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Abstract
This work describes properties of thermo-sensitive submicron sized particles having the same
chemical composition but different morphologies. These particles have been prepared with an
aerosol technique using dimethylformamide solutions of linear polystyrene-block-poly(N-
isopropylacrylamide-block-polystyrene, PS-b-PNIPAM-b-PS. The particles were characterized by
cryo-electron microscopy, microcalorimetry, and light scattering. Block-copolymers self-
assembled within the particles forming onion-like, gyroid-like, and spherical morphologies having
poly(N-isopropylacrylamide) matrix and physically cross-linking polystyrene domains. The
particles were dispersed in aqueous media and their behavior in water was studied both below and
above the lower critical solution temperature of poly(N-isopropylacrylamide). We found out that
the particles with spherical and gyroid-like morphologies swell considerably in water at 20 °C,
whereas at 40 °C the particles resemble more of those studied without water treatment. Light
scattering experiments showed that the particles gradually aggregate and precipitate with time at
40 °C. Microcalorimetric studies revealed for all three studied morphologies that PNIPAM
undergoes a two-step transition due to the different hydration levels of PNIPAM inside and
outside the particles. Thicknesses of the PS and PNIPAM layers within the onion-like particles
were analyzed using the TEM micrographs by fitting a model of electron density to the integrated
electron intensity data. The surface layer of the particles was found out to be PNIPAM, which was
supported by light scattering and microcalorimetry. It was also found out from the TEM
micrograph analysis that the width of the outmost PS layer is considerably thinner than the one in
the dry state prior to immersion in water, and a degradation scheme is proposed to explain these
results.
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INTRODUCTION
Nature offers countless examples of complex functional nanosized entities such as viruses
and bacteria to name only a few, which play a very important role in our every-day lives.
While most of the complexity of the nature is still impossible to reproduce synthetically,
some of the functions, shapes and sizes that exist in nature can already be mimicked in
laboratory. One of these kinds of functional properties is stimuli-responsive phase
separation, which can be observed in some naturally existing biopolymers like tropoelastin.1

The phase separation occurs as a result of the change in the strength of the intra- and
intermolecular bonding between the polymer and the solvent as the temperature is changed.
During the conformation transition the polymer transforms from coil to a globule and the
polymer phase separates from the solvent or vice versa.

Poly(N-isopropylacrylamide) is a synthetic polymer, which behaves similarly as
tropoelastin, phase-separating from water due to changes in the competing inter- and intra-
molecular interactions between the polymer and the surrounding water, as the solution
temperature is increased beyond 32 °C.2 This behavior has been widely used, for example,
in stimuli-responsive hydrogels, whose swelling can be controlled by temperature, and it has
also been employed, for instance, in sensors, actuators, filters, or in drug release.3-7

Hydrogel swelling and shrinking are diffusion based processes. The response time is directly
proportional to the square of the size of the hydrogel.8 For example, swelling of a hydrogel
particle on the size scale of millimeters can take hours.9 To prepare rapidly responding
systems the dimensions must be decreased or alternatively the gel can be made porous to
enable fast solvent immersion throughout the gel.10, 11 The dimension of the gel can be
decreased by preparing thin films, fibres or spherical particles having small enough radii.
While nature's biosynthesis of entities is superior to any method developed in laboratory,
there are still several ways to prepare submicron sized hydrogel particles synthetically using
techniques such as microfluid, lithographic, or spray drying methods, or by applying one of
the several different types of polymerization methods available.12, 13 The hydrogel particles
prepared by the previous list of techniques are usually chemically cross-linked during the
preparation process. However the chemical cross-linking can be avoided by utilizing
amphiphilic block copolymers for the hydrogel preparation. Typically block copolymers
have been used as self-assembling building blocks for nano-scale structures.14, 15

Chemically different polymer blocks, which are connected from one end, prefer to
microphase separate into their own domains rather than of chemically mixing.16 For diblock
copolymers and for ABA-type triblock copolymers, the microphase separation results in
various different structures such as spherical, cylindrical, bicontinuous or lamellar
depending on the degree of polymerization, composition and interaction strength between
the polymer blocks.17, 18 Hydrogels can be formed by ABA-type amphiphilic triblock
copolymer, where B-type middle block is water-soluble and A-type block is hydrophobic
acting as physical cross-linker. One of the advantages of using block copolymers is that they
can be melted, molded and processed unlike chemically cross-linked gels.

