization process. The occurrence of side reactions
during the RAFT polymerization is also suggested by the
moderate value of 1.7 for the PDI. This is not too surprising,
as the polymerization was performed in THF. While being a
good solvent for the reagents and the polymer, this cyclic ether
was recently shown to be prone to side reactions in the RAFT
process [54, 55]. Also, due to the chemical similarity of the
cyclic ether structure of THF and the multiple ether moieties
in the methoxyethoxyethyl side chains of PMDEGA, one
must take into account possible inherent side reactions of the
growing polymer chains with the side chains. Nevertheless,
the polymer has a monomodal, reasonably narrow mass
distribution, and dissolves completely in water.

Collapse transition of PMDEGA

The cloud point of the PMDEGA in dilute aqueous solution
(1 mg/mL) was determined by turbidimetry as 45 °C (see
Fig. 3), with only a small hysteresis between heating and
cooling cycles. This cloud point measured is taken as PTT
for the collapse of the polymer. The value found is higher
than the value of 38 °C reported in the literature for a more
concentrated solution (10 mg/mL) of PMDEGA [29] for a
sample prepared via nitroxide-mediated radical polymeri-
zation using 1,1,2,2-tetraphenyl-1,2-diphenoxyethane as
mediator, with a molar mass of 9,000 g/mol. This difference

CH

C=O

O-CH2CH2-OCH2CH2-O-CH3

S C

S

S CH2CH2CH3CH2CH3O

S C

S

S CH2CH2CH3CH2-CHCH2
83

C=O

O-CH2CH2-OCH2CH2-O-CH3

CH3O

CH2 MDEGA

CTA

PMDEGA

Fig. 1 Chemical formulas of
monomer MDEGA, RAFT
agent CTA, and polymer
PMDEGA used
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may be explained either by the different concentrations and/
or by the different end groups introduced via the different
controlling agents, which have been reported to modulate
cloud points of a given water-soluble polymer [56–58].
Note that the latter effect is also well known in the case of
PNIPAM, whereas the PTT of PNIPAM is nearly indepen-
dent of the concentration in the range considered [59].

Additional studies by DLS were made to determine the
evolution of the hydrodynamic radii upon heating from 20 °C
to 60 °C. PMDEGA exists at 20 °C apparently as single
polymer coil with a hydrodynamic diameter of 5 nm, while at
60 °C, i.e., well above the cloud point, large aggregates with

hydrodynamic diameters of about 700 nm were formed, but
no precipitation occurred.

To gain further insights into the collapse transition of
PMDEGA, less dilute solutions were investigated with
SAXS [60]. In contrast to the turbidity measurements, a
higher polymer concentration (50 mg/mL) was chosen to
address the semi-dilute regime and to improve the signal.
Figure 4 shows representative SAXS scattering curves.
Only slight changes are observed in dependence of
temperature. At high temperatures, the scattering at low q
values is steeper than at high q values, where the scattering
also moves towards lower q values with increasing

S
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Fig. 2 1H-NMR spectrum of
PMDEGA in CD2Cl2
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temperature. The absence of a discontinuity makes it
difficult to identify the PTT directly from the SAXS curves.

The curves could not be fully fitted with a simple OZ
law, describing semi-dilute polymer solutions with a
correlation length ξ between the polymer strands. The OZ
structure factor has to be modified by including a fractal
dimension, indicative of the packing of the transient
network. We observe two additional features: (1) a decay
at intermediate q values and (2) increased forward
scattering at q<∼0.5 nm−1 which becomes more pro-
nounced at high temperatures. To describe the scattering
at intermediate q values (1), a term describing the scattering
from polymer-rich and polymer-poor regions was added to
the OZ law. It may be due to incomplete hydration of the
PMDEGA chain resulting in a pearl-necklace conformation
of the chains [61] or to lumps of only partially dissolved
polymer. This contribution includes the radius of gyration
of the inhomogeneities, Rg. A generalized Porod law was
used to fit the forward scattering (2), describing the
scattering of very large particles. Overall, the model chosen
describes the curves very well in a wide temperature range.

