Fe

Annual Report 2016 @

Physik-Department

Lehrstuhl fiir Funktionelle Materialien
mit dem
Fachgebiet Physik Weicher Materie

Technische Universitit Miinchen

[ The Solvent Vapor Aunealing,
or [here and Back Again

: Fhase Diagram of
$ Sm 4@ Block Copolymers




LS FUNKTIONELLE MATERIALIEN

ANNUAL REPORT 2016

Cover-page picture:

Prof. Dr. Winfried Petry
Chair of Functional Materials
Physik-Department

Deputy chairman for Prof. Dr. Winfried Petry:
Prof. Dr. Peter Miiller-Buschbaum

Prof. Dr. Christine M. Papadakis
Soft Matter Physics Group

Physik-Department

Technische Universitdt Miinchen
James-Franck-Strafle 1

85748 Garching

Secretaries: Marion Waletzki
Carola Kappauf

Tel.: +49(0)89 289 12452
Fax: +49(0)89 289 12473

Email: peter.mueller-buschbaum@ph.tum.de
papadakis@tum.de
marion.waletzki@ph.tum.de
carola.kappauf@ph.tum.de

http:/ /www.functmat.ph.tum.de

http:/ /www.softmatter.ph.tum.de

Editor: Dr. Anatoly V. Berezkin

Probing of the phase diagram of the diblock copolymer with in-situ GISAXS upon solvent vapor
annealing of the copolymer film.

Copyright:

Inquiries about copyright and reproduction, etc. should be addressed to the authors.



ANNUAL REPORT 2016 LS FUNKTIONELLE MATERIALIEN 3

Preface

It is a great pleasure to present the annual report for the year 2016 in the name of the staff of
the Chair of Functional Materials and the Soft Matter Physics Group. It provides an overview
of our teaching, research, and development activities. Our research activities are focused on
functional materials and cover a broad range from soft matter physics to developments of
methods and instrumentation. We examine the fundamental physics of material properties
using mainly scattering methods (neutron, x-ray and light scattering). The general goal of
our research is to explain the functional characteristics of soft condensed matter from the
knowledge of the molecular dynamics and nanostructure.

In 2016, the chair activities covered the specific areas of water-based polymer systems, thin
polymer films, polymer films for application in photovoltaics, polymer-hybrid systems and
new materials. The activities in the fields of polymer films for application in photovoltaics
and polymer-hybrid systems are successfully increasing. With "TUM.solar”, the keylab in the
network of in the Bavarian Collaborative Research Project “Solar Technologies go Hybrid” (SolTec)
headed by Prof. Miiller-Buschbaum was running in the fifth year of funding. Research on ”“Mor-
phological degradation in low bandgap polymer solar cells - an in operando study”, on ”“Spray deposition
of titania films with incorporated crystalline nanoparticles for all-solid-state dye-sensitized solar cells
using PBHT” and on “A low temperature route towards hierarchically structured titania films for thin
hybrid solar cells” were featured on front covers of the high impact journals Advanced Energy
Materials and Advanced Functional Materials, respectively. Investigations on perovskite solar
cells complemented these activities. Moreover, nanostructured block copolymer thin films,
polymer nanocomposites, multiresponsive polymer systems as well as polymers for medical
applications were again in the focus of the research. Some of these results were featured on
front covers of the journals Macromolecular Rapid Communications and Macromolecular
Chemistry and Physics.

The in-house experiments available in the laboratories of the chair were supplemented by
the lively activities at numerous large scale facilities, comprising synchrotron radiation and
neutron scattering experiments, also at the FRM II. In particular, the in-house x-ray scattering
experiments were operated with full time schedule. Glovebox environment for improved
sample preparation of devices relying on air sensitive materials such as conjugated polymers
was extended to perovskite materials. With the addition of instruments to measure the external
quantum efficiencies and the development of a novel in-operando IV-measurement chamber
for characterization of solar cells, new experimental options were added to our facilities. The
sample environment for in-situ investigations of solvent vapor annealing was substantially
improved, allowing higher flexibility. Moreover, together with our guest, Prof. Alfons Schulte,
the high-pressure sample environments was modified to allow for automatic operation.

In 2016, the Chair of Functional Materials comprised 10 fellows, 46 PhD students, 39 master
students, 18 bachelor students, 6 student assistants and 9 administrative and technical staff
members. Six PhD theses were accomplished; moreover, 13 master theses as well as 15 bachelor
theses were finished. As all the years before, we had the pleasure to host several guests from
abroad, which stimulated a lively and inspiring scientific atmosphere.

In general, all members of the chair were very active at conferences and workshops, partic-
ipating with both, talks and posters. Bart-Jan Niebuur won the price for the best talk of a
young scientist at the Greek-German Workshop 2016 and Franziska Lohrer was rewarded
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with the price for the best talk on the “6th Colloquium of the Munich School of Engineering”.
Moreover, important conferences were organized by members of the chair: Prof. Winfried Petry
co-organized the “Neutrons for Energy” conference in Bad Reichenhall, the 50 years of neutron
backscattering spectroscopy” workshop in Graching and the "VDI-TUM Experten Forum” in
Garchinf. Prof. Miiller-Buschbaum was organizer of the “5th International SolTech Conference” in
Munich hosting 200 participants. Moreover, he co-organized the "Europolymer Conference 2016
(EUPOC2016): Block Copolymers for Nanotechnology Applications” in Gargano (Italy) and the in-
ternational workshop “GISAXS 2016” in Hamburg. Prof. Christine M. Papadakis co-organized
the Greek-German Workshop 2016 "Nanostructured soft materials: From polymer self-assembly to
stimuli-responsive materials”, held in Athens in September in the framework of the partnership
with The National Technical University of Athens. Again, two Edgar-Liischer seminars were
organized, this year on the subjects “Biophysik” and “Bionik”. The 6th Colloquium of the
Munich School of Engineering “New concepts in Energy Science and Engineering” took place in
Garching. For the chair, a very important event this year was the summer school in Bergheim
(Obertauern) in Austria - in the wonderful scenery of the Austrian Alps, all members of the
chair gave talks on general subjects from the field of polymer physics. Everybody enjoyed the
extensive discussions in combination with a fascinating landscape a lot!