Block copolymer nanoparticles can be prepared synthetically using dispersion and emulsion
polymerization techniques.19 In addition to the spherical shapes, the synthesis has been
developed further to prepare more anisotropic particles such as cone- or popcorn-like
shapes.20 Even though the synthesis may be very laborious, the particle size distribution can
also be made very narrow. The advantage of using block copolymers is the possible
formation of inner complex structure, which also provides the possibility for preparation of,
for example, hollow particles by subsequent removal of the core polymer block in core-shell
particles.21, 22 Block copolymer particles can also be prepared directly from polymer
solution for example by filling lithographically prepared voids and removing the template
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afterwards.23-25 A widely used preparation method for block copolymer nanoparticles is to
disperse the polymer solution in a non-solvent and letting solvent diffuse and evaporate.
This will result in particle dispersion in a non-solvent, but the size distribution control is
difficult.26-31 Gas-phase methods, where polymer solutions are converted to aerosols, have
been used for the production of solid nanoparticles or as templates for mesoporous
particles.32-40 The gas-phase aerosol flow reactor method is versatile because it works
generally for all polymer solutions, it is easily scalable, and the resulting dry particles can be
collected from the gas-phase directly on a substrate. The system complexity can be
increased by dissolving additional molecules in the polymer solution and supramolecular
structures can be achieved within the particles already during the particle preparation.
Moreover, in the aerosol preparation process the particles can be thermally annealed at the
defined temperature in the process gas. Thomas et al. were the first scientists to
experimentally study block copolymer aerosol particles41. They showed that the
morphology of the symmetric composition of polystyrene-block-polyisoprene diblock
copolymer varied with the degree of polymerization. Polymer with molecular weight of 20
kg·mol-1 for both blocks formed particles with onion-like concentric shells whereas polymer
with molecular weight of 80 kg·mol-1 for both blocks showed chaotic bicontinuous
morphology. Since the first report of Thomas et al. there have been many aerosol particle
studies made for different block copolymer systems. Yang et al.42-44 used diblock and
triblock copolymers with gelable poly(3-triethoxysilyl)propyl block to create aerosol
particles with cylindrical and onion-like structures. The authors showed that it was possible
to prepare curved hybrid silica or polystyrene nanoplatelets by subsequent dispersion of the
particles into acidic water or to tetrahydrofuran.43, 44 Moreover when using poly(2-
vinylpyridine) as the other block they were able to reduce gold nanoparticles within the
concentric P2VP layers inside the onion-particles afterwards.43 Theoretical and
computational studies regarding the block copolymer self-assembly in 3D-confinement
suggest that the confinement effect plays an important role for morphology, when the
particle dimension is in the order of the block copolymer periodicity and the existence of the
frustrated phases is predicted.45-50

We have earlier reported studies of linear polystyrene-block-poly(N-isopropylacrylamide)-
block-polystyrene, PS-b-PNIPAM-b-PS in bulk and in films.51, 52 The kinetics and
aggregation behavior of the micellar solution have also been studied for this polymer by
Adelsberger et al.53, 54 In this work, we use the same triblock copolymer for the preparation
of thermally responsive submicron sized particles using gas-phase aerosol technique.
Depending on the polymer composition different intra-particle architectures, such as onion-
like concentric lamellar, gyroid-like bicontinuous, and spherical morphologies are formed.
In water the poly(N-isopropylacrylamide) domains have thermally responsive behavior
whereas polystyrene domains act as physical cross-link points. Properties of aqueous
dispersions of these particles are discussed herein. The effect of temperature on the particles
below and above the lower critical solution temperature of the PNIPAM block has been
studied by means of cryo-electron microscopy, microcalorimetry and light scattering. These
particles, whose size is scalable from tens of nanometers to few microns, can be used as
excellent models for temperature induced controlled release of various chemicals to the
outer media with the release rate and profile determined by the particles’ morphology.

EXPERIMENTAL METHODS
Materials

N,N- dimethylformamide (DMF) was used as received from Sigma-Aldrich. Synthesis of
polystyrene-block-poly(N-isopropylacrylamide)-block-polystyrene, PS-b-PNIPAM-b-PS,
triblock copolymer by controlled RAFT polymerization is described in our previous paper.52
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For this study three of those triblock copolymer compositions were selected, namely
PN77.118K, PN61.106K, and PN43.65K, whose data are listed on Table 1.

Particle preparation
Approximately 40 mg of polymer were dissolved in DMF to yield 1 wt-% polymer
concentration. Polymer solution was sprayed into small droplets in nitrogen gas and then led
to a reactor oven which was heated to 180 °C. The flow of particles was led through a
differential mobility analyzer (DMA) (TSI Model 3071) and a condensation particle counter
(CPC) (TSI Model 3775) to record the particle size distribution. The average particle
diameter was 198 nm with standard deviation of 163 nm. The particle size was normally
distributed on a logarithmic scale. The particles were finally fractionated to ten different size
fractions using a Berner-type low-pressure impactor and collected on both TEM grids and
on aluminum foils.55

