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ABSTRACT: We show that the deposition of poly(isoprene-b-ethylene oxide) block copolymer (PI-PEO) micelles
on freshly cleaved mica produced ultraflat, polymer nanoislands of well-defined monomolecular thickness. The
islands were partly adsorbed and partly floating on the substrate, and their morphology changed over time (under
ambient conditions). Their structural evolution was recorded and analyzed using atomic force microscopy. Larger
islands evolved to high globular aggregates while smaller islands behaved in distinctly different manner becoming
shorter; in both cases, the final structures had a surface micelle shape and organization. The time-dependent
behavior originates from a decrease of the amount of water adsorbed to the mica surface, due to the fact that
freshly cleaved mica under ambient conditions changes its surface character from highly hydrophilic to less
hydrophilic with increasing exposure time. The combination and competition of strong affinity of the PEO block
with the adsorbed water and flexibility of the hydrophobic PI block results in the formation and evolution of
these supramolecular structures.

Introduction

Block copolymers have received considerable attention as the
building blocks for bottom-up, self-assembled nanostructures1

which can be used in a variety of enabling nanotechnologies2

associated with a diverse number of applications. In particular,
thin and ultrathin films of block copolymers3 promise unique
solutions for various technology sectors spanning from bio-
technology4 to nanoelectronics.5 Unique opportunities for mod-
ifying surfaces to achieve tunable properties arise if one uses
appropriate block copolymer nanostructures responsive to certain
external stimuli such as pH,6,7 annealing, and exposure to
solvents.8

Block copolymer nanostructures adsorbed and/or self-as-
sembled on solid surfaces have been extensively studied by
atomic force microscopy (AFM)7,9–25sa technique which offers
unprecedented spatial resolution and real space images in three
dimensions. The vast majority of these studies are concerned
with stable equilibrium structures of multichain aggregates and
supramolecular assemblies, in solution or more usually in dry
state, which in many cases take the form of stripelike or
spherically shaped micellar structures.18,25 Diblock copolymers
form spherical micelles in a solution (for concentrations above
the critical micelle concentration, cmc) within a selective
solvent26,27 and in many cases could remain more or less intact
after deposition on a solid substrate.23 Alternatively, surface
micelles can be formed due to the selective adsorption of one
of the two blocks onto the substrate forming a thin monolayer
while the other blocks aggregate on top or in this layer forming
spherically shaped domes.9,22,24,28 Amphiphilic block copoly-
mers consisting of a hydrophobic and a hydrophilic block have
attracted considerable interest lately, owing to their ability to
form micelles in watersa crucial property for biomedical and
environmental applications.29,30 Micelle surface relaxation,
reorganization, spreading, and some partial dissociation have

been reported in the case of hydrophobic substrates which attract
the hydrophobic micellar core.23,24,28,31

In this study we show that (a) the presence of an ultrathin
surface water film can instigate the formation of flat, polymer,
brushlike islands of well-defined thickness which are sensitive
to the surface conditions and (b) the progressiVe depletion of
the ultrathin water film can induce the structural evolution of
these flat islands to protruding nanostructures of surface micelle
shape and organization. To our knowledge, it is the first time
that these ultraflat polymer islands were observed and imaged,
and their progressive evolution to surface micellar structures
has been captured in real time. Furthermore, we show that there
is a very important size effect and islands of different size
behave in a distinctively different manner.