In the applied fitting, the Porod exponent α was fixed at
4 below the PTT, whereas above the PTT, it was fixed at 6
in order to fit the steep increase in forward scattering. The
fractal dimension, D, was fixed at values of 2 and 3 below
and above the PTT, respectively, i.e., the classical OZ
behavior of polymer solutions is observed below the PTT,
whereas the collapsed polymers form a densely packed melt
above, in spite of the missing ability to form hydrogen
bonds among monomers (in contrast to PNIPAM). Both
assumptions result in good fits and do not have an influence
on the remaining parameters. In Fig. 5, the fitting results of
ξ and Rg are given in dependence on temperature. Below
the PTT, ξ increases from 1.29 nm at 27 °C to 2.45 nm at
37 °C, then decreases within 4 K to ∼0.7 nm where it stays up
to 55 °C.We conclude that the PTT is crossed at (39±2) °C, at
a temperature 6 K lower than the one observed in turbidimetry

at 1 mg/mL (see above). The PTT thus decreases with
increasing concentration, similar to PNIPAM. Fitting a mean-
field scaling law [11] to the ξ–values below the PTT:

x ¼ x0
Ts � Tð Þv ð2Þ

a spinodal temperature Ts=(45±1) °C and an exponent v=
0.82±0.09 are obtained. The spinodal temperature thus lies
above the observed PTT, and the exponent is significantly
higher than the value of 0.5 predicted by mean-field theory
and observed with PNIPAM [11]. The size of the polymer-
rich regions, Rg, is constant at 2.6–2.7 nm below the PTT
and decreases gradually to ∼2.4–2.5 nm above the PTT. The
polymer-rich, presumably, not hydrated domains thus have a
size independent on temperature, which only decreases
slightly, probably due to the repulsion of even more water.

Structure and stability of PMDEGA films

The combination of the applied base cleaning and spin-
coating out of 1,4-dioxane solution enables the preparation
of smooth and homogeneous PMDEGA films on Si
substrates. Optically and with atomic force microscopy
(AFM), no heterogeneities are found in freshly prepared
films with thicknesses above 10 nm. Figure 6a shows the
PMDEGA film surface of the as prepared film with a
thickness of 40 nm as seen with optical microscopy. On a
very large surface area, the film is homogeneous. With
AFM on a local scale, the film is homogeneous as well (see
Fig. 7a). Locally, it has a peak-to-valley surface roughness
below 1 nm as determined from the AFM data.

With XRR the film thickness and surface roughness is
probed for a significantly larger surface area. Figure 8a
shows the measured XRR curves for PMDEGA films of
different film thickness together with a fit to the data. In the
model, a single PMDEGA layer on top of the Si substrate
was assumed. The homogenous polymer layers have the
refractive index of PMDEGA. A film thickness regime
from 2 to 162 nm is covered in this investigation. In
general, within the applied fitting model, the data are well
described by the fits. The intensity modulation (Kiessig
fringes) in the data of the thinnest PMDEGA film (2 nm) is
damped, due to imperfections of the PMDEGA layer.
Instead of a continuous and homogenous layer of
PMDEGA on the substrate, the PMDEGA forms islands
on the substrate, because a very low concentration of
PMDEGA in 1,4-dioxane was used to achieve such thin
film. The PMDEGA islands cause a large surface roughness
and result in damped fringes in the XRR data. At higher
PMDEGA concentrations, continuous films are obtained on
Si out of 1,4-dioxane solutions. In the XRR curves, the
intensity modulations are well pronounced, due to a small
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Fig. 5 SAXS results from the fits to the scattering curves. Correlation
length ξ (open circles) and radius of gyration Rg (solid squares). The
full line is a fit of the scaling law (Eq. 2)
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surface roughness of the PMDEGA films. The rms-surface
roughness values increase with increasing film thickness
(see Fig. 8c), however, all values are on the order of 1–
2 nm, which matches with AFM observations. Note that the
island surface roughness for the thinnest film is not shown
in Fig. 8c.