Transmission electron microscopy (TEM)—Aerosol particles were collected directly
from the reactor to holey carbon copper grids using an electrostatic precipitator (ESP).
Samples were imaged first dry and then vitrified from wet state both below and above
PNIPAM coil-globule transition temperature, e.g. at 20 °C and at 40 °C, respectively.
Aerosol particles were equilibrated by applying water on grids in the environmental
chamber of FEI Vitrobot having relative air humidity of 100% and at temperature of 20 °C
or 40 °C. After keeping the samples in the environmental chamber for 5 - 10 minutes the
excess water was removed by blotting twice for one second followed by an immediate
plunging of the samples into 1:1 mixture of liquid ethane and liquid propane cooled below
-175 °C. Vitrified samples were cryo-transferred into Jeol JEM-3200FSC cryo-transmission
electron microscope operating at -188 °C. Micrographs were recorded with Gatan Ultrascan
4000 camera operating the microscope in the bright field mode, using 300 kV acceleration
voltage and the in-column energy filter set to 0-20 eV energy-loss range (zero-loss imaging).
Tilt series starting from angle -70 until angle 60 by one degree increment was taken from
sample PN61.106K for transmission electron microtomography (3DTEM) using SerialEM56

software. Image alignment using 3 nm gold fiducials and tomogram reconstruction were
done with the help of IMOD software package57 and the tomograms were visualized with
UCSF Chimera software58.

Scanning electron microscopy (SEM)—SEM was used to study the morphology and
stability of the particles in aqueous environment. Samples were measured both dry and wet
after having been exposed to water. Samples were immersed in water at 20 °C or at 40 °C
for one minute or for four hours and then quenched into liquid propane cooled below -175
°C. Vitrified samples were transferred to vacuum oven and freeze-dried for 10 hours. Before
measurements the samples were coated by a thin layer (ca. 2 nm) of gold. Jeol JSM-7500FA
operating at normal SEM mode was used at 2 kV high tension and 10 μA emission current.
Electron beam scanned 1280×960 points on the sample, which was located approximately
15 mm below the objective lens and secondary electrons emitted by the sample were
recorded with Everhart-Thornley-type detector, which was located at the side of the
specimen chamber.

Light scattering (LS)—For LS experiments, aqueous dispersions of comparable total
mass concentration were prepared by cutting a piece of the aluminum foil with the polymer
particles on it (sample mass ~100 μg) and immersing the piece of foil in 2 mL of distilled
water. For samples PN77.118K, PN61.106K, and PN43.65K the mass concentrations were
0.07 mg·mL-1, 0.05 mg·mL-1 and 0.05 mg·mL-1 respectively. Dispersions were sonicated for
five minutes and left for stirring over night before the measurements. Light scattering
measurements were conducted using a Brookhaven Instruments BI) 200SM goniometer, a
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BIC-TurboCorr digital pseudo-cross-correlator, and a BI-CrossCorr detector, including two
BIC-DS1 detectors. Pseudo-cross-correlation functions of the scattered light intensity were
collected at 90° scattering angle with the self-beating scheme.59, 60 A Sapphire 488-100
CDRH laser from Coherent GmbH operating at λo = 488 nm and the power of 50 mW was
used as a light source. The temperature of the samples was controlled by means of a Lauda
RC 6C thermostated water bath. For each temperature setting, the intensity of scattered light
was recorded as a function of time. When it reached a constant value, LS measurements
were performed.

High sensitive microcalorimetric analysis (HS-DSC)—The same sample solutions,
which were used in LS, were measured in microcalorimetry. High-sensitivity differential
scanning calorimetry (HS-DSC) measurements were performed for aqueous polymer
dispersions using a VP-DSC MicroCalorimeter (MicroCal Inc.) under an external pressure
of ca. 180 kPa. The temperature interval studied was from 15 °C to 50 °C and the heating/
cooling rate was 90 °C per hour.

RESULTS AND DISCUSSION
Particle preparation and characterization of as-prepared particles by TEM

The PS-b-PNIPAM-b-PS aerosol particles were prepared by atomizing the polymer solution
into small droplets in a gas-phase and letting the solvent evaporate in an oven, which was
heated up to 180 °C. Spherical particles were formed with an average particle diameter of
198 nm and with standard deviation of 163 nm as shown in Figure 1.

The temperature used for the particles preparation is above the Tg of both polymer blocks
and above the boiling point of the dimethylformamide solvent. Thus the block copolymer
self-assembles in conditions close to the molten state, resulting in the morphologies, which
minimize the unfavorable mixing enthalpy of the chemically different polymer blocks. We
used TEM to study the internal structure of the aerosol particles. Micrographs, taken from
particles of polymer compositions PN77.118K, PN61.106K, and PN43.65K, are shown in
Figures 2A, 2B, and 2C, respectively. The samples were stained with iodine, which
selectively stains PNIPAM domains appearing darker in the micrographs. In contrast, the PS
domains appear light grey in all the micrographs. The sample morphology within the
particle in Figure 2C appears to be onion-like lamellar, but it is more difficult to make
accurate definition of morphologies from Figures 2A and 2B. Nevertheless, more insight to
these particle morphologies will be given by observing the cryo-TEM micrographs in the
next section.

