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ABSTRACT: This work describes the thermoresponsive transition in polystyrene-block-poly(N-isopropylacry-
lamide)-block-polystyrene (PS-block-PNIPAM-block-PS) triblock copolymer hydrogels, as observed by both direct
and reciprocal space in-situ characterization. The hydrogel morphology was studied in both the dry and wet
state, at temperatures below and beyond the coil—globule transition of PNIPAM, using vitrified ice cryo-
transmission electron microscopy (cryo-TEM), in-situ freeze-drying technique, and small-angle X-ray scattering
(SAXS). The selected PS-block-PNIPAM-block-PS triblock copolymers were intentionally designed in such a
molecular architecture to self-assemble into spherical and bicontinuous morphology with the poly(N-isopropy-
lacrylamide) forming the continuous matrix. The phase behavior in bulk was directly investigated by SAXS as
a function of temperature, while free-standing polymer thin films of samples quenched from different temperatures,
allowed observing by cryo-TEM the changes in hydrogel microstructure. Finally, sublimation of water via controlled
freeze-drying in the TEM column allowed studying systems without the presence of vitrified water, which enables
direct imaging of the densely connected physically cross-linked polymer network. By combining these techniques
on samples exhibiting both spherical and gyroidal morphologies, it was demonstrated that (i) PNIPAM form
physically connected networks in spherical structures and bicontinuous morphologies in the gyroidal phase, (ii)
in PNIPAM chains strands are strongly stretched above the polymer coil-to-globule transition, and (iii) surprisingly,
upon the gel swelling process, the PS domains undergo extensive plastic deformation although temperature is
always maintained well below the PS glass transition bulk temperature. The possible physical mechanisms
responsible for this plastic deformation can be understood in terms of the dependence of PS glass transition
temperature on the size of nanometer-scaled domains.

Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most
extensively investigated synthetic temperature-responsive poly-
mers."™ In aqueous solutions it undergoes a reversible
coil—globule transition at temperature of ca. 32 °C, and upon
heating beyond this temperature, the changes in the PNIPAM
chain conformation occur in a sharp manner, within a few
degrees.’ This property makes this polymer a very interesting
building block for functional organic materials. One widely
studied concept which exploits this transition is based on
responsive polymer networks in water solutions, also commonly
referred as “smart” hydrogels, since they can react in a specific
way to the external environmental stimuli. Smart hydrogels are
typically obtained by cross-linking the responsive polymers such
as PNIPAM to form covalently bonded networks or interpen-
etrating network structures.®™ Alternatively, block copolymers
containing a hydrophilic midblock and hydrophobic end blocks
can also be used to form physically cross-linked systems with
thermoresponsive behavior.'®!! Hydrogels have also been
designed by combining two types of polymers capable of
interacting via mutual hydrogen bonding into interpenetrating
networks'*'? or by using water-soluble ABA triblock copoly-
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mers where the solubility of the end blocks is suitably controlled
by external conditions.'*!” Recently, also protein-based materi-
als,'®2° polypeptides,>'** and block copolypeptides®* 2 have
been exploited to design stimuli-responsive gels. In our previous
work we have demonstrated a simple way to form responsive
polymer networks by using ABA triblock copolymers, which
can self-assemble into spherical, cylindrical, lamellar, or double-
gyroid morphologies.?® By designing the triblock copolymer in
such a way to maintain the responsive PNIPAM midblock in
the continuous phase, these materials can be swollen by any
selective solvent for the midblock. The temperature responsive
behavior of various PS-block-PNIPAM-block-PS triblock co-
polymers gels in water was investigated in detail in our previous
paper, by measuring volume expansion and weight pickup in
wet environment or by studying the filtration properties of these
materials with respect to hydrophilic polymers, below and above
the coil—globule transition of the PNIPAM.?®