Regarding teaching activities of the chair, we offered general physics lectures for the TUM elite
engineers in the Munich School of Engineering (MSE) (Miiller-Buschbaum), “Advanced Physics
for Teachers for Vocational Schools” and “Introduction to Condensed Matter Physics” (Papadakis).
Specialized lectures comprised “Polymer physics” and “Nanostructured soft materials”. Prof. Pa-
padakis acted again as a deputy women's representative of the Physics Department. Moreover,
Prof. Miiller-Buschbaum is heading the activities in the “Network Renewable Energies (NRG)” in
the MSE.

As a service to the community, Prof. Papadakis acted as one of the Editors-in-Chief of “Colloid
and Polymer Science” and Prof. Miiller-Buschbaum served as Associate Editor at "ACS Applied
Materials & Interfaces”.

This annual report comprises a selection of the different research topics and projects carried
out in the individual groups of the chair. It highlights the dedicated and successful research
activities and collaborations with other groups and large scale facilities. We wish all chair
members a fruitful continuation and a very successful year 2017.

Peter Miiller-Buschbaum and Christine M. Papadakis March 2017
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1.1 Water dynamics in a solution of PNIPAM in a water/methanol mixture - a quasi-
elastic neutron scattering study

K. Kyriakos, M. Philipp, L. Silvi'!, W. Lohstroh!, W. Petry?, P. Miiller-Buschbaum,
C. M. Papadakis

1 MLZ, Garching, Germany

The hydration behavior of poly(N-isopropyl acrylamide) (PNIPAM) changes strongly at the
cloud point, T,,. Whereas the polymers are hydrated and water-soluble below, phase separation
occurs above, along with a partial release of the associated water molecules. In particular, the
mechanisms that govern the solvation of the PNIPAM chain in a mixed solvent of water and,
e. g., methanol — termed cononsolvency — is far from being well understood. Albeit, at room
temperature, both water and methanol are good solvents for the polymer, phase separation
is encountered in a certain composition range of the solvent mixture. Quasi-elastic neutron
scattering (QENS) revealed that, even several Kelvin above T, PNIPAM is hydrated.

In the present work, we focus on the diffusion dynamics of water in a 25 wt% solution of
PNIPAM (20-25 kg/mol) in a water/methanol mixture, aiming to elucidate the molecular in-
teractions giving rise to cononsolvency. A 85:15 v/v mixture from H>O and fully deuterated
methanol (d-MeOD) was chosen. In the energy range studied, the signal is dominated by the
dynamics of H2O. Due to the high polymer concentration, the majority of the solvent molecules
are expected to be associated to the polymer chain.

QENS experiments were performed at the time-of-flight direct spectrometer TOF-TOF at MLZ,
Garching. Energy transfers in the range —1.4 to 10.0 meV and momentum transfers ¢ = 0.4 —2.0
A~! were probed. Acquisition times were 4 h at each temperature. The samples were mounted
in cylindrical aluminum cells having a slit width of 0.1 mm. The QENS spectra were modeled
by a sum of an elastic component and 3 Lorentzians having amplitudes A; and widths I';.
Figure shows a representative QENS spectrum at 21 °C. The fastest process giving rise to
the broadest Lorentzian is ascribed to a superposition of local motions of the water molecules.
The other two contributions account for the long-range diffusion of two different water species.
The narrow and the broad contribution are attributed to strongly arrested and slightly arrested
water dynamics.

The diffusion coefficients, D, of these two water species arising from the analysis of the ¢-
dependence of the width within the isotropic jump diffusion model are given in Figure
together with the values in bulk water and in the H20:d-MeOD mixture. The two types of
water exhibit significantly different values of D. Comparison with the dynamics of the water
molecules in bulk water and in the HO:4-MeOD mixture reveals that the strongly arrested wa-
ter is related to water-polymer interactions, since it has not been observed in the absence of
polymer. Interestingly, the signal of this contribution persists even 8 K above 7., i. e., wa-
ter resides in the PNIPAM-rich aggregates even in the demixed phase. The diffusion coeffi-
cients of the slightly arrested water are in the same range as the ones obtained for the water
molecules in HyO:d-MeOD without polymer (Figure[1.Ip). Thus, we assign this population to
water molecules that interact with methanol molecules via the kosmotropic effect, while inter-
actions with the polymer cannot be excluded, such as the participation in hydration layers of
higher order or the formation of cages around the hydrophobic isopropyl groups. The behavior
of the residence times of the two types of water (Figure[I.Ik) is in accordance with this picture.
The residence times of the strongly arrested water are ~ 3 ps, thus much longer than the ones
of the slightly arrested water are 0.2-0.8 ps, which are comparable to the ones in bulk water and
in HyO:d-MeOD. The relative peak amplitudes of the two Lorentzians as a function of tempera-
ture (Fig. [1.Td) show that the number of strongly arrested water molecules decreases above T,
in favor of the number of the slightly arrested ones. This observation is in agreement with the