The resulting film thicknesses are shown in Fig. 8b as a
function of PMDEGA concentration in the 1,4-dioxane
solutions used for spin-coating. It was found empirically for
the model system of polystyrene spin-coated from toluene
solution that the film thickness increases linearly with the
polymer concentration [62]. The same linear concentration
dependence matches the PMDEGA films spin-coated out of
a 1,4-dioxane solution, as shown by the solid line matching
the data points in Fig. 8b. We conclude that, in the
addressed concentration regime used to prepare PMDEGA

films, the overlap concentration is not reached. The
PMDEGA solutions behave like simple homopolymer
solutions in the spin-coating process.

All XRR measurements were performed on freshly
prepared PMDEGA films. During storage under ambient
conditions, the films roughen as illustrated with optical
micrographs and AFM. As an example for this aging,
optical images of a film with a thickness of 40 nm are
shown in Fig. 6 for different storage times. For other
PMDEGA film thicknesses, a similar behavior is seen.
Whereas the initially prepared film is optically homoge-
neous with only a very few distortions (here shown to
illustrate that the polymer surface is in the focal plane of the
optical microscope), an onset of de-wetting is visible
already after 1 day (see Fig. 6b). Very clearly, holes of
different diameter are seen in the polymer film. Between

Fig. 6 Optical micrographs of a
initially prepared PMDEGA
(40 nm thickness), b after 1, c 2,
and d 6 days storage in air under
ambient condition. The micro-
graphs are measured with a
magnification of 2.5 and show
an area of 4,096×3,276.8 μm2

Fig. 7 AFM micrographs of a
initially prepared PMDEGA
(40 nm thickness), b after
swelling in water vapor, and
c after 6 days storage in air
under ambient condition
(measured on a homogeneous
spot). The color code for the
heights is individually adapted
to emphasize on the surface
morphology
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the holes, a still-homogeneous PMDEGA film is present,
which however is increased in its surface roughness as well
(see AFM image in Fig. 7c). The broad distribution of hole
diameters indicates a nucleated de-wetting process with
grains of different nucleation strength being embedded in
the PMDEGA film and acting as nucleation sites. Such
grains might be partially dissolved polymer as observed in
the SAXS measurements described above, although a better

solubility of PMDEGA in 1,4-dioxane is to be expected.
Impurities such as dust particles can be excluded due to
applied filtering of the solutions used for spin-coating. The
holes grow with time and a further roughening of the film
occurs (see Fig. 6c, d); however, a complete destruction into
isolated polymer drops is not found. Thus, the PMDEGA
films are not unstable on the base-treated Si surfaces, but are
metastable and only partially destroyed in the areas
influenced by the non-swollen nucleation sites [63].

A corresponding de-wetting behavior was not observed
in the PNIPAM-based thermoresponsive films [16–18] on
identically treated Si surfaces. At first glance, this might be
caused by the strong differences in the glass transition
temperatures Tg (PMDEGAwell below RTwith Tg=−50 °C
[52] and PNIPAM well above RT with Tg=142 °C),
resulting in a significantly different mobility of the polymer
chains at room temperature. However, in thin films, the
interaction of the solid support has a strong influence of the
glass transition temperature which may be very different
from the bulk. For example, Tg values of poly(methyl
methacrylate) films on substrates of SiOx and on SiOx

coated with hexadecyltrimethoxysilane are increased or
decreased, respectively [64]. As a consequence, PMDEGA
chains have a sufficiently high mobility on base-treated Si,
whereas PNIPAM chains do not have this mobility.

To deepen this question, the long-ranged correlation in
thin PMDEGA films is investigated. Using GISAXS, these
correlations along the surface normal can be probed [65–
67]. In case the chains are close to immobile in the thin
polymer film, a roughness correlation between the solid
support and the polymer surface is installed by spin-
coating. In many glassy polymers, this correlated roughness
has been found [67]. Being energetically unfavorable for
the polymer chain, this correlation is cured if the polymer is
sufficiently mobile. In a GISAXS measurement, correlated
roughness causes intensity modulations along the vertical
direction (qz axis) due to partial phase coherence of
diffusely scattered waves [65].