Nonetheless, a few methods are available to probe directly
the changes arising in the morphology of responsive polymers.
Small-angle X-ray scattering can be used to explain the changes
in stimuli-responsive structure in block copolymer gels in
bulk.'"*” For responsive micelles in solution, light scattering
studies can provide information on the change of micelle size
with varying environmental stimuli.?®~° However, these methods
give only statistically averaged information on the transition
behavior, and they only provide information on the reciprocal
space, so that models have often to be used in order to account
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for morphology changes. In order to study morphological
changes of responsive polymer systems in real space, micros-
copy methods such as laser scanning confocal microscopy,?**°
atomic force microscopy equipped with environmental cell,*'-*?
or cryo-electron microscopy (cryo-TEM) techniques®*° are
required. Conventional electron microscopy methods operating
in high-vacuum conditions require complete drying of the
hydrogel sample or the use of chemical fixation, which results
in manipulation and possible artifacts in the gel structure. In
cryo-TEM the physical fixation of solution is achieved by
rapidly plunging the liquid dispersion into a suitable cryogen
to convert the liquid solvent into its glassy solid state.**3¢ As
a consequence, samples swollen in vitrified solvent do not
exhibit the artifacts that would normally occur when using
chemical fixation or staining and drying techniques. Recently,
Ballauff and co-workers used cryo-TEM to image volume
transitions of thermoresponsive PS—PNIPAM core—shell par-
ticles, and they could elucidate new mechanisms about network
thermal fluctuations which were not available previously using
standard light or X-ray scattering investigations.>*

In this work cryo-TEM has been used to characterize PS-
block-PNIPAM-block-PS triblock copolymer hydrogels mor-
phology in their native hydrated state. We report for the first
time the stimuli-responsive behavior in thermoresponsive self-
assembled block copolymer gels by combining the direct real-
space cryo-TEM imaging with supporting experiments made
by small-angle X-ray scattering measurements. Furthermore, by
sublimating the vitrified water via a well-controlled in-situ
freeze-drying method inside the transmission electron micro-
scope, we have obtained direct information on (i) the stretching
of PNIPAM polymer chains connecting PS spherical domains
in spherical morphologies and the network structure and (ii)
connectivity in gyroidal morphologies. Finally, we provide
evidence that, in both spherical and gyroidal morphologies, the
PS domains undergo extensive plastic deformation during the
gel swelling process, although the temperature is always
maintained well below the PS bulk glass transition temperatures.
The reasons for this plastic behavior are discussed and argued
in the last part of the paper.

Experimental Methods

Materials. Tetrahydrofuran (THF, 99%) was used as received
from Fluka. Synthesis of PS-block-PNIPAM-block-PS triblock
copolymers by controlled RAFT polymerization is described in our
previous paper.® For this study two triblock copolymers were
selected: sample PN77.118K with the total molecular weight of
M, = 118 300 gmol~!, polydispersity index M,/M, = 1.51, and
PNIPAM weight percentage of 77 wt % and sample PN61.106K
with M,, = 106 000 g mol~!, M/M,, = 1.52, and PNIPAM weight
percentage of 61 wt %.

Small-Angle X-ray Scattering. Polymer was dissolved in THF
to yield 1.0 wt % solution. The solvent was then evaporated from
the solution at room temperature yielding the solid sample, which
was further dried in vacuum at room temperature for 4—6 h. In
order to obtain thermodynamically stable morphologies, the sample
was annealed at ca. 180 °C under a high vacuum p ~ 1078 mbar
for 3—4 days. The structural periodicities were measured by small-
angle X-ray scattering using Bruker Microstar microfocus X-ray
source with a rotating anode (Cu Ka radiation, A = 1.54 A) and
with Montel Optics. The beam was further collimated with four
sets of four-blade slits (JJ-X-ray), resulting in a beam of about 0.65
mm X 0.65 mm at the sample position. The distance between the
sample and the 2D detector (Bruker AXS) was 3.5 m. The
magnitude of the scattering vector is given by ¢ = (47/A) sin 6,
where 26 is the scattering angle. Corrections for spatial distortion
and detector response were made using a Fe-55 source. The SAXS
patterns from the samples were absorption corrected, and the
background scattering was subtracted.

Transmission Electron Microscopy (TEM). In order to avoid
any possible artifact from the cryo-microtoming process, thin films
were spin-coated on sodium chloride crystal substrates (Sigma
Aldrich, FTIR window) by dropping 30 uL of 3 wt % THF solution
of PS-block-PNIPAM-block-PS on the center of the substrate, which
was spinning at a speed of 1000 rpm. The advantage of using
sodium chloride crystal substrates is that, besides the fact that their
surface is smooth, annealed films can be easily floated off them
onto the water surface. This is not the case for other smooth surfaces
such as Si. In cryo-TEM conventional staining methods are difficult
to apply. Therefore, in order to increase contrast between the
microphase-separated polymer domains, polystyrene coated gold
nanoparticles were added to the polymer solution; however, the
contrast was sufficient without any added nanoparticles. For
the unstained samples polystyrene domains appear dark in the im-
age due to higher electron density compared to PNIPAM matrix.
The resulting film thickness was ~250 nm, as measured by atomic
force microscopy. Thin films were dried and annealed following
the same procedure used for the bulk samples for X-ray analysis.
In order to remove the sodium chloride substrate, annealed films
were floated on 55 °C water, which is a nonsolvent for PNIPAM,
and picked up on 600 mesh size copper grids.