ANNUAL REPORT 2016 LS FUNKTIONELLE MATERIALIEN 11

! i
~ 3t (b) X .
o ! ¥
L= 1 o]
- 2 , G g
{a) T T T T T T é ; g ? *
10° E!- 1t :
~ 8 2 A om ]
,__1[}1 4 bt : +
= 107 (c) :
s SIS -
3 107 g, Ll é ®
z - :
w 10* '
e o4 .
1[}-5 0 I. :. # ?
1
10° g 081 (d) :
1 0 1 2 3 4 5 = ' _
a 0.6 1
AE (meV) E 1 ] ¢
S04 3 188
2 0o i
T 0.2 '
@ : )
0.0 :

2022 24 26 28 30 32 34 36
Temperature (°C)

Figure 1.1:

(a) QENS spectrum S(g,w) versus energy transfer AE of the 25 wt.-% solution of PNIPAM
in 85:15 v/v HyO:d-MeOD at ¢ = 1.1 A=! and 21 °C. Black squares: experimental data, solid
red line: full fit, dashed green line: long range diffusion of strongly arrested H,O molecules,
dash-dotted purple line: long range diffusion of slightly arrested H>O molecules, dash-
double-dotted red line: superposition of local motions of the H,O molecule, magenta solid
line: elastic component. (b-c) Resulting dynamic parameters: (b) the diffusion coefficients,
(c) the residence times and the relative amplitudes of the water molecules with strongly ar-
rrested dynamics (half-filled blue symbols) and with slightly arrested dynamics (dotted red
symbols). Solid black and open black symbols are from H>O and from H,O:d-MeOD.

expectation that the collapse of the PNIPAM chain leads to a release of a fraction of those water
molecules in direct interaction, since the contraction of the chain at T, is expected to reduce the
number of the available H-bonding sites. Interestingly, this transition does not occur abruptly
at T, but spans over several Kelvin, in good agreement with our previous results [1].

We conclude that the solvent dynamics in concentrated PNIPAM solutions in water/methanol
mixtures are complex. Water presumably forms hydrogen bonds with the amide group of PNI-
PAM, which is affected by the cloud point, in contrast to the less strongly bound population.
QENS together with contrast variation is a powerful tool to detect and characterize the local

diffusional processes of the water molecules.
This work was supported by the DFG priority program SPP1259 “Intelligente Hydrogele”
(Pa771/4, Mu1487/8).

[1] M. Philipp, K. Kyriakos, L. Silvi, W. Lohstroh, W. Petry, ] K. Kriiger, C. M. Papadakis, P. Miiller-
Buschbaum, J. Phys. Chem. B 118, 4253-4260 (2014)

[2] K. Kyriakos, M. Philipp, L. Silvi, W. Lohstroh, W. Petry, P. Miiller-Buschbaum, C. M. Papadakis, J.
Phys. Chem. B 120, 4679-4688 (2016)
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1.2 Multi stimuli-responsive polymer thin films

C. Herold, M. Philipp, V. Hildebrand?!, A. Laschewsky2, R. Cubitt3, P. Miiller-
Buschbaum

I Universitit Potsdam, Institut fiir Chemie, Potsdam-Golm, Germany

2 Fraunhofer Institut fiir Angewandte Polymerforschung, Potsdam-Golm, Germany

3 ILL, Grenoble, France
Thin films from stimuli-responsive polymers react strongly to small changes of environmental
parameters such as temperature, humidity or pH value. As a response, the polymer films swell
or deswell by incorporating or releasing water. [1] The high sensitivity and almost instant
response make these materials very interesting for a wide spectrum of applications such as
sensors, drug release, bio engineering and surface coatings. [2]
In order to design novel stimuli responsive materials, a variety of new homopolymers and
block-copolymers were synthesized, all with at least one block consisting of an UCST type
phase transition polymer. In the present study, we focus on the homopolymer poly(SPP)7g
which is a so called sulfobetaine. The polymer in aqueous solution has an UCST-type phase
transition at 12 °C in H,O and at 18 °C in D5O. [3]
Big advantage of the polymer is the presence of zwitterionic side chains, leading to a very high
sensitivity to the ionic concentration (e.g. pH value) of the environment. It is possible to tune
the phase transition behavior of the solved polymers by changing the ionic concentration of the
environment. [3] The key to the design and implementation of these so called , smart”polymeric
materials is an in depth understanding of their response to external stimuli. In this respect,
both, the macroscopic swelling behavior as well as the processes on the molecular level are
of great importance. With different characterization methods, we were able to follow the
temperature dependent hydration of thin poly(SPP)7g films both, on the macroscopic and on
the molecular level.
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Figure 1.2:
Hydration of a thin film from different viewpoints: a) Fitted NR data sets from the hydration

of the sample. b) Modeled development of the polymer layer SLD from the NR data sets.
c) Evolution of the peak center from vibrational absorbance peak of the SO3~ group, seen
with FTIR spectroscopy.

For sample preparation, silicon substrates were first cleaned with an acid bath and oxygen
plasma. The dry polymer was dissolved with TFE. Then the polymer was spin coated or
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solution casted on the substrate, depending on the characterization method used.