In Fig. 9, the example of a PMDEGA film with 40 nm
film thickness is addressed. The corresponding GISAXS
data are shown together with vertical cuts. Results from
the initially prepared film are compared with results from
a film exposed to water vapor atmosphere. Obviously,
the vertical cuts exhibit no modulations in the intensity,
and only the Yoneda and specular peak are present, even
though the resolution of the setup is highly sufficient to
resolve possible modulations. Thus, already, the initially
prepared PMDEGA film has sufficient mobility to cure
the long-ranged correlation, and no correlated roughness
is found in PMDEGA. In contrast, in PNIPAM films
strong intensity modulations were observed [16], which
proves that the PNIPAM films are glassy and frozen-in
after spin-coating.

Fig. 8 a Representative X-ray reflectivity curves (dots) shown
together with model fits (lines) for the thickness regime covered in
this investigation. With increasing film thickness (2, 21, 27, 46, 58,
83, and 162 nm from bottom to top), the curves are shifted along the
Y-axis for clarity of the presentation. b Film thickness, c surface
roughness plotted as a function of the PMDEGA concentration of the
1,4-dioxane solution used for spin-coating. The solid line is a linear fit
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Removing the PMDEGA films from ambient conditions
by placing them in a desiccator is a way to improve film
stability. Optical microscopy showed that films stored in dry
conditions remain homogeneous for 4 days, and de-wetting
occurred only after 6 days. Thus, the de-wetting is retarded
compared with the films stored in ambient conditions (1 day).
We conclude that the humidity at room temperature under
ambient conditions is sufficient to make the PMDEGA films
swell. Incorporation of water from the surrounding air causes
a plastification of the PMDEGA films and thus further
increases the chain mobility.

Swelling and collapse transition of PMDEGA films

The swelling capability of thin PMDEGA films was
investigated in optical interference measurements. The
PMDEGA films were placed in a sealed chamber which
contained a water reservoir to install saturation conditions.
The swelling behavior of PMDEGA films at room
temperature is shown in Fig. 10a for the example of a film
thickness of 42 nm. The relative change in film thickness is
monitored as a function of time. Freshly prepared
PMDEGA films were exposed to different water vapor
pressures created by aqueous sodium chloride solutions
with different concentrations. Thus, the swelling in different
water vapor pressures is probed in this experiment. From
the top to the bottom, the concentration of sodium chloride
solution increases from 0 to 0.36 g/mL, which corresponds
to a saturated water vapor pressure decrease from 3,169 Pa
(0 g/mL) to 2,380 Pa (0.36 g/mL). At 3,169 Pa, the
strongest swelling is probed. Equilibrium is reached after
60 min. After this exposure time, films are still homogeneous
but slightly roughened as probed with AFM (see Fig. 7b). The
peak-to-valley surface roughness increases to values above
1 nm. For exposure times longer than ∼70 min, the swollen
film undergoes instability, and de-wetting sets in. In the
optical interference measurement, the de-wetting appears as

a further increase in film thickness due to film heterogeneities.
Because the PMDEGA film has already incorporated water
during the initial swelling, the polymer chain mobility is
further enhanced as compared with the initially prepared
films. As a consequence, the de-wetting process happening in

Fig. 9 GISAXS data of a
40 nm thick PMDEGA film: a
two-dimensional images of the
initially prepared film and b of
the film after exposure to water
vapor. c Vertical cuts from these
two-dimensional data at qy=0
with Yoneda and specular peak
indicated (initially prepared at
bottom and water vapor exposed
top curve)

Fig. 10 a Swelling behavior of PMDEGA films when exposed to
sodium chloride solutions with different concentrations. From top to
bottom, the concentrations of the sodium chloride solution are 0
(squares), 0.045 (circles), 0.09 (rhombs), 0.18 (hexagons), 0.36 g/mL
(stars). b Ratio of the maximal reached swollen PMDEGA film
thickness normalized to the initial dry film thickness as a function of
the vapor pressure. The solid line is a guide to the eye
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the dry film under ambient conditions in days is accelerated to
hours in the swollen film.