Hydrogel thin films were swollen on grids by keeping the grids
on 5 °C water at least 15 min, after which the grids were transferred
into environmental chamber of Tecnai Vitrobot having relative air
humidity of 100%. To remove all the residual water, three
consecutive 1 s blottings were made followed by immediate
plunging of the samples into liquid ethane at —175 °C. Experiments
were carried out with environmental chamber temperatures of 5,
30, 35, and 45 °C. Vitrified samples were cryo-transferred into FEI
Tecnai 12 transmission electron microscope using a Gatan 910 cryo-
transfer holder, whose temperature was maintained at —185 °C.
Samples were imaged by TEM operated at an acceleration voltage
of 120 kV using bright field mode. We recorded micrographs using
a Gatan UltraScan 1000 camera having a CCD size of 2048 x
2048 pixels. Moreover, in order to observe the network structure
of the polymer film without the presence of vitrified ice within the
PNIPAM matrix, water was allowed to sublimate (at pressure
corresponding to the vacuum of the TEM column) by in-situ freeze-
drying of the samples by increasing the cryo-sample holder
temperature from —185 to —80 °C.

Atomic Force Microscopy (AFM). Polymer film thickness was
measured using Digital Instrument Nanoscope III atomic force
microscope using tapping mode. Crack was made by razor blade
on polymer film spun on glass substrate, and thickness was
measured from the topographic image scanned over the crack.

Results and Discussion

The block copolymers considered in this study are designed
with a molecular architecture suitable for maintaining the
PNIPAM block in the continuous matrix, while the polystyrene
end-block chains are connected by either spherical or bicon-
tinuous “gyroid” PS domains, thus providing the physical cross-
links. Because of the temperature-dependent water solubility
of the PNIPAM block, the hydrogel is expected to swell below
the coil—globule transition temperature and to shrink beyond
the temperature, as schematically illustrated in Figure 1.

Parts A and B of Figure 2 show the morphology for dry PS-
block-PNIPAM-block-PS hydrogel samples with 77 and 61 wt
% PNIPAM, respectively. For the unstained samples polystyrene
domains appear dark in the image due to higher electron density
compared to PNIPAM matrix. In the sample containing 77 wt
% of PNIPAM the morphology is clearly spherical with average
polystyrene sphere diameter of 20 nm. For the sample having
61 wt % PNIPAM the morphology cannot be unambiguously
determined on the basis of TEM micrographs such as those
presented in Figure 2B alone, but as it will be shown later by
the cryo-TEM experiments carried out on swollen vitrified
samples, the morphology can clearly be attributed to a gyroidal
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PS-block-PNIPAM-block-PS

Figure 1. Chemical structure of polystyrene-block-poly(N-isopropy-
lacrylamide)-block-polystyrene triblock copolymer and a schematic
illustration of temperature-induced conformation transition of aqueous
hydrogel having self-assembled morphologies with spherical or “gyroid”
PS domains. In both cases, PS domains act as physical cross-links for
the hydrogel.

structure. The morphologies reported in Figures 2A,B are in
agreement with those previously observed by the authors in bulk
systems.26

Use of cryo-TEM was made in order to directly observe the
hydrogel thermoresponsive swelling behavior. As the water
vitrification process is very rapid, the gel microstructure at the
state defined by the environmental chamber conditions at which
the samples were exposed and equilibrated prior to vitrification,
is expected to be preserved. Thus, depending on the temperature
of the chamber, both morphologies below and beyond the
PNIPAM transition temperature could be observed. Figures
3A,B show cryo-TEM images taken from the sample having
77 wt % of PNIPAM and vitrified from below the coil-to-globule
transition temperature (5 and 30 °C, respectively). At these
temperatures the PNIPAM chains are hydrophilic and the water
is diffusing into the film, swelling it. Above the coil-to-globule
transition, PNIPAM chains become hydrophobic and water is
expelled out of the film, leading to marked shrinkage of the
structure. This is directly shown by the TEM micrographs
presented in Figures 3C,D, taken from samples vitrified from
35 and 45 °C, respectively. Therefore, the increased distance
between the polystyrene spheres in Figures 3A,B, compared to
the distance observed in the dry film (Figure 2A) or in the film
vitrified from 35 and 45 °C (Figures 3C,D), is the direct
consequence of increased end-to-end distance in PNIPAM
midblock chain as a consequence of the polymer coil—globule
transition occurring at 32 °C.