Neutron reflectivity (NR) measurements allow to do very precise in situ studies on thickness,
roughness and water content of the film. The NR measurements were done the D17 instrument
at ILL, Grenoble. In Fig. a) NR curves are shown that were taken while the polymer film
was swelling with D2O. The data collection started immediately after the sample was exposed
to D2O vapor with one NR measurement acquired every 5s. To fit the NR data, a multi-layer
model was simulated using the MOTOFIT software. For this model, we considered a thin
silicon oxide layer on top of the silicon substrate as well as a single polymer layer. To fit all 2600
NR curves measured during the hydration process, a batch processing approach was taken
where the fitted parameters are used as starting values for the next fit.

In Fig. b) the results of the NR data analysis are shown. The SLD of the polymer layer
increases strongly as D»O is incorporated in the film. This is due to DO having a much higher
SLD (6.38-10~% A~2) as compared with H,O (0.56:10~6 A~2).

Fourier-Transform Infrared spectroscopy (FTIRS) allows to analyze the development of the
molecular bonds in a sample, by measuring the absorbance in the infrared range. In Fig.|1.2|c)
the shift of the IR-absorbance peak center assigned to the SO3~ group of SPP is depicted. At the
beginning, the sample is exposed to water vapor and it takes in a significant amount of water
over time. The change of the peak position is due to the bigger number of water molecules
surrounding the SO3~ group. It is also very much possible that a water shell of oriented water
molecules forms around the group due to it’s net charge.
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With changing temperature the interaction energies between the molecules vary and thus the
macroscopic film can respond to a temperature change. In Fig.|1.3|the results from the analysis
of the NR data are shown that were taken while the temperature was increased. It can be seen
that the film strongly collapses while humidity is increasing. Therefore, we believe that this
phase transition is triggered by a temperature change.

In conclusion we were able to follow both, the macroscopic response of the film to changes in the
environment as well as the rearrangements on the molecular level that underlie this behavior.

Further evaluation of the data will show if we can describe the behavior of the films with already
existing models.

[1] D.Magerl, M. Philipp, X. P. Qiu, F. M. Winnik, P. Miiller-Buschbaum, Macromolecules 48, 3104-3111
(2015)

[2] R. Hoogenboom, Smart polymers and their applications, 15-44 (2014)
[3] V.Hildebrand, A. Laschewsky, D. Zehm, ]. Biomat. Sci.-Polym. E. 25, 1602-1618 (2014)
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1.3 Aggregation behavior of doubly thermoresponsive diblock copolymers con-
sisting of poly(sulfobetaine) and poly(N-isopropylacrylamide) or poly(N-
isopropylmethacrylamide)

N. S. Vishnevetskaya, V. Hildebrand!, Z. Di?, A. Laschewsky!3, P. Miiller-
Buschbaum, C. M. Papadakis

Institute of Chemistry, University of Potsdam, Germany
MLZ, Garching, Germany
Fraunhofer Institut fiir Angewandte Polymerforschung, Potsdam-Golm

1
2
3

Water-soluble thermoresponsive polymers are a subclass of stimuli-sensitive polymeric sys-
tems, which are promising for a number of applications. In most aqueous thermo-sensitive
polymeric solutions, lower critical solution temperature (LCST) or upper critical solution
temperature (UCST) behavior is found, depending on whether the miscibility gap occurs at
high or low temperatures. Twofold thermoresponsive diblock copolymers PSBP-b-PNIPAM
(Fig. [1.4p) and PSBP-b-PNIPMAM (Fig. [1.4p), which consist of a zwitterionic polysulfobetaine
poly(N,N-dimethyl-N-(3-methacrylamidopropyl)-ammoniobutanesulfonate) (PSBP) block and
a nonionic poly(N-isopropylacrylamide) (PNIPAM) or poly(N-isopropylmethacrylamide)
(PNIPMAM) block, combine a LCST and an UCST in aqueous solution, respectively, of the
constitutive homopolymers. PSBP is a permanently zwitterionic polymer, and its UCST can be
decreased by adding small amounts of electrolyte [1,2]. This special feature of PSB will affect
the phase transition temperatures of the block copolymers as shown in Fig. [T.4c.
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Figure 1.4:

Chemical structures of (a) PSBP-b-PNIPAM (m = 78, n = 100) and (b) PSBP-b-PNIPMAM
(m =78, n = 115). (b) Expected structures in aqueous solution: micelles with PNI-
PAM/PNIPMAM shell and PSB core or vice versa at low and high temperatures and large
aggregates/precipitates or molecularly dissolved polymers in the intermediate temperature
range, with changes in UCST and LCST transitions caused by the addition of an electrolyte.

Using turbidimetry, we investigated the phase behavior of 5 wt.-% solutions of the PSBP-b-
PNIPAM and PSBP-b-PNIPMAM in D3O and in 0.004 M NaBr in D;O. These results show that,
in salt-free D,O, both polymer solutions are turbid at all investigated temperatures, which is pre-
sumably due to the aggregation of the PSB (UCST) and PNIPAM/PNIPMAM (LCST) and very
similar values of their cloud points. Addition of small amounts of NaBr causes the appearance
of an intermediate temperature range, where the light transmission is marginally increased. In
the PSBP-b-PNIPAM solution, this range spans from 27°C to 35°C; in the PSBP-b-PNIPMAM so-
lution, the range is from 27°C to 43°C. The UCST thus decreases upon addition of NaBr, which
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illustrates the ionic-strength sensitive properties of the PSBP block that leads to the behavior
sketched in Fig. 0.1c.