Of paramount importance in the interpretation of our results
is the behavior of water on freshly cleaved mica in ambient
conditions. Mica is one of the most usual model substrates for
AFM studies of polymer nanostructures, adsorbed polymers,
and biomolecules on surfaces. Clean, contamination-free, and
atomically flat mica surfaces can be prepared by cleavage.
However, the role of the water layer always present on mica in
ambient conditions has been usually ignored in these studies.
In general, a thin film of water grows on hydrophilic surfaces
in ambient conditions via water vapor adsorption and condensa-
tion on the solid surface.32,33 This is an important phenomenon
as it can alter the interactions between the surface and adsorbed
molecules, especially if these molecules have strong affinity with
water. The amount of water adsorbed on a hydrophilic surface
is determined by the environmental conditions. Mica has been
proven to be a popular substrate for studying the physicochem-
ical properties of adsorbed water layers. Freshly cleaved mica
in ambient conditions adsorbs water from the atmosphere
because of its high hydrophilicity, which results in an ordered
or partially ordered water layer. The existence of the adsorbed
water layer on mica has been established in many studies using
various experimental techniques.34–40 These studies revealed that
at ambient temperature and relative humidity, RH ≈ 50%, two
layers of water are formed. There is a first structured/ordered
and rigid layer of water due to its strong bonding with the mica
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surface, which has been denominated phase I by Hu and co-
workers;35,36 its thickness has been estimated to be of molecular
dimensions (≈0.2 nm). Hu et al.35,36 used controlled environ-
mental conditions and found that the formation of the phase I
was complete at RH ≈ 22%-28%. The existence of this bound
and rigid phase I has been also verified by molecular dynamics
simulations.41,42 Above the phase I there is a second thicker
bulklike layer of water which has been called phase II.35,36 Both
layers have been observed to form immediately after cleavage,
showing that the adsorption of water happens rapidly. Phase II
thickness can vary from one monolayer of water to ≈2
nm35–37,40 and can take the form of asymmetric islands.35,36,38

In any case, it is clear that the second layer is connected through
hydrogen bonds to the first layer, resulting in a liquid-structured
layer with properties of bulk water (under ambient conditions).
A characteristic property of mica surfaces is that they become
less hydrophilic in time; in ambient conditions this is a gradual
process and can take a few days.38 This results possibly from
the accumulation of contaminant materials of organic origin
always present in ambient conditions.36,38 This change results
in a gradual removal of phase II, as the water molecules cannot
H-bond with the structured phase I. Thus, progressively with
time, the amount of water absorbed on mica, mainly of phase
II, decreases.

The fact that the mica water layer influences the behavior of
adsorbed molecules in ambient conditions has been reported
recently.43–45 Kumaki et al.46 deposited poly(styrene)-block-
poly(methyl methacrylate), PS-PMMA, diblock copolymers on
mica by the Langmuir-Blodgett (LB) method using small
surface pressure during deposition, to achieve isolated molecules
of PS-PMMA. The sample preparation methodology was
similar to the one used in previous studies to obtain single-
chain PS particles.47,48 By imaging the samples with AFM in
their laboratory ambient conditions, 50-60% RH, they found
changes of the single polymer conformation on mica with time
and the formation of aggregations of a few PS-PMMA
molecules. These small aggregates appeared with a core
consisting of few assembled PS blocks surrounded by extended
PMMA blocks. They argued that the decrease of the water layer
thickness made the PMMA blocks to laterally expand and the

whole structure to appear shorter. It has to be noted that although
PMMA is not a water-soluble molecule, it can interact with
water due to attractive interactions of the -COOCH3 groups
with water.

In our work, amphiphilic diblock copolymer micelles of
poly(isoprene-b-ethylene oxide) block copolymer (PI-PEO),
which consists of a short and very flexible hydrophobic block
(PI) and a long hydrophilic block (PEO), were deposited on
mica, resulting in the formation of ultraflat supramolecular
islands which evolved structurally to polymer globules of
spherical cap shape and surface micelle organization as mica
became less hydrophilic with time.

Experimental Section

Synthesis and Characterization of the PI-PEO Block
Copolymer. The poly(isoprene-b-ethylene oxide) block copolymer
(PI-PEO) was synthesized by anionic polymerization high-vacuum
techniques. Monomers and solvent were purified to the standards
of anionic polymerization using well-established purification tech-
niques.30,49,50 Polymerizations were conducted in benzene using
sec-butyllithium (sec-BuLi) as the initiator. Isoprene was polym-
erized first at room temperature. The resulting polyisoprene (PI),
under these experimental conditions, has a high percentage of 1,4
microstructure (∼92% as determined by 1H NMR spectroscopy).
After completion of the polymerization of the first monomer, the
predetermined amount of purified ethylene oxide was added in the
polymerization mixture. The color of the solution changed im-
mediately from pale yellow to colorless due to the crossover reaction
from living polyisoprenyllithium (PILi) to polyisoprene-ethylene
oxide lithium (PI-EOLi). Under these conditions only one ethylene
oxide unit is added to the PILi chain end, since anionic polymer-
ization of ethylene oxide by Li as the counterion is not possible.49