In order to validate the presence of a physically cross-linked
network in PS-block-PNIPAM-block-PS hydrogels as well as
to investigate the topology and continuity of this network in
thin film, water was allowed to sublimate from the vitrified
samples via controlled freeze-drying by increasing temperature
of the cryo-holder from —185 to —80 °C. While at —185 °C
vitrified water can be maintained in this state at the high TEM
vacuum, at —80 °C sublimation takes place, and only the dry
polymer network forming the hydrogel is left over. Figure 4A

shows the freeze-dried cryo-TEM micrograph of the hydrogel
with spherical morphology vitrified from 45 °C, i.e., above the
PNIPAM coil—globule transition temperature. As expected, the
film structure does not change during the freeze-drying process,
and spherical PS morphology in dense PNIPAM matrix is still
observed. More importantly, the unaffected PS interparticle
distance further confirms the absence of the water in the gel
vitrified from above the coil—globule transition temperature.

A very different behavior, however, is revealed for the PS-
block-PNIPAM-block-PS hydrogel with spherical morphology
when this was vitrified from below the PNIPAM coil—globule
transition temperature, as shown in Figure 4B. Drastic changes
occur during the freeze-drying process as demonstrated by the
final porous coarse meshed structure with a dense connectivity
of the network formed by PNIPAM strands. A sparse network
structure is indeed expected, since based on our previous bulk
swelling studies, below 32 °C this sample swells approximately
35—40 times by the weight and contains therefore up to 95 wt
% water.”® The micrograph in Figure 4B also shows that, after
freeze-drying water removal, the PNIPAM chains forming the
strands are very stretched and that these strands physically
connect the adjacent PS domains, as may typically be expected
in a triblock copolymer spherical morphology.

The PNIPAM midblock end-to-end distance can be roughly
estimated by measuring the PNIPAM strand lengths directly
from TEM images taken from freeze-dried swollen network
structures (such as that reported in Figure 4B). The measured
PNIPAM strand lengths are typically in the range of up to
100—150 nm. It should, however, be borne in mind that TEM
images represent a two-dimensional projection of a randomly
oriented 3D structure and that as a consequence only the longest
distances measured from the TEM images correspond the real
distances between the PS spheres. The fully extended chain
length (contour length) of the PNIPAM midblock can be
estimated from its molecular weight, which for the sample
considered in Figure 4 is 90 kg/mol and equals about 800
NIPAM monomers. By taking the typical C—C bond length of
1.5 A and bond angle of 110°, the PNIPAM midblock contour
length is estimated to be ~200 nm. Therefore, in a swollen
hydrogel network PNIPAM end-to-end distances are close to
the PNIPAM contour length, indicating that the chains are so
highly stretched to be close to fully extended configuration. It
can consequently be argued that it is the limit in the stretching
of PNIPAM chains which settles the maximum amount of water
pickup by the triblock hydrogels. This rough argument, to be
corrected by the entropy loss of highly stretched chains, can be
used as a rational to understand the differences in water pickup
by different hydrogel structures.>

In order to investigate further the role of self-assembled block
copolymer bulk morphologies on the topology of PS-block-
PNIPAM-block-PS physically cross-linked hydrogels, sample
PN61.106K with 61 wt % PNIPAM was investigated following
the same cryo-TEM and freeze-drying procedures used for
sample PN77.118K.

Figure 5A shows a cryo-TEM image of the freeze-dried
sample PN61.106K vitrified from the hydrogel swollen state
(T = 5 °C). This sample is expected to have bicontinuous
morphology in thin film before the swelling.?® The micrograph
clearly demonstrates that the bicontinuous structure is present,
and it is preserved during the process of hydrogel swelling and
freeze-drying. Polystyrene, appearing dark in the micrographs,
forms a continuous network throughout the swollen hydrogel,
and both 3-fold and 4-fold symmetries can be recognized in
many junction points, as it can be more clearly seen in higher
magnification image (Figure 5B). For block copolymers in bulk
having double-gyroid morphology, 3-fold symmetry can be
observed by TEM in images taken from the [111] lattice
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Figure 2. Representative TEM micrographs of dry PS-block-PNIPAM-block-PS triblock copolymer thin films with spherical and bicontinuous
morphology: (A) sample PN77.118K with 77 wt % PNIPAM and (B) sample PN61.106K with 61 wt % PNIPAM.