The self-assembly of the polymers in the molten state happens in a relatively short time, in
about 10 seconds, but still the structures are well formed, especially in the onion-like
morphology, when compared to the structures of bulk samples, which were annealed at the
same temperature for four days.52

Particle behavior in water at 20 °C
The particles were immersed in water at 20 °C to find out their behavior in aqueous
environment below the PNIPAM coil-globule transition temperature. PNIPAM blocks are
water soluble under these conditions, which results in the PNIPAM domain swelling. This
can be observed from cryo-TEM micrographs in Figures 3A, 3B, and 3C, which were taken
after 5-10 minutes of water immersion at 20 °C. The electron density of the water swollen
PNIPAM domains is lower than the PS domains. Thus, no traditional staining methods are
needed to reveal the block polymer morphology in cryo-TEM. One can observe PS spheres,
worm-like PS domains, and curved PS-layers in micrographs 3A, 3B, and 3C, respectively.
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It is easier to observe the differences between the morphologies of samples PN77.118 and
PN61.108K in cryo-TEM micrographs, Figures 3A and 3B, than in iodine stained particles
without any water treatment, in Figures 2A and 2B, respectively. This is firstly because in
cryo-TEM the contrast is formed without staining, which makes domain boundaries sharper,
secondly, because the PS domains are more separated due to the PNIPAM domain swelling,
and finally, because the particles are surrounded by a thin film of water which flattens
laterally the originally spherical particles. The flattening can also be observed from electron
microtomography (3DTEM) reconstruction, taken from sample PN61.106K (see Supporting
Information. In the onion-like particle of Figure 3C, it is possible to observe the PNIPAM
corona at the surface of the particle, which has been highlighted by a red dashed line.
Moreover, observing electron density contrast between the different layers in the onion-like
particle in Figure 3C proves that water molecules are able to penetrate inside the particle,
since the as) prepared particles did not show any electron density contrast without staining.
However, only the outmost PNIPAM layer of the onion-like particles was observed to swell
considerably. Thus the continuous PS layers prevent the swelling of the inner PNIPAM
layers in this morphology.

The cryo-TEM study was done in purpose to see the morphology and temperature dependent
behavior of individual particles on a TEM grid. With SEM it is possible to study the surface
of a larger amount of particles and to get statistical information of the behavior. At the time
of particle preparation, a flow of particles is directed on an aluminum foil, where the
particles form a heap and are initially attached with each other. Such a heap of particles on
an aluminum foil was used as a sample in this experiment. The samples were exposed to
water for one minute or for four hours at temperatures 20 °C or 40 °C, i.e. below and above
the PNIPAM coil-globule transition temperature, respectively. At the end of the experiment
the samples were quenched with liquid propane and freeze-dried in vacuum. SEM
micrographs reveal the polymer network at the state in which it was at the time of
quenching. Ice sublimates away during the freeze-drying process and the only material left
is the polymer network. As a consequence, the water swollen particles become porous as can
be seen from some of the SEM micrographs.

SEM micrographs in Figure 4 show the particles without any water treatment and the
particles, which were left in water at 20 °C for four hours and then freeze-dried. We can
observe that the water treated particles with spherical morphology PN77.118K and gyroid-
like morphology PN61.106K, in Figures 4D and 4E respectively, look porous, whereas the
particles with onion-like morphology PN43.65K, in Figure 4F, appear as full solids.

Particle diameters were measured from SEM micrographs, for statistical analysis. Figure 5
shows the diameter distributions of the particles without any water treatment and after being
in water for one minute and for four hours at 20 °C. The percentual changes of the particle
diameters, upon immersion in water at 20 °C or at 40 °C, have also been summarized in
Table 2. We can observe that the average diameter increases for both the particles with
spherical morphology PN77.118K and the particles with gyroid-like morphology
PN61.106K, which confirms the idea of particle swelling at 20 °C. The average increase of
particle diameter for samples PN77.118K and PN61.106K is 18 ± 5% and 72 ± 5%,
respectively, which corresponds to a volume increase of 64% and 410%, respectively. These
values are far from the ones, which were measured earlier in the bulk swelling experiments
based on the measurement of mass change.52 The mass increases of 3400% and 600%,
compared to the dry state, were measured at 24 °C for PN77.118K and PN61.106K,
respectively. The diameter of the particles having the onion-like morphology PN43.65K
does not increase upon immersion in water at 20 °C, which is consistent with the results
reported earlier. On the contrary, the average diameter had decreased unexpectedly 21 ± 2%
after being in water for four hours, which corresponds to 50% of volume decrease.
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Particle behavior in water at 40 °C
When the samples were immersed in water at elevated temperature of 40 °C, the particle
structure could not be resolved any longer by TEM for particles made of PN61.106K and
PN43.65K, as can be seen in Figures 6B and 6C, respectively. At this temperature the
PNIPAM blocks are always in the hydrophobic state and, therefore, the water does not enter
inside the particles and the electron contrast between the PNIPAM and the PS blocks
remains low. However the surface of the spheres is slightly deformed if compared with the
particles without any water treatment in Figure 2. Another observation is that at 40 °C the
hydrophobic particles tend to aggregate in order to minimize the surface area against the
surrounding water. This behavior was observed especially for particles made of PN61.106K
and PN43.65K, as can be seen in Figures 6B and 6C, respectively. Surprisingly, we did not
see any notable difference in the particle appearance in the cryo-TEM at different
temperatures for particles of the sample PN77.118K as can be observed by comparing
Figures 3A and 6A.