A predetermined amount of phosphazine base, as a solution in
hexane, was subsequently added (phosphazine:Li ) 0.9:1 molar
ratio).30,51,52 The temperature of the solution was subsequently
raised to 40 °C, and the reaction mixture was left for 2 days for
completion of ethylene oxide polymerization. Active chain ends
were deactivated with degassed methanol in the presence of a small
amount of HCl. The polymers were precipitated in acetone,

Figure 1. Tapping mode AFM height images (3.66 × 3.66 µm2) of nominally the same area after (a) 89, (b) 133, (c) 489, (d) 598, (e) 745, (f) 1425,
(g) 1825, and (h) 2740 min from sample preparation. The top left, top right, bottom left, and bottom right inset boxes denote structures A, B, C,
and D, respectively.
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stabilized with 2,6-di-tert-butyl-p-cresol at -20 °C, and dried in a
vacuum.

Molecular weights and molecular weight distributions of the
block copolymers were determined by size exclusion chromatog-
raphy (SEC) using a Waters system, composed of a Waters 1515
isocratic pump, a set of three µ-Styragel mixed bed columns, with
a porosity range of 102-106 Å, and a Waters 2414 refractive index
detector (at 40 °C) and controlled through Breeze software.
Tetrahydrofuran was the mobile phase used at a flow rate of 1.0
mL/min at 30 °C. The setup was calibrated with polystyrene
standards having weight-average molecular weights in the range
2500-900 000 g/mol. No peaks corresponding to the PI block were
observed in any case leading to the conclusion that the block
copolymer is free from PI homopolymer impurities. The average
composition of the copolymer and microstructure of the PI block
were determined by 1H NMR spectroscopy using a Bruker AC 300
spectrometer in CDCl3 at 30 °C. The weight-average molecular
weight of the copolymer was found to be Mw ) 20 700 with a
molecular weight polydispersity, Mw/Mn ) 1.03. The diblock
copolymer contains 29 wt % PI.

Dynamic and static light scattering measurements on aqueous
solutions of the block copolymer were performed on a ALV/CGS-3

compact goniometer system (ALV GmbH, Germany), using a JDS
Uniphase 22 mW He-Ne laser, operating at 632.8 nm, and an
avalanche photodiode detector, interfaced with a ALV-5000/EPP
multitau digital correlator with 288 channels and a ALV/LSE-5003
light scattering electronics unit for stepper motor drive and limit
switch control. Autocorrelation functions, from DLS measurements,
were collected five times for each solution, and they were analyzed
by the cumulants method and the CONTIN routine. Typically
correlation functions were collected for 20 s. Fits to the correlation
functions were made using the software provided by the manufac-
turer. A “probability one to reject” of 0.5 was used routinely in the
CONTIN analysis software. Measurements were made at a scat-
tering angle of 90° and at a temperature of 25 °C on solutions of
the amphiphilic block copolymer. Apparent hydrodynamic radii,
Rh,app, at different polymer concentrations were calculated by aid
of the Stokes-Einstein equation, Rh,app) kT/6πη0Dapp, where k is
the Boltzmann constant, T the absolute temperature, η0 the solvent
viscosity, and Dapp the diffusion coefficient calculated from the
analysis of the correlation function at the particular polymer
concentration. The copolymer was found to form micelles with a
constant Rh ) 41 ( 1.0 nm, having a narrow size distribution (µ2/
Γ2 < 0.1, where µ2 is the second cumulant and Γ the decay rate of

Figure 2. AFM height images (0.6 × 0.6 µm2) of structure C for (a) 89, (b) 133, (c) 598, (d) 745, (e) 1555, and (f) (high contrast image) 2740 min
after the sample was prepared with the corresponding profiles shown in (g) and indicated with the white line in each AFM image.
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the correlation function) in the concentration range studied (2 ×
10-4-4 × 10-3 g/mL). The aggregation number of the micelles
was found to be ∼1450.

For fluorescence measurements pyrene (Aldrich, recrystallized
from ethyl acetate) was used as a hydrophobic probe. A pyrene
solution in acetone was prepared first at a concentration of 1 mM.
Fixed volumes of this solution were introduced with a micropipet
in glass vials, the acetone was allowed to evaporate, and appropriate
volumes of the aqueous block copolymer solutions of different
concentration were introduced, in order to give a final pyrene
concentration lower than 3 × 10-7 M. These solutions were allowed
to equilibrate overnight and measured the next day.