A detailed structural characterization of 5 wt.-% solutions of the diblock copolymers in DO and
in 0.004 M NaBr in DO was carried out using temperature-resolved small-angle neutron scat-
tering (SANS). Measurements were carried out during heating in steps of 5°C or 10°C, respec-
tively, with equilibration times of 15 min. SANS experiments were performed at the instrument
KWS-1 at the JCNS outstation at MLZ in Garching, Germany:.

The temperature-resolved SANS curves of the diblock copolymers in aqueous solution are
shown in Fig. and b. From the curve shapes, two regimes are clearly discernible, pre-
sumably below the UCST and above the LCST cloud points, which are very close to each other.
The curves below the UCST (Fig. (10-30°C), b (20-45°C)) were fitted using a model for poly-
disperse, homogeneous spheres correlated by a hard-sphere structure factor, plus an Ornstein-
Zernike (OZ) term describing the concentration fluctuations in the noncompact shell, and Porod
scattering due to very large aggregates at low and high g-values, respectively. The curves above
the LCST (Fig. (40-50°C), b (50-65°C)) were fitted using a model for flexible cylinders with a
polydisperse radius together with the hard-sphere structure factor, a solvation term describing
the concentration fluctuations typical for polyelectrolytes and a Porod term. The contour length
of the cylinders increases during heating. The core and shell of the micelles could neither be
distinguished below the UCST nor above the LCST transitions. We conclude that both diblock
copolymers form spherical particles below the UCST-type transition and cylindrical ones above
the LCST-type transition. The salt-induced structural changes, investigated at the example of
PSBP-b-PNIPMAM, are evident below the LCST-type transition. The decrease of the sphere
radii at 35-45°C indicates a disintegration of the micelles in the intermediate range between the
UCST- and LCST-type transitions, that appear in 0.004 NaBr in DO (Fig. [1.5c,d). Thus, the
system indeed displays the behavior sketched in Fig. [1.4k.
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Figure 1.5:

Temperature-resolved SANS curves from 5 wt.-% solutions of PSBP-b-PNIPAM (a) and
PSBP-b-NIPMAM (b) in salt-free D;O (closed symbols) and in 0.004 M NaBr (open symbols)
in DO, in double-logarithmic representation. Temperature dependence of the correspond-
ing radius of spheres (closed squares) and cylinders (open squares), contour cylinder length
(closed triangles) of PSBP-b-PNIPAM (c) and PSBP-b-NIPMAM (d) without salt (black sym-
bols) and with NaBr (red symbols).

The work is funded by the DFG (Pa771/14-1).
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1.4 H,0-D,O exchange kinetics of thermoresponsive block copolymer films fol-
lowed with in situ time-of-flight neutron reflectivity

L. Kreuzer, T. Widmann, A. Laschewsky!, V. Hildebrand?, J.-F. Moulin?, M. Haese?
P. Miiller-Buschbaum

! Universitdt Potsdam and Fraunhofer Institute for Applied Polymer Research, Potsdam-Golm, Ger-
many

2 MLZ, Garching, Germany

The ability of block copolymers to self-assemble into micro-domains has gained high scientific
interest and is exploited in a broad range of applications such as lithography, molecular biology,
colloid science and many more. More flexibility can be reached by using thermoresponsive
block copolymers since they can undergo strong changes in volume only by a small change
of temperature. In the present work we prepared thin block copolymer films consisting of
a zwitterionic poly(sulfobetaine) (PSB) block and a non-ionic poly(N-isopropylacrylamide)
(PNIPAM) block (Figure [1.6a). Both homopolymers exhibit different phase behavior, namely a
lower critical solution temperature (LCST in case of PNIPAM) and an upper critical solution
temperature (UCST for PSB block) behavior in aqueous solutions [1]. A reproducible and
reversible uptake of penetrants is crucial in case of sensors, microfluidic devices, separation
membranes and drug carriers. Therefore, it is essential to understand and control the sorp-
tion/desorption and diffusion processes of low-molecular penetrants interacting with the
polymer [2-4].
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Figure 1.6:

a) Chemical structure of the studied block copolymer PSB-b-PNIPAM. b) possible structures
of PSB-b-PNIPAM as temperature increases: (I) micelles with a PSB core and PNIPAM as
shell at low temperatures, (II) unimers in the intermediate temperature range and (III) mi-
celles with a PNIPAM core and a PSB shell at high temperatures.

Sorption, diffusion and the resulting swelling processes are usually followed by measuring
the changes in chemical composition, mass or dimensions with techniques such as quartz
crystal microbalance, ellipsometry, X-ray reflectivity and infrared spectroscopy. We focus
in-situ on the HoO — D20 (and vice versa) exchange kinetics of PNIPAM-b-PSB films using
time-of-flight (TOF) neutron reflectivity. The outstanding feature of the TOF mode lies in
the possibility to tune the wavelength band of the incident neutrons within a resolution of
0.2 and 10 %. Furthermore the intensity is maximized by using an 80 millimeter broad, slit
collimated neutron beam. In TOF mode a large q range is accessible at a fixed incident angle
and the kinetics can be followed without any motor movement with a high time resolution to
determine the underlying fundamental processes. Block copolymer films of high homogeneity
and tunable thickness (30 nm to 100 nm) were prepared via spin coating on silicon substrates.
For measurements, the samples were placed in our specially designed vapor chamber in which
we were able to generate either a D2O or an H,O atmosphere respectively with an adjustable
relative humidity, simply by injecting D»O (or H2O) into the reservoir of the chamber. Figure
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shows neutron reflectivity data of the exchange kinetics of H,O by D>O (a) and vice versa (b) in
thin (40 nm) PSB-b-PNIPAM films. The experiment was carried out at the REFSANS instrument
at the FRM II neutron source in Garching. A strong increase in intensity is observable due to the
higher scattering length density (SLD) of D>O. Furthermore, a second fringe appears with time,
indicating swelling and as a result an increased film thickness. During the reversed experiment
(Figure ) the expected decrease in intensity is clearly observable and proves the exchange
of D2O molecules by H,O. Although there is a shift of the fringes towards smaller ¢, values the
distance between the minima is not altered during the whole experiment, which suggests no
change in film thickness.
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Figure 1.7:

Kinetic TOF neutron reflectivity measurements of PSB-b-PNIPAM films (40 nm) in a D,O
atmosphere (a) and the subsequent kinetic measurement of the same, now D,O-swollen,
film in a H>O atmosphere (b).

In conclusion, we were able to follow in-situ the H>O — DO (and vice versa) exchange kinetics
of a block copolymer that shows both, an LCST and an UCST behavior. A detailed data analysis
is ongoing and will give information about time constants of the kinetics as well fundamental
information about the processes involved.

In further experiments, we plan to vary the film thickness to determine the effect of the
thickness on the DO - HyO exchange. Those experiments result in a more detailed insight into
the mechanism of the interaction of low-molecular penetrants and polymer films in order to
generate sophisticated materials.
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[2] M. Koenig, D. Magerl, M. Philipp, K. J. Eichhorn, M. Miiller, P. Miiller-Buschbaum, M. Stamm,
P. Uhlmann, RSC Advances 4, 17579-17586 (2014)
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Buschbaum, Langmuir 31, 9619-9627 (2015)

[4] M. A. Cole, N. H. Voelcker, H. Thissen, H. ]J. Griesser, Biomaterials 30, 1827-1850 (2009)
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1.5 Influence of pressure on the aggregation behavior of aqueous PNIPAM solu-
tions

B.-J. Niebuur, K.-L. Claude, S. Pinzek, C. Cariker!, K.N. Raftopoulos, V. PipichQ,
M.-S. Appavou?, A. Schulte !, C.M. Papadakis

1 University of Central Florida, Orlando, USA
2 MLZ, Garching, Germany

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most investigated thermoresponsive
polymers in the last decades because of its applications as smart materials or as a model to
study the behavior of more complex proteins. In aqueous solutions, PNIPAM features a lower
critical solution temperature (LCST) at ~31 °C [1]. Below the LCST, the chains are hydrated, an
ordered shell of water surrounds the hydrophobic methyl groups, and the polymer is soluble.
When the temperature is increased above the LCST, the polymeric chains dehydrate. The
system phase-separates into a solvent-rich phase and polymer-rich mesoglobules, which are
stable in size at long time scales [2]. The origin of the stabilizing mechanism is still under debate.

In the present study, we use pressure as an additional thermodynamic parameter to investigate
the stability of the mesoglobules formed by PNIPAM. Previous studies on the phase behavior
have revealed that the phase boundary in the temperature-pressure frame is elliptical [3], as
expected from theoretical calculations [4]. Using IR spectroscopy, the mechanism of phase
separation induced by pressure was found to be fundamentally different from phase separation
induced by temperature at atmospheric pressure [5].

a) b) c)
10" 3
38 8 _ 38 8
- E
- O .; 2 O i 08
£ o o 5o o 8 06 &
S, S 3 B S 3 04 B
= 2 43 = 03 £
= o 3£ o <8
@ 535 L 5 53 o g
= 2 E 02 a
] £ 18 £ ° 045
5 @ —_— S oer
= 33 = a3 . :? 8
0 50 100 150 0 50 100 150
Pressure [MPa] Pressure [MPa]

Figure 1.8:

(a) V-SANS curves from a 3 wt% PNIPAM solutions in D,O at 33.8 °C with increasing pres-
sure in the low-pressure regime (green), the one-phase region (red) and the high-pressure
regime (blue). Resulting values of the domain size (b) and of the order parameter (c) for all
measurements.

We used very small-angle neutron scattering (V-SANS) to characterize the mesoglobules in a 3
wt% PNIPAM solution in DO in dependence on temperature and pressure. The experiments
were performed at the instrument KWS-3 at the JCNS at MLZ. A g¢-range of 2-10~% - 2.1073
A~! was covered. Measurements of 5 min were repeated multiple times at each measured
temperature and pressure. The 2D scattering patterns were corrected for background scattering
and azimuthally averaged. The obtained scattering curves, shown in Fig. for selected
pressures, were fitted with the Teubner-Strey structure factor, which describes scattering from
a bicontinuous system. Fig. shows the resulting domain size from all measurements in
dependence on temperature and pressure. At atmospheric pressure, the mesoglobule size is ~1
pm. In contrast, the mesoglobules are much larger at high pressures. Directly after reaching the
two-phase region, the mesoglobules have sizes up to 8 um, but they shrink to ~4 pm further
away from the phase boundary. Time-resolved measurements at constant temperature and
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pressure show that, close to the phase boundary, the system is not in equilibrium. Only further
away, a steady state is reached.

A second fitting parameter is the order parameter, shown in Fig. [I.8. It relates the domain size
and the correlation length and gives information about the structural order of the system. Also
here, a clear difference between the investigated pressure regimes is found. At low pressure,
the value of the order parameter is close to one, which means that the system is only poorly
ordered. At high pressure, the order parameter is close to -1, suggesting that the domains are
spatially correlated with each other.