e LR

| C) Vitrified from 35 °C

Figure 3. Cryo-TEM micrographs of PS-block-PNIPAM-block-PS block copolymer hydrogel sample PN77.118K xposed to water: (A) vitrified
from 5 °C and 100% humidity; (B) vitrified from 30 °C and 100% humidity; (C) vitrified from 35 °C and 100% humidity; (D) vitrified from 45
°C and 100% humidity. A sharp transition in the distance between the polystyrene spheres occurs between 30 and 35 °C.

projection, while 4-fold symmetry may appear in [100] projec-
tion images.>’° Therefore, these images clearly support our
previous attribution of this sample to a bicontinuous double-
gyroid morphology.?® In bulk this sample swells approximately
7—10 times by weight which corresponds well with the observed
changes in the microstructure length scale in the cryo-TEM
images. Indeed, before swelling the “mesh size” is ~45 nm
(Figure 2B), while after the swelling the average domain size
is 80—100 nm (Figure 5B), which is roughly the change
expected on the basis of volume swelling considerations.
Interestingly, continuous “gyroid” polystyrene skeleton is well
preserved and is not disrupted during the hydrogel swelling
process. However, before swelling the polystyrene domain
average diameters are ~20 nm (Figure 2B) while after swelling
the polystyrene domains have undergone a severe plastic
deformation, with strongly stretched strands and much smaller
diameter, typically below 10 nm. Careful analysis of the other
cryo-TEM images acquired for PN77.118K sample revealed that

also in the case of spherical morphologies polystyrene domains
are plastically deformed during the swelling process. Figure 6
illustrates the plastic deformation of polystyrene domains for
PN77.118K from spherical to polyhedral shapes, appearing as
pentagon-like or triangular-like depending on TEM projection,
as highlighted by the arrows. Because such plastic deformation
can be observed also in vitrified samples prior to freeze-drying
process (not shown here), deformation of PS domains as an
artifact due to the freeze-drying process can be ruled out, in
favor of a real physical process occurring during the hydrogel
swelling process. Presumably, the PNIPAM strands apply a
pulling pressure on the PS domains which can either deform
the PS spheres into polyhedrons or the PS gyroidal strands into
thinner and longer strands. Previously, similar plastic deforma-
tions from sphere-to-polyhedron have been reported for PS
colloidal particles blended with block copolymers exerting a
pulling packing frustration profile on the colloidal surface.*
However, the results presented in the present study are
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Figure 4. In-situ freeze-dried cryo-TEM micrograph of PS-block-PNIPAM-block-PS block copolymer hydrogel sample PN77.118K exposed to

water: (A) sample vitrified from 45 °C; (B) sample vitrified from 5 °C.

Figure 5. (A) Cryo-TEM images of sample PN61.106K having bicontinuous morphology. Sample is vitrified from the swollen hydrogel state (T’
= 5 °C) followed by in situ freeze-drying at —80 °C. (B) Higher magnification clearly reveals the continuous plastically deformed polystyrene

network with 3-fold and 4-fold symmetry in the junction points.

Figure 6. High-magnification freeze-dried cryo-TEM micrograph of
the PN77.118K sample with spherical morphology. Sample is vitrified
from the swollen hydrogel state (' = 5 °C). Arrows highlight the
polystyrene spheres which have transformed into polyhedrons (with
pentagonal or triangular projections in the TEM image) by extensive
plastic deformation.

substantially different since, unlike those reported in ref 40 in
which the plastic deformation takes place above the glass
transition temperature (7,) of bulk PS (~100 °C); here, the
swelling of both spherical and gyroidal hydrogels occurs at 5
°C, which is well below the T, of bulk polystyrene.