Steady-state fluorescence spectra of pyrene probe in aqueous
solutions were recorded with a double-grating excitation and a
single-grating emission spectrofluorometer (Fluorolog-3, model
FL3-21, Jobin Yvon-Spex) at room temperature (ca. 25 °C) using
air-equilibrated solutions. Excitation wavelength was λ ) 335 nm,
and emission spectra were recorded in the region 350-500 nm,
with an increment of 1 nm, using an integration time of 0.5 s. The
I1/I3 ratio was determined as the average of three measurements
(where I1 and I3 are the intensities of the first and the third peaks
of the pyrene fluorescence spectra at 372 and 383 nm, respectively).
The critical micellar concentration (cmc) for the PI-PEO micelles
was found at a concentration of 1.44 × 10-5 g/mL.

Sample Preparation and AFM Measurements. The solutions
were prepared by dissolving a known amount of the sample in the
appropriate volume of ultrapure deionized water with resistivity of
18.2 MΩ cm. As an extra precaution, the solutions were heated at
60 °C overnight before use to ensure complete dilution of the
sample.30 The concentrations of the solutions were kept well above
the cmc, around 2 × 10-3 g/mL. Before use the solution was filtered
through 0.45 µm hydrophilic Teflon Millipore filters. A droplet of
a deionized water solution of PI-PEO block copolymer was
deposited on freshly cleaved mica (Agar Scientific, Essex, UK) for
5 min, and the sample was rinsed very gently to remove some of
the solution from mica. The sample was gently dried under a stream
of nitrogen. Subsequently, it was placed in a clean glass Petri dish
and imaged with AFM in ambient conditions using a Veeco AFM,
Multimode/Nanoscope IIIa (Veeco, Santa Barbara, CA) equipped
with an E-scanner (x-y scan range: ∼14 µm). The samples were
imaged in tapping mode (tip in intermittent contact with the surface).
The RTESPA Veeco cantilevers with a nominal spring constant
and resonance frequency of 40 N/m and 300 kHz, respectively,
were used to image the samples. In general “light tapping” was
used by keeping the set-point amplitude ratio rsp ) Asp/A0 close to
1 (where A0 and Asp are the free oscillation amplitude and the
reduced scanning set-point amplitude of the cantilever, respectively)
in order to minimize the interaction force between the tip and the
substrate (but without losing contact).53–55 The cantilevers were
oscillated vertically 5% below their natural resonance frequency
and moved in a raster fashion within a specified region of interest.
During AFM measurements the rsp was kept at about 0.9-0.95.
Images were processed, and the island heights were measured using
the software Scanning Probe Image Processor (SPIP, Image
Metrology). In order to avoid any influence of the sample from the
laser (e.g., temperature increase) or any capillary necking events
between the tip and the sample, the laser was switched off and the
tip was retracted few micrometers during the time between
consecutive scans.

Results and Discussion

In the series of experiments presented here (at RH ≈ 55%
and T ≈ 21 °C), the first measurement was obtained 89 min
after the sample was prepared and the last after 3240 min. Figure
1 shows AFM images of polymer-modified mica substrates taken
from 89 min up to 2740 min after sample preparation. We can
clearly see several irregular islands (some of them still connected
together in the first image) developing into almost circular
domains. AFM images were taken also for 2980 and 3240 min,
but no significant changes were observed for both the lateral

and vertical dimensions of the islands, indicating that the
structures had reached a steady state. Between scans the tip was
retracted a short distance from the mica substrate, and upon
the reapproach, short displacements of the area of interest were
observed. These displacements on the images originate from
thermal drifts and hysteretic behavior of the piezocrystal scanner.
Hence, few islands were present in all captured images. Four
of these structures are indicated by the white boxes in Figure
1. For simplicity, from now on we will refer to these islands as
structures A, B, C, and D for the islands in the top left box, top
right box, bottom left box, and bottom right box, respectively.