The SEM micrographs in Figures 6D, 6E and 6F, which have been taken after the particles
being four hours in water at 40 °C, show that the particles are full solids, which implies that
they did not swell, as expected, due to the hydrophobic state of the PNIPAM. The average
particle diameters acquired from SEM micrographs support this observation, since the
average diameter stays almost at constant, see Table 2 and the diameter distributions in
Figure S1.

High sensitive microcalorimetric analysis
The cryo-electron microscopy observations confirmed that the temperature has an effect on
the particle swelling but also that the polymer composition and morphology play a major
role in the particles’ behavior in an aqueous environment. The aqueous particle dispersions
were further investigated by microcalorimetry in order to qualitatively estimate the fraction
of NIPAM units, which take part in the phase separation process in respect to particle
architecture.

The most important results of this analysis are summarized in Figure 7.

Firstly, we observed two well separated peaks in the microcalorimetric endotherms for all
studied dispersions of PN77.118K, PN61.106K, and PN43.65K, see Figure 7. Such bimodal
phase transition has not been observed for linear PNIPAM in water. However, a similar two-
step phase transition has been observed for the PNIPAM-protected gold nano-particles61, 62

as well as for a PNIPAM shell grafted from a hydrophobic dendritic core.63, 64 Shan et al. 61

proposed a model to explain the double peak behavior for the PNIPAM-protected gold nano-
particles. In that model the PNIPAM chains were subdivided into two zones. They suggested
that the interchain cooperative transition of the NIPAM units at the inner shell occurred at a
lower temperature due to their lower hydration level. The second transition at a higher
temperature owed to the collapse of the remaining “free” NIPAM units situated relatively far
from the gold core. The earlier reports by Afroze et al.66 and Boutris et al.67 show that the
phase separation temperature of the linear PNIPAM in aqueous solution decreases with
increasing concentration up to the weight fraction of 0.5, after which the temperature starts
to increase again. Thus, it would be reasonable to expect broader or separated phase
transition peaks for a system with multiple different concentration regions.

In our triblock copolymer aerosol particle system we can expect of having three different
regions of NIPAM units based on their surroundings. First, the PNIPAM on the surface of
the particles is free to interact with the surrounding water and the PNIPAM concentration is
the lowest. Inside the particle the PNIPAM concentration is higher, however it can be
assumed to be highest close to the PS-PNIPAM interface and to decrease quite rapidly as the

Nykänen et al. Page 7

Macromolecules. Author manuscript; available in PMC 2013 October 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



distance from the PS-PNIPAM domain interface increases. The molecular weights of the
polymers in our study are higher than for example for Shan et al., who observed the two-step
transition for polymers having molecular weight of only 5 kg·mol-1. Thus also the relative
amount of well-hydrated NIPAM units is much higher in our study, if we assume that the
size of poorly hydrated zone close to the gold core is comparable with the less hydrated zone
at the PS-PNIPAM interface.

It can be observed from the Figure 7 that the temperature of the maximum heat capacity of
the first peak varied depending on the polymer composition. The lowest value 31.4 °C was
observed for PN43.65K, next 32.2 °C for PN61.106K, and finally the highest value 32.8 °C
for PN77.118K. The transition temperature decreased consistently with the increasing
amount of hydrophobic polystyrene on the particles. This makes sense knowing that the
PNIPAM demixing temperature can be decreased by adding hydrophobic moieties to
PNIPAM.65 This observation supports the assumption that the first peak comes from the part
of the PNIPAM chain which is inside the particle and close to the PS-PNIPAM domain
interface.