Thus, it must be admitted that the 7, of PS microphase-
separated domains is close to or below 5 °C. This can be
explained by the fact that (i) the size of the polystyrene domains
is relatively small, below 20 nm, and (ii) the molecular weight
of the PS end blocks is rather low, ~14 kg/mol for PN77.118K
and 20 kg/mol for PN61.106K, which compares with or is
slightly larger than the polystyrene entanglement molecular

weight (M, = 13.3 kg/mol).*' Because bulk polystyrene with
molecular weight of or beyond 15 kg/mol is generally behaving
as glassy, we believe that the PS size domain argument better
explains the observed plastic deformations. Moreover, since both
the experimental and theoretical studies on the size-dependent
T, of PS ultrathin films have been already reported**** and
the significant sudden decrease of T, below 100 nm scale has
been suggested, the present results provide an important
experimental confirmation of those previous findings.**~**

Small-angle X-ray scattering was employed to obtain more
precise information concerning the characteristic length scales
of the bulk hydrogel samples. Temperature-dependent SAXS
diffractograms were acquired first on dry bulk samples and then
on samples swelled with water at 20 °C, which is below the
coil—globule transition of PNIPAM. For wet samples, temper-
ature was varied upon heating, and diffractograms were acquired
every 5 °C and collected as shown in Figure 7.

For the dry sample PN77.118K, a single-peak diffractogram
with first-order peak at ¢ = 0.0155 A~!, corresponding to 41
nm in characteristic length scale, was obtained, which is
consistent with a poorly ordered spherical block copolymer
morphology such as that reported in Figure 2A. After swelling
the sample with water at 20 °C, the scattering peak is shifted to
very small angles, with the first-order peak position measured
at ¢ = 0.0063 A~1, corresponding approximately to a 100 nm
length scale in real space, which is again in agreement with PS
interparticle distances observed by cryo-TEM for swelled sample
PN77.118K (see Figures 3A,B). During the heating process from
20 °C upward, the first-order peak position shifts gently to higher
angles, indicating onset of PNIPAM chains contractions, and
at 30 °C, which is just below the PNIPAM transition temper-
ature, the peak position is at 0.0073 A~!, corresponding to a



//ldoc.rero.ch

http

R T T T T T T T

0.00 0.01 0.02 0.03 0.04
-l

q[A7]

Figure 7. Small-angle X-ray scattering diffractograms of PN77.118K.
Dry bulk sample at room temperature and for the hydrogel—water
mixture collected after swelling upon heating from 20 to 45 °C
measuring every 5 °C. Data show a very sharp structural transition at
the PNIPAM coil-to-globule transition temperature, which occurs
between 30 and 35 °C.

real space length scale of 86 nm. At the PNIPAM coil-to-globule
transition temperature, which occurs between 30 and 35 °C,
the peak suddenly shifts to high g values, and the peak position
measured for the collapsed bulk above the transition temperature
is practically the same as that measured for the dry bulk. Thus,
in summary, the observed changes in the microstructure
characteristic size agree well with both those observed by cryo-
TEM studies and those expected on the basis of volume changes
considerations.?®

Conclusions

We have presented the first cryo-transmission electron
microscopy study of self-assembled polystyrene-block-poly(N-
isopropylacrylamide)-block-polystyrene triblock copolymer hy-
drogels at different temperature conditions. Cryo-TEM studies
were supported by small-angle X-ray scattering analysis, while
sublimation of vitrified water in hydrogel—water blends by in-
situ freeze-drying in the transmission electron microscope
column revealed detailed and valuable information about the
hydrogel network structure, connectivity, and topology.

Two different polystyrene-block-poly(N-isopropylacryla-
mide)-block-polystyrene triblock copolymer hydrogels having
a spherical and bicontinuous double-gyroidal microstructure
were studied. The typical length scales observed for block
copolymer microstructures by cryo-TEM on samples vitrified
above and below the PNIPAM transition temperature compare
well with the corresponding small-angle X-ray analysis and
with expectations based on macroscopic gel swelling con-
siderations. Additionally, besides providing direct verification
of the spherical and double-gyroidal structure of the two
hydrogels, the cryo-TEM analysis combined with freeze-
drying process allowed gaining a deeper understanding and
new valuable information about PNIPAM network micro-
structural deformation during the hydrogel swelling process.
It was then demonstrated that in both spherical and gyroidal
morphologies the polystyrene domains undergo severe plastic
deformation during the hydrogel swelling, although the whole
process occurs at temperatures well below the glass transition
temperature of bulk polystyrene. This allowed arguing that
confined polystyrene domains in these block copolymer
systems have an effective glass transition temperature of 5
°C or less. The physical reasons for such an effective low
glass transition temperatures were identified on the confine-
ment of polystyrene domains within sizes less than 20 nm,

which has profound effects on the glass transition temperature
of PS, as already reported in the literature by other authors.
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