By zooming-in on a typical island more details of the
structural evolution can be seen (Figure 2). Satellite substructures
in the periphery of the main islands and smaller isolated islands
evolved with time in a distinctively different manner (became
shorter and almost “disappeared” with time). We will now
concentrate on the time evolution of the large structures and
the behavior of the satellite substructures, and small structures
will be discussed later. In parts a, b c, d, e, and f of Figure 2,
AFM image snapshots of the time evolution of structure C are
shown for 89, 133, 598, 745, 1555, and 2740 min after the
sample preparation, respectively. Vertical profiles along the
white line in each AFM image are plotted in Figure 2g. With
time the polymeric island shrank laterally and expanded
vertically taking the shape of a spherical cap. The profiles
ultimately appear to be higher by a factor of almost 5 while the
shape narrows progressively. It can be clearly seen that while
the height changes dramatically (∼500%) the width changes
only weakly (maximum of ∼40%). This is not surprising since
it is well-known that AFM images are always a “convolution”
of the geometry of the tip and the shape of the imaged object.
For geometrical reasons, higher objects “suffer” more from the
convolution effect, and their width is much more overestimated.
As has been reported in AFM studies on single molecules/
particles, the convolution effect generally overestimates the

Figure 3. Horizontal profiles of structures A (red), B (blue), C (green),
and D (purple) for 89 min (top) and 2740 min (bottom) after the sample
was prepared.
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lateral dimensions of the object while the height is much more
realistic.56 In the last high contrast image (Figure 2f) it can be
clearly seen that a very thin layer (≈0.4 nm) has remained
around the central protruding structure.

In Figure 3 (top) horizontal profiles of structures A, B, C,
and D measured 89 min after sample preparation, when phase
II water is present, show that all structures were flat with
identical heights of ∼3.7 nm, even though they do not have the
same lateral dimensions. In the final state shown in Figure 3
(bottom), when phase II water has disappeared, all structures
increased their height and attained similar spherical cap shapes.
It is important to note that the final height depends on the overall
initial volume of the supramolecular structure and that larger
islands resulted in higher final spherical cap shaped globules.

The concentration of the solution used for the sample
preparation was above the cmc; hence, the diblock copolymers
were organized into micelles of PI core and a PEO corona.
Contrary to other micelle structure observations on surfaces
reporting spherically shaped micelles and “domes” (in good and
in bad solvent conditions),7,9–11,18,19,22–24 in our case the initial
structures were flat asymmetric islands of identical height. As
has already been discussed in the Introduction, phase II can be
envisaged as an ultrathin layer of water with high mobility that
can take the form of asymmetric islands. Immediately after our
gentle deposition and drying, we expect to have the polymeric
micelles within the water film of phase II. The flat islands of
identical height observed in the beginning of the process indicate
that the micelles were dissociated and formed a flat polymer
structure. The reason for this behavior is encoded within the
physicochemical characteristics of the diblock copolymer used.
It contains 71 wt % PEO, resulting in a water-soluble corona
as the dominant part of the micelle. The PI blocks of the
molecules forming the core are relatively short with a molecular

weight of 6 kg/mol. Krishnamoorti et al.57 measured the
entanglement molecular weight (Me) for PI to be 6.37 kg/mol.
Thus, in our case the molecular weight of the PI block is smaller
than Me, and hence we do not expect a significant number of
entanglements between the PI chains in the core. Moreover, at
room temperature the PI is expected to be liquidlike since its
glass transition temperature (Tg) is -67 °C (or even lower as
the Tg of thin polymer films might be below its bulk value58).
Furthermore, studies showed that polystyrene-block-poly(2-
vinylpyridine)-block-poly(ethylene oxide), PS-PVP-PEO, mi-
celles with small PS cores are soft and deformed after deposition
on mica59 while polystyrene-block-poly(methacrylic acid),
PS-PMA, micelles with larger PS cores deposited on mica
appeared stiff and did not deform.60 Hence, it is reasonable to
expect that the much more flexible PI-PEO micelles of our
study could readily deform, and since they are amphiphilic and
had to be confined within the water layer on mica, their complete
dissociation was energetically favored. We expect that the PI
block concentrated at the air-phase II water interface while
the water-soluble PEO block expanded within the water layer.
This behavior is shown schematically in Figure 4. The unusual
nature of the observed islands is that they are partly adsorbed
(in the sense that they are confined within the ultrathin water
layer via the hydrophilic PEO block) and partly floating (due
to their amphiphilic character). The larger PEO block is swollen
but confined within the water islands of phase II on mica and
the smaller PI block collapsed at the water-air interface (Figure
4). The initial heights of these islands are consistent with the
molecular dimensions of a single PI-PEO molecule (in the
range of few nanometers).