The HS-DSC experiments also reveal that the number of NIPAM units, which actually takes
part in the phase separation process, is determined by the internal architecture of the studied
particles. The relative ratio of the first peaks and the area under the Cp vs. T curves clearly
indicate the difference between the samples, see Figure 7. For the PN43.65K particles, that
have onion-like structure, the NIPAM units of only the most outer shells are solvated and
take part in the phase separation process. As a result, the area under the Cp vs. T curves is
the smallest for the PN43.65K particles. Surprisingly, the sample PN61.106K, having
gyroid-like morphology, has the largest area under the Cp vs. T curves even though the
spherical morphology of the PN77.118K particles has the highest amount of NIPAM units.
This indicates that the amount of NIPAM units that take part into the conformation
transition is relatively much higher for PN61.106K than for PN77.118K. This result is
supported by the cryo-electron microscopy, where the strongest temperature dependent
swelling was also observed for PN61.106K.

The reasons for the strongest PNIPAM transition for sample PN61.106K can be further
discussed. The ABA-type triblock copolymer can be either in looping or bridging
conformation as a result of self-assembly. The polymer is defined to be looping if the end-
blocks of the same polymer chain locate in the same domain and bridging if they locate in
the different domains, in which case the polymer physically cross-links the end-block
domains. It has been shown experimentally and theoretically to lamellar and spherical
morphologies that the ratio of bridging polymer chains to the looping ones is approximately
0.4.66-68

If the polymer is looping in our system, the middle PNIPAM block can move more freely
and in principle all the NIPAM units are able to take part into the conformation transition.
However, if the polymer chain is bridging between the two PS domains, it is physically
more restricted to move than the looping chain because the chain ends are fixed to different
locations. The conformation transition might not be as complete as for the looping chains, in
which case the resulting enthalpy is also smaller. The absolute value of enthalpy of the
phase transition (ΔH) cannot be calculated for the studied samples even if the precise
polymer concentration of solutions is known. This is because the number of the NIPAM
units, which actually take part in the phase separation, is unknown due to the architecture
differences of the studied particles. However, it is possible that the surprisingly large
enthalpy difference that was observed between the samples PN61.106K and PN77.118K is
due to the different bridging to looping ratios. More precisely, this might indicate that
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PN77.118K polymers form denser bridging network within the aerosol particles than
PN61.106K.

Study of the layer thicknesses in the onion-like morphology by TEM
The behavior of the onion-like morphology PN43.65K in water was analyzed further
because the outmost PS layer was unexpectedly thin on the TEM micrographs, see Figure
3C.

All the TEM micrographs were taken without sectioning the spherical particles. During the
TEM experiment electrons transmit through the sphere and, in the case of the onion-like
morphology, projection of a spherically symmetric particle of concentric layers is recorded
on a CCD-camera. To maximize the usage of the available data, the recorded electron
intensity in the TEM micrographs was integrated around the center point of the projection of
the spherical particle. The integration result is proportional to the inverse of the electron
density within the sphere projected through the axis of the electron beam, as can be observed
by comparing the graphs in Figures 8 and 9. We can study the layer thicknesses of the
onion-like morphology more accurately by fitting a model of the electron density of a sphere
with concentric layers of alternating electron density to the data, see Figure 8. Moreover, the
model can be used to estimate the relative electron densities of the layers. Figures 9A and
S4-S8 show the integrated data and the fitted model for the iodine stained particles without
any water treatment. Iodine stains PNIPAM layers, which result as darker domains in the
micrographs. In Figures 9B and 9C, a simulated micrograph based on the fitted model and
the relative electron densities of the layers have been plotted, respectively. The modeled
electron density is alternating as a function of radius as expected, but the electron density
difference is lower at the surface of the particle. This might be since the iodine evaporates
easily from the particle surface in vacuum during the TEM experiments. Figures 9D and S9-
S12 show the integrated data and fitted model for the particles, which have been in water at
20 °C. In these micrographs, the contrast is inversed and the darker layers correspond to PS.

Averages of the absolute layer thicknesses have been listed in Table 3 and the relative layer
thicknesses measured from the water swollen particles and from the iodine stained particles
without any water treatment have been plotted in Figure 10. In all the analyzed particles, the
surface layer was found out to be PNIPAM. One can observe from the solid line in Figure
10, that for the iodine stained particles the relative layer width decreases from core to the
surface. One can also notice that the outmost layer of PNIPAM has swollen considerably
and its width has increased in average of 3.5 times compared to the dry state. On the other
hand the width of the second layer, which is PS, has decreased to half compared to the PS
layers measured from particles without any water treatment.