With decreasing value of the saturated vapor pressure,
the ability of the films to swell also decreases, and the
tendency of the films to de-wet is less pronounced. The
swelling capability of the investigated PMDEGA films is
sensitive to the surrounding vapor pressure. Figure 10b
summarizes this behavior in plotting the swelling capacity
(swollen film thickness normalized to the initial dry film
thickness of the respective PMDEGA film) as a function of
the vapor pressure. The film thickness of the swollen
PMDEGA film depends on the water vapor pressure in a
strongly non-linear way. At low water vapor pressure, there
are not sufficient water molecules present in the surround-
ing of the PMDEGA film to saturate all monomers and to
reach the full swelling capacity.

To address the collapse transition, the temperature-
dependence of the film thickness is measured. Starting at
31 °C, which is below the PTT known from the bulk
investigations, the freshly prepared PMDEGA film is exposed
to water vapor atmosphere installed at a fixed salt concentra-
tion in the water reservoir of the chamber. The measured
changes in the film thickness are shown in Fig. 11a for three
different vapor pressures (installed by three sodium chloride

solution with different concentrations). Figure 11 compares
samples with an equal initial film thickness of 42 nm. At a
concentration of the sodium chloride solution of 0.023 mg/
mL (squares in Fig. 11a), the PMDEGA film shows the
strongest response, with the largest change in film thickness
due to the chain collapse. The higher sodium chloride
concentrations 0.045 and 0.09 mg/mL result in a weaker
shrinkage and in a shift of the PTT to slightly higher
temperatures. Thus, the decrease of saturated vapor pressure
causes the transition temperature to shift to higher temper-
ature, while the transition becomes broader as is more clearly
seen from the first derivatives shown in Fig. 11b.

In general, all transitions appear broader as compared with
the behavior measured for PNIPAM-based films. This
increased width of the transition region matches with the
observations in semi-dilute solutions as probed with SAXS.
This phenomenon is not limited to a selected film thickness, as
Fig. 12 demonstrates. At a fixed value of the sodium chloride
solution concentration (0.045 g/mL), the film thickness
dependence of the PTT is determined. For film thicknesses
between 17.4 and 422.6 nm, a broad transition is seen.

Similar to the behavior of PNIPAM films, the strength of
the chain collapse depends on the film thickness. The
thinner the PMDEGA film, the stronger is the probed
response to the temperature change and the change in film
thickness caused by the chain collapse. The thin film
(thickness 17.4 nm) reduces its thickness by more than 20
% when passing the PTT, whereas the thick film (thickness
422.6 nm) shrinks only by 7% (see Fig. 12a). Moreover, the
transition temperature decreases slightly with increasing
film thickness (see Fig. 12b). The thickness-dependent
change of the transition temperature is illustrated in
Fig. 12c. In the thin film regime (up to film thicknesses
of 40 nm), a plateau is present, which means that, in this
region, an increase in the film thickness does not cause a
change of the transition temperature. Above this critical
film thickness, a further increase of the film thickness
affects the PTT, and a decrease from 40.6 °C (41.1 nm) to
36.6 °C (422.6 nm) is detected.

In literature, only few swelling experiments with thin
PNIPAM films were performed, and most of them were
related to end-grafted PNIPAM [68–70]. In chains with
one chain end-grafted to the solid support, a reduced
ability to swell was found; however, a similar behavior to
the PMDEGA film response was observed for poly(N-
isopropylacrylamide) end-capped with n-butyltrithiocar-
bonate (nbc-PNIPAM) spin-coated onto solid supports
[16]. The thinner the nbc-PNIPAM films were, the
stronger was the response to swelling in saturated water
vapor atmosphere. However, in nbc-PNIPAM a swelling
of up to a factor of 6.5 as compared with the dry film was
observed [16], whereas for PMDEGA the maximal
swelling factor is 1.63. Thus, a 10.5 nm thick nbc-

Fig. 11 a Temperature-dependent changes of the film thickness
measured for PMDEGA films when exposed to sodium chloride
solution with different concentration of 0.023 mg/mL (squares),
0.045 mg/mL (circles), and 0.09 mg/mL (rhombs). The solid lines
are guides to the eye. b Corresponding first derivatives of these data