During the exposure of mica to ambient conditions, the phase
II water on mica was disappearing as the mica became less
hydrophilic with time. Therefore, gradually the PEO blocks were
confined further within a narrower phase II water layer. During

Figure 4. (a-c) Schematic drawing of the deformation and dissociation
of a deposited PI-PEO micelle on a freshly cleaved mica forming a
flat brushlike polymeric island within a phase II water layer. (d) Initial
stage of the confinement of the polymers within narrower phase II water
islands. The swelling of the PEO block is exaggerated especially at
the vertical direction for illustration reasons.

Figure 5. (top) Height of the island against time and (bottom)
normalized height increase vs time for structures A (red circles), B
(blue squares), C (green triangles), and D (pink diamonds) with the
corresponding exponential-type fit, (H - H0)/(Hmax - H0) ) a(1 -
be-ct) with R ) 1.072, b ) 1.059, and c ) 0.001 min-1.
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the initial stages the islands remained flat, and consequently
their vertical expansion could be associated with the steric
repulsions between the PEO blocks as a gradually denser
polymer brush was forming. The aggregation was aided by the
attractive interactions of the small and flexible PI blocks. The
parts of the PEO blocks which could not be accommodated
within the phase I water layer passed from good-solvent
conditions (characterized by steric repulsions) to bad-solvent
conditions (characterized by attractive interactions), enhancing
further the formation of a spherical cap aggregate. The low
height (≈0.4 nm) layer surrounding the central globular ag-
gregate can be associated with the laterally extended PEO blocks
within the phase I water on mica which oppose the aggregation
process. It is therefore clear that some of (or parts of) the
hydrophilic PEO blocks did not follow the aggregation process
but extended laterally and adopted flat conformations within/
on the remaining phase I layer of water. This is the same
dimensions and due to the same physics as the intercalated PEO
structures when PEO is inserted in hydrated mica-type layered
silicates forming industrially significant nanocomposite materials
which have been studied extensively both experimentally and
by computer simulations.61–69 The height of these areas, ≈0.4
nm, is also consistent with AFM measurements of the thickness
of extended adsorbed polymer coils (e.g., 0.4 nm for poly(2-
vinylpyridine), P2VP, chains on mica).70 The width of PEO
chains has similar sizes as inferred by scattering and diffraction
techniques.71,72 Hence, the overall structure in the final stage is
reminiscent of a large surface micelle. As already mentioned,
the width and consequently the volume of the structures is
overestimated in AFM images due to the tip convolution effect.
Using a methodology based on simple geometrical arguments

and described in detail in our recent paper,73 we estimated the
volume of the polymer islands at the latest stages of evolution
(so that they are not affected/swollen by the water) to be few
times larger than the volume of a “dry” micelle, ∼0.5 × 105

nm3, calculated from the micelle aggregation number and
assuming bulk polymer densities. For example, the deconvoluted
volume of the central high feature (alone) of structure D is ≈2
× 105 nm3. These values suggest that the large structures were
the product of dissociation of few to several individual micelles
within the asymmetric islands of phase II.

In Figure 5 (top), the height is plotted against time for each
structure, and it can be clearly seen that the height evolution
for all structures shows similar behavior. The height converges
to a specific plateau value after a long time, 2740 min, indicating
that the observed shape evolution was terminated. In Figure 5
(bottom), the ratio of the height increase (H - H0, where H
and H0 are the instantaneous and the initial height, respectively)
over the maximum height (Hmax) increase of each structure (Hmax

- H0) is plotted against time, and the data are fitted with a
generic exponential-type function (H - H0)/(Hmax- H0) ) a(1
- be-ct), where a, b, and c are fitting parameters. It is clear
that for all large structures the evolution has the same behavior.
The kinetics of the time evolution is expected to be complicated
and to be affected by several processes such as the hydrophilicity
changes of mica, the mobility of the PEO blocks within the
water layer, and the viscoelastic response of the polymers.