Further understanding of the system is obtained by Raman spectroscopy. Fig. and
show spectra at atmospheric pressure and at 113.8 MPa, respectively, with increasing
temperature across the phase transition temperature. The changes in the vibrational frequency,
shown in Fig. for the antisymmetric CHj stretching band, reveal changes of the interactions
of the hydrophobic groups of PNIPAM with water. In the one-phase region, the CH3 groups
form improper hydrogen bonds with water at all investigated pressures. Above the phase
transition temperature, a clear decrease of the vibrational frequency is observed at atmospheric
pressure, indicating that the PNIPAM chains lose water during phase separation. At increased
pressure, the decrease of vibrational frequency is less pronounced, implying that the chains
stay hydrated in the two-phase region.
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Figure 1.9:

Raman spectra at the CH-stretching region at atmospheric pressure (a) and at 113.8 MPa (b),
red curves represent measurements in the one-phase region, blue curves in the two-phase
region. (c) Frequency of the antisymmetric CHj stretching band as a function of temperature.

The molecular approach of Raman spectroscopy may explain the mesoscopic structure found
using V-SANS. The polymer-rich domains at high pressure contain more water than at low
pressure, indicating that the increased domain size at high pressure is due to the decreased
efficiency of the phase separation with respect to atmospheric pressure.
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1.6 Structure and properties of self-assembled thermoresponsive diblock copoly-
mer films

E. Metwalli, H. Xu, P. Miller-Buschbaum

Stimuli-responsive polymers are able to change their chemical and physical properties using
an external stimulus, such as temperature, pH, or light [1]. Thus, thermoresponsive polymers
gives more flexibilities and possibilities in the design and construction of nanoscale hybrid
materials. In this report, the thermoresponsive behavior of free-standing bulk nanostructured
polystyrene-block-poly(N-isopropylacrylamide) PS-b-PNIPAM diblock copolymer (DBC) film is
investigated. Swelling/deswelling behavior upon water vapor uptake was studied using the
in situ small-angle X-ray scattering (SAXS) for two different PS-b-PNIPAM DBCs: one DBC
with a major PNIPAM weight fraction and another with a major PS weight fraction. Bulk
samples were prepared via solution casting method and annealed at 130°C for 48 h to create
nanostructured film. A special temperature and humidity controlling cell was designed and
constructed to perform the in situ SAXS study on the nanostructured PS-b-PNIPAM DBC free
standing bulk film. The experiment was performed at two temperature jumps above (40°C) and
below (20°C) the characteristic lower critical solution temperature of the PNIPAM block (LCST
= 32°C), and at three different relative humidities of 5, 70, and 90% (Fig. . Relative humidity
at temperatures below the LCST had a significant effect on the thermoresponsive behavior
of the DBC bulk film with major PNIPAM block. At high relative humidity (90%), the DBC
bulk film systematically swelled in water vapor within several hours at 20°C. Upon switching
from high to low (5%) relative humidity at the same temperature, significant deswelling of
the DBC film was observed, indicating the strong sensitivity of the system to the humidity
environment at temperatures below the LCST. This behavior has, to the best of our knowledge,
been rarely reported in previous investigations of nanostructured thermoresponsive hydrogel
“dry” systems. A phase transition from a lamellar/cylindrical to a mainly cylindrical DBC
bulk film morphology was observed after several hours’ exposure to water vapor at 20°C.
Upon the temperature jump from 20°C to 40°C, the swollen DBC film quickly shrank, going
through a reversible phase transition from cylindrical to its initial lamellar structure. Between
temperature jumps, the film was quite reversible in the swelling /deswelling process, exhibiting
a stable and consistent behavior. In contrast, in the PS-b-PNIPAM DBC bulk film with major
PS block, the swelling/deswelling behavior of the PNIPAM domains was dramatically limited
due to the confinement effect of the rigid glassy PS matrix. In order to determine how far the
swelling of the PS-b-PNIPAM DBCs could proceed and to achieve an equilibrium state, ex situ
SAXS experiments were also performed on the films after they had been subjected to water
vapor swelling for 1-2 weeks. In this second set of experiments, the PS-b-PNIPAM DBC with
major PS block again swelled to a much lesser extent than the PS-b-PNIPAM DBC bulk film
with major PNIPAM block. For the latter DBC, however, an equilibrated structure was not
achieved even after two weeks of water vapor exposure. Possible deterioration/deformation
of the free standing DBC films upon long time water vapor exposure has also to be taken into
account.

This interesting behavior of the bare nanostructured DBC in swelling/deswelling upon
simple water vapor exposure involves a change in the inter-domain spacing, which in turn
implies the potential for optical/sensor related applications in case of metal or metal oxide
incorporation in one or other polymer domain [2]. The ability to manipulate the periodic
spacing between nanoscale particles within metal oxide NPs/DBC hybrid nanomaterials using
thermoresponsive-type DBCs is potentially foreseen and is currently under investigation.
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Evolution of in situ SAXS 1D profiles of bare PS-b-PNIPAM DBC with major PNIPAM block
during temperature jumps. The red vertical line indicates the initial peak position. For this
in situ SAXS experiment, the g value decreases gradually in the beginning at 20°C, indicating
the progressive swelling of the DBC free-standing film in water vapor. At the temperature
jump to 40°C, the PNIPAM block dramatically shrinks and deswells most of the physically
absorbed water. This is indicated by the immediate shift in the g value to its initial value.
A phase transition from lamella to cylinder morphologies is observed near the end of each
swelling cycle at 20°C.
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1.7 Molecular dynamics of PNIPAM in concentrated water methanol mixtures, as
studied by dynamic light scattering

M. Niiber, K. N. Raftopoulos, B. J. Niebuur, C. M. Papadakis

The microscopic origin of cononsolvency is not well understood yet. Cononsolvency is the
phenomenon where a substance dissolves well in two solvents separately, but not in the mixture
of the two. Although several hypotheses have been put forward, none of them has been yet
supported strongly by the experiment, and more insight is needed.