The decrease of the width of the layers from core to surface is a surprising result. According
to the theory and simulations, a slight increase in the layer width would be expected
instead.45 The unexpected decrease can be due to the shrinking caused by iodine for the
stained particles. The middle PNIPAM-blocks situated in the outmost layers are all at the
loop-conformation and the increase of the width of this layer is expected as the polymer
chains can freely wet in water. The increase of 350±25 % corresponds well to the maximum
swelling capacity of the block copolymer gel of spherical morphology PN77.118K in bulk,
which was measured to be approximately 34 times in volume (~3.2 times in radius).52

It is more complicated to explain the decrease of the layer width of the outmost PS layer,
which is the second layer from the surface. Its width was decreased approximately to a half
from the original as a result of water immersion at 20 °C. A part of this decrease is caused
by the error in the actual layer thicknesses measured from the stained particles. The iodine
staining distorts the measurements first by shrinking the PNIPAM layer and secondly by not
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totally staining the PNIPAM layer, which causes the PS layers to be measured too large, see
also Figure S3. This can also be seen from Figure 10, where all the PS layers, measured
from the wet particles are thinner than the layers measured from the iodine stained particles.
However, this is not enough to explain the amount of thinning at the outmost PS layer. We
suppose that the particle starts to “degrade” from the surface so that the polymer chains
depart from it causing both the PS-layer to become thinner and a formation of separate
micelles and vesicles in the solution, as depicted in schematic Figure 11. Vesicles were
indeed observed together with onion-like particles for PN43.65K in cryo-TEM micrographs,
for details see Figure S13. The fact that the polystyrene end blocks are terminated with
hydrophilic carboxylic acid groups52, 69 make this proposal even more acceptable, because
then the PS chain ends can remain in water without being energetically in an unbearable
situation. According to the statistical analysis made from SEM micrographs the average
particle diameter decreased 21 ± 2% after keeping the particles four hour at 20 °C, which
also supports the idea of particle degradation.

The suggested degradation mechanism is very attracting regarding the possibility to apply it
for layer-wise controlled release.

Comparable particle “degradation” is expected also for the other two studied morphologies,
since separate micelles were found from all the studied samples with help of cryo-TEM (see
Figure S13).

Light scattering of aqueous particle dispersions
Light scattering studies were performed on particle dispersions of PN77.118K, PN61.106K,
and PN43.65K in order to estimate the particles size, their size distributions in water, and the
effect of temperature within the temperature interval of 20 – 40 °C. At 20 °C, the apparent
hydrodynamic radius Rh of the PN77.118K particles of spherical morphology (Rh~1000 nm)
is about twice larger than corresponding Rh of PN61.106K, and PN43.65K (Rh~500 nm) and
the distributions of hydrodynamic radius are moderately narrow for all studied samples.
Small separate micelles or particles cannot be detected by DLS owing to the strong
scattering from the larger particles and this unfortunately reduces the relevance of the DLS
measurements in this study. In the range of 30-35 °C, the PNIPAM blocks collapse and the
particles of all three morphologies appear as monodisperse hard spheres. Above 30-35 °C,
intensity of scattered light increases due to formation of large inter particle aggregates.
These secondary aggregates sediment gradually with time and/or upon further heating,
which is observed by the decrease of the total intensity of the scattered light in time at 40 °C
(for details, see Figure S14).