Colloid Polym Sci (2011) 289:569–581 579



PNIPAM film responded by a more than 50% change of its
thickness in the shrinkage [16], illustrating the much
stronger response of nbc-PNIPAM as compared with
PMDEGA. Therefore, differences in the observed swelling
between nbc-PNIPAM and PMDEGA may result from the
collapsed chain conformation, which, in the dry film, is
due to the applied spin-coating technique. In combination with
the hydrophilic substrate surface, which favors the PNIPAM or
PMDEGA segments as well as water, the swelling might be
increased by a type of entropic spring change in the

conformation. The weaker response of the PMDEGA films is
accompanied with a stronger shift in the transition temperature
as compared with the nbc-PNIPAM. Therefore, nbc-PNIPAM
and PMDEGA show an all-over similar behavior in thin films,
but differ in the details due to the differences in the monomers
and the resulting hydrogen bonding.

Very recently, in the case of nbc-PNIPAM films, it was
shown that, with decreasing film thickness, the free volume
increases [71]. As a consequence, it is the free volume
which rules the maximum swelling capability of the nbc-
PNIPAM films, and one might expect that the same is valid
for the PMDEGA films probed in the present investigation.

Conclusions

Thin and homogeneous PMDEGA homopolymer hydrogel
films on base-cleaned Si surfaces can be produced by spin-
coating from 1,4-dioxane solution. Thus, solution and thin
film behavior can be compared. The structural changes
upon a thermally induced transition of the LCST-type from
the swollen to a collapsed state in an aqueous solution and
in thin films are probed. Though the thermal response of
PMDEGA shares some similarities with the well-
investigated PNIPAM, important differences were found.
On the one hand, the absolute value of the LSCT is
increased as compared with PNIPAM, being in the 45 °C
to 38 °C range. This value is slightly above (instead of
slightly below) body temperature which might offer
certain advantages for biomedical applications.

Similar to the observations in PNIPAM, the PTT of thin
PMDEGA hydrogel films is film-thickness-dependent. With
increasing film thickness, the PTT decreases by 4 °C in good
agreement with the observations for PNIPAM thin films on
identical surfaces. However, all these thin films are non-bulk
films and thus the PTT can be influenced by the interaction
with the substrate. In the investigated range of film thickness
(up to 422 nm), the bulk hydrogel behavior is not reached.

Concerning the width of the transition from a swollen to a
collapsed state, PMDEGA differs from PNIPAM in that its
transition is broader. Therefore, switching of PMDEGA
solutions and thin films will require slightly larger changes
in the temperature in comparison with PNIPAM. Moreover,
the response is not that strong in PMDEGA films, meaning
that the changes in film thickness are smaller as compared
with PNIPAM films. Noteworthy is that, already after 1 day of
storage under ambient conditions, an onset of de-wetting
occurred. Although full film rupture into isolated droplets of
PMDEGA did not happen, the films became heterogeneous.

Because preparation of the PMDEGA films out of 1,4-
dioxane solution was done at ambient conditions already,
even the freshly prepared films contain an unknown amount
of water. Therefore, films denoted as "dry" are in reality

Fig. 12 a Temperature-dependent changes of the film thickness
measured for PMDEGA films exposed to sodium chloride solution
with concentration (0.045 g/mL). The film thickness varies from
17.4 (squares), 36.5 (circles), 41.1 (rhombs), 80.3 (hexagons), 178
(stars), to 422.6 nm (pentagons). The solid lines are guides to the
eye. b Corresponding first derivatives of these data. c Thickness-
dependent change of transition temperature measured for PMDEGA
films (dots). The solid line is a guide to the eye
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still slightly swollen. This might explain why PMDEGA
films showed much less swelling as compared with
PNIPAM films. All swelling experiments started with
slightly swollen films already, whereas PNIPAM films
absorb less water from the surrounding atmosphere and stay
drier if prepared out of an organic solvent. Therefore, the
affinity to water is higher for PMDEGA than for PNIPAM.
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