A very characteristic occurrence of cononsolvency is in solutions of Poly(N-
isopropylacrylamide) (PNIPAM) in water-alcohol mixtures: PNIPAM in aqueous solutions
collapses and precipitates at a lower critical solution temperature (LCST, cloud point) of
32°C and is perfectly soluble e.g. in methanol. However, in water-methanol mixtures with
water as majority component, the cloud point decreases by a few degrees. The proposed
hypotheses for the description of the phenomenon include (i) formation of sequences of solvent
molecules along the macromolecular contour which leave unhydrated chain segments [1], (ii)
formation of water-alcohol complexes in the solvent, which withdraw solvent molecules from
the polymer [2] (iii) formation of methanol-bridges between remote chain segments [3], while
(iv) a thermodynamic interpretation has been also proposed, i.e. increase in configurational
entropy of the globular state due to methanol preferentially binding to the chain [4].

In this work, we studied the dynamics of PNIPAM in concentrated solutions, with dynamic light
scattering, at temperatures 2 and 5 K below their respective cloud points, and in water methanol
mixtures of 100:0, 90:10, and 85:15 v/v% [5]. In order to understand the effect of polymer con-
centration we measured solutions of quite high polymer concentrations: 10 and 25 wt%. We
measured at varying angles in the range 30 - 90 ° in order to follow the g-dependence of dynam-
ics. Furthermore the solutions were prepared with deuterated solvents, so that the results are
directly compared to existing and projected neutron scattering experiments, especially Neutron
Spin Echo ones.
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Figure 1.11:
Representative dynamic light scattering curve recorded with a selected solution, 2 K below
its respective cloud point and at a direction perpendicular to the incoming light.

Figure shows typical data recorded with the more concentrated aqueous solution at 90°.
Two decays (relaxation modes) are visible. A weak fast one is visible in the region of 1072(ms),
and a more prominent, slow one is in the region of 102 — 103ms. The fast one, has been at-
tributed to the cooperative motion of the transient network, while the slow one is quite broad
and ascribed in the literature to the viscoelastic behavior of the system [6].



ANNUAL REPORT 2016 LS FUNKTIONELLE MATERIALIEN 23

®  10M00-28°C ®  10MI0-25°C ®  10MI5-225°C
& 25M00-28°C & 25M10-24°C & 25MI5-21°C
B ' o ! ]
1075 §— Q Q 9 Q Q QQW —§
1076 :_ g ? / —:
R = @ 0
2, fast mode q ]
o 107 F E
g - E
= 108%L _
g 10 : o o © ® ® .:“ E
o L ° g ege % ]
?é 10 ? = @ ] ° .
— e % S o9 ° 3
8 10 r @ ° <> % 3
10" slow modg % o O 0%@ 3 E
g 8 & O o @ :
101 ' | .
0.01 0.02
momentum transfer ¢ [nm™']
Figure 1.12:

Dependence of dynamic light scattering relaxation rates on the momentum transfer (angle)
for both the fast and slow relaxation mode. The samples are designated as xxMyy, where
xx is the fraction of polymer (wt%) in the solution and yy is the fraction of methanol in the
solvent. Reproduced from [5].

We analyzed the resulting correlation functions with the REPES approach as implemented in
the Gendist software [7]. This is a numerical approach for the approximate solution of ill-posed
integral equations. This provided the mean relaxation rates I' for the two decays as a function
of the momentum transfer ¢, and the results are shown in Figure The fast relaxation clearly
follows a I' = D - ¢* dependence , in agreement with its attribution to a diffusive mode. The
dynamics in aqueous solutions is identical for both concentrations. However with increasing
methanol content the dynamics slows down, more prominently for the more dilute solutions.
The results for the fast relaxation are quite scattered, and do not allow at this time for a clear in-
terpretation, however, we can already observe that the dynamics of the dilute solutions is much
faster than this of the concentrated ones. This is in agreement with the attribution of the mode
to the overall mobility of the system, which is more viscous for higher polymer concentration.
These observations will be co-evaluated with neutron spin echo experiment results at higher
relaxation rated - larger g-values. This co-evaluation is expected to shed more light to the origin
of cononsolvency in PNIPAM.
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1.8 Phase behavior of the thermoresponsive polymer PNIPMAM in dependence on
temperature and pressure

K.-L. Claude, D. Aravopoulou!, B.-J. Niebuur, A. Schulte?, V. Hildebrand?,
P. Miiller-Buschbaum, A. Laschewsky?, A. Kyritsis!, C. M. Papadakis

1 National Technical University of Athens, Athens, Greece
2 University of Central Florida, Orlando, U.S.A.

3 Universitit Potsdam and Fraunhofer Institute for Applied Polymer Research, Potsdam-Golm, Ger-
many

Thermoresponsive polymers constitute an important class of soft matter. One of the most stud-
ied polymers is Poly(N-isopropylacrylamide) (PNIPAM), which exhibits lower critical sol