CONCLUSIONS
Aerosol process can be used to prepare physically cross-linked block copolymer hydrogels
with self-assembled morphologies. The particles of PS-b-PNIPAM-b-PS with spherical and
gyroid-like morphology swell after immersion in water at 20 °C, whereas at 40 °C, they
resemble the particles without any water treatment. Microcalorimetric studies revealed that
PNIPAM phase separation takes place in two steps. The first transition was assigned to
come from the PNIPAM inside the sphere and the second step from the surface of the
particles. The outmost layer of the particles with the onion-like morphology was found to be
PNIPAM. The width of the next outmost PS layer, which was measured from the particles
immersed in water at 20 °C, was found to be considerably thinner than in the particles
without any water treatment. A degradation scheme was suggested to explain this layer
thinning, which was supported by the observation of separate micelles and vesicles in the
micrographs. The suggested degradation mechanism is very attracting regarding the
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possibility to use it for controlled release application. At 40 °C, particles in aqueous
dispersions form larger aggregates and gradually precipitate from the dispersion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A). Particle size distribution measured with the differential mobility analyzer and the
condensation particle counter. (B) A SEM micrograph of freshly prepared aerosol particles.
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Figure 2.
TEM micrographs of aerosol polymer particles with spherical, gyroid-like, and onion-like
morphologies from samples PN77.118K (A), PN61.106K (B), and PN43.65K (C),
respectively. Samples were stained with iodine, which selectively stains the PNIPAM
domains appearing darker in the micrographs.
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Figure 3.
Cryo-TEM micrographs of polymer particles with spherical, gyroid-like and onion-like
morphologies vitrified from T = 20 °C, when the PNIPAM block is in the hydrophilic state.
Micrographs are from samples PN77.118K (A), PN61.106K (B), and PN43.65K (C),
respectively. The darker domain consists of polystyrene. In (C) the PNIPAM corona has
been highlighted by a red dashed line. The samples were equilibrated in water for 5-10
minutes before vitrification. No staining was used.
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Figure 4.
SEM micrographs comparing the samples without any water treatment, Figures (A), (B), and
(C), to the samples after being four hours in water at T = 20 °C, and subsequent freeze-
drying, Figures (D), (E), and (F), respectively. Micrographs are from samples PN77.118K
(A) and (D), PN61.106K (B) and (E), and PN43.65K (C) and (F), respectively.
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Figure 5.
Particle diameter size distributions acquired from SEM micrographs for as-prepared
particles (black line) and for freeze-dried particles after being one minute or four hours in
water at 20 °C (blue area). Sample mean (x-bar), median (x-tilde) and standard deviation s,
were calculated from the statistics. The amount of particles used for the statistics is written
inside the parentheses in the label box. Normal distributions fitted to the data have been
plotted with dashed lines.
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Figure 6.
Cryo-TEM micrographs of polymer particles with spherical, gyroid-like, and onion-like
morphologies vitrified after being 5-10 minutes in water at T = 40 °C, when the PNIPAM
block is in the hydrophobic state. Micrographs are from samples PN77.118K (A),
PN61.106K (B), and PN43.65K (C), respectively. In (D), (E), and (F), there are SEM
micrographs shown of the freeze-dried particles. Samples were vitrified after being four
hours in water at T = 40 °C. Micrographs are from samples PN77.118K (D), PN61.106K
(E), and PN43.65K (F), respectively.
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Figure 7.
(A) Microcalorimetric endotherms (heating) of stock solutions of PN77.118K, PN61.106K,
and PN43.65K measured with a heating rate of 90 °C·h-1. Values of the maximum heat
capacities for each peak are shown.
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Figure 8.
The equation in the figure models the electron density projected through a spherical particle
with concentric layers of alternating electron density. ρi is the electron density and ri is the
radius of the ith layer and x is the coordinate of the axis perpendicular to the axis of
projection. The inset graph shows the electron density for the case of ρgreen = 2 * ρpink.

Nykänen et al. Page 21

Macromolecules. Author manuscript; available in PMC 2013 October 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 9.
Integrated intensities of projections of spherical particles with onion-like morphology are
plotted in Figures (A) and (D). Integrations were performed on the unmasked area around
the center point of the particles as shown in the inset TEM micrographs. The particle in
Figure (A) was imaged after staining at iodine vapor for four hours and without any water
treatment. Iodine stains the PNIPAM domains, which can be seen darker in the micrograph.
The sample in Figure (D) was equilibrated for 5-10 minutes in water at 20 °C before cryo-
TEM sample preparation and no staining was used. An inverse of the model of projected
electron density of a sphere with concentric layers (yellow line) is fitted on the data. The
layer widths given by the models are listed on top of the graphs. Simulated micrographs,
based on the fitted models in Figures (B) and (E), can be compared with the original TEM
micrograph for model validation. Electron densities of the layers given by the fitted model
are plotted in Figures (C) and (F).
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Figure 10.
Relative layer thicknesses as a result of TEM micrograph analysis obtained for the onion)
like PN43.65K. Particles without any water treatment (solid line) and water equilibrated
particles prepared from 20 °C (dashed line) have been used. Averages of the layer
thicknesses measured from particles without any water treatment have been used for
normalization. The bulk periodicity measured in SAXS was 14 % larger than the average
periodicity measured from the particles in TEM. The SAXS data can be found from the
Supporting information.
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Figure 11.
Schematic representation describing the suggested reason for the observed thinning of the
outmost PS layer of the onion-like particle in water.
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Table 1

There are listed below the PS-b-PNIPAM-b-PS polymer compositions used in this study. The samples are
coded with PNx.yK, where x is the percentual weight fraction of PNIPAM in the polymer and y is the total
molecular weight of the polymer in unit kg·mol-1.

Sample code wt%PNIPAM Mn Mw/Mn

PN43.65K 43 64 600 1,27

PN61.106K 61 106 000 1,52

PN77.118K 77 118 300 1,51
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Table 2

Percentual change Δd = 100·(dwet-dorig)/dorig of the average particle diameter in aqueous environment dwet
compared to the particle diameter without any water treatment dorig. Values are based on the statistics acquired
from the SEM micrographs.

T = 20 °C T = 40 °C

Sample code Δd, 1 min Δd, 4 h Δd, 1 min Δd, 4 h

PN77.118K 6 ± 5 18 ± 5 -1 ± 5 6 ± 4

PN61.106K 51 ± 4 72 ± 5 2 ± 3 -16 ± 2

PN43.65K -1 ± 2 -21 ± 2 10 ± 3 2 ± 3
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