In Figure 6a-h, we show high-contrast AFM images of
the small satellite substructure of structure A. Other small
satellite substructures and isolated islands of the same (small)
size have very similar behavior. The height evolution of this
substructure (Figure 6i) shows that its (maximum) height

Figure 6. High-contrast AFM images for the case of the secondary substructure in structure A after (a) 133, (b) 489, (c) 598, (d) 745, (e) 1425, (f)
1555, (g) 1825, and (h) 2740 min since the sample was prepared; (i) plot of the corresponding maximum height evolution of the substructure: the
height initially increased but later decreased; (j) a height profile of the substructure taken from an AFM image after 2740 min since the sample was
prepared showing a maximum height of about 1 nm but also flat areas of about 0.4 nm.
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increased up to 598 min and then decreased. At the beginning,
i.e. 89 min after the sample was prepared, this particular feature
appeared with similar height as the other structures, i.e. around
3.8 nm. In the end, 2740 min after the sample was prepared the
substructure was shorter with a maximum height of ∼1 nm.
The AFM image profile for this case (Figure 6j) shows that
this feature appeared with a bimodal conformation as there are
areas with height of ∼1 nm, corresponding to the red regions
of the high-contrast AFM image, and a wider area with height
around 0.4 nm, corresponding to the green region. This behavior
is similar to the behavior of single PS-PMMA molecules on
mica.46 It seems that in the case of small islands the behavior
is dominated by the small number of large hydrophilic PEO
blocks: all of them extended laterally and took flat conformations
within the remaining phase I layer of water. In this way the
PEO blocks acted as effective anchors and after a certain point
dominated over the small number of PI blocks. Nevertheless,
at the same time the hydrophobic PI blocks came together in
order to minimize the area of contact with the unfavorable air
and water, forming a “small” assembly. The low height (≈0.4
nm) areas (green) of the substructure can be associated with
the laterally extended PEO blocks within/on the phase I water
layer while the 1 nm height areas (red) can be associated with
the small PI block aggregates (Figure 6h). The difference of
behavior between the large polymer islands which incorporate
many chains (originating from few to several micelles) and the
small polymer islands which incorporate fewer chains (origi-
nating from accumulation of free chains and/or parts of micelles)
is tentatively attributed to a competition between the anchoring
behavior of the PEO blocks within the phase I water on mica
and the clustering behavior of PI blocks on top, indicating the
existence of a specific “threshold” number of polymer chains
below which the PEO anchors dominate over the PI clustering
while above this number the PI clustering dominate over the
PEO anchors. It is to be expected that this threshold number
will depend not only on the strength of the relevant interactions
but also on the lengths of the two blocks and can provide
opportunities for fabrication of smart/responsive surfaces.

Our system cannot be considered reversible as the mica
changes its properties permanently with time (it becomes less
hydrophilic). It has been recently shown that the irreversibly
adsorbed hydrophilic polymers on mica can act as molecular
templates leading to interesting “nanodomain memory” effects.74

Furthermore, from our observations we can deduce the essential
ingredients for the design of controlled surface nanostructures
and surfaces of tunable roughness/shape: (i) surfaces acting as
substrates that can alter their hydrophilicity upon the change of
an external stimulus such as electric potential or light in
combination with (ii) amphiphilic block copolymers consisting
of a hydrophilic block and a highly flexible hydrophobic block.
We expect that these results can be generalized to a wide range
of surfaces and functional materials and can be used to develop
controlled nanostructures and smart responsive surfaces.

Conclusions

The time-dependent evolution of the shape and height of the
PI-PEO block copolymer modified mica in ambient conditions
was observed by atomic force microscopy. The PI-PEO
micelles deposited on mica dissociated forming ultrathin, flat
polymer islands which were partly adsorbed and partly floating
on the substrate. Furthermore, they showed an exponential-type
growth of height with time. The AFM images revealed that
during this growth the lateral shape of the initially flat polymer
structures changed gradually from asymmetric/irregular to
circular. The observed phenomena were driven by the change
of mica from strongly hydrophilic to less hydrophilic with
increasing exposure to air in ambient conditions. During this

change the initial mobile water layer of phase II evaporated,
resulting in the gradual formation of large central globular
aggregates of mainly PI blocks on top of PEO blocks or parts
of PEO blocks firmly attached on the mica surface. The behavior
of smaller structures was different as they laterally expanded
and became shorter with time. In this case, the PEO blocks
anchoring dominated over the PI clustering and the central small
aggregate became shorter.
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