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Abstract

Aggregates of a polymethylene-block-poly(dimethyl siloxane)-block-polymethylene (PM-PDMS-PM) sample were prepared in toluene
by cooling down a toluene solution of the sample slowly from 105 °C to room temperature. Atomic force microscopic (AFM) and electron
microscopic (EM) studies revealed that the aggregates included triblock crystal plates with sizes of upto tens of micrometers and
PM-PDMS-PM nanodiscs. Surprisingly and interestingly, we discovered that the topographic images of the nanodiscs obtained by tapping-
mode AFM changed from nanodiscs at light tapping to strikingly beautiful nanodonuts at moderate tapping and then filled nanodonuts at heavy

tapping. Justification for such observations is provided.
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1. Introduction

Aggregation and micellization (only if the aggregates
formed are thermodynamic products) of block copolymers in
block-selective solvents yield nanoparticles with shapes rang-
ing from spheres [1,2] to cylinders [3—5], tubes [6—10], ves-
icles [4,5,11—14], donuts [5,15,16], and many others [17]. The
shape diversity of such aggregates may help their applications
in nanofabrication [18—20], lithography [21—23], cell cultur-
ing [24,25], and drug delivery [26,27]. While unusual micelles
(with shapes that differ from spheres) can be prepared from
coil—coil amorphous block copolymers, they may be more
readily prepared from copolymers containing crystallizable
blocks, because the crystallization of one block or the regular
parallel packing of chains of a block promotes low-curvature
core—corona interfaces and thus favors the formation of
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cylinders, nanotubes, and vesicles [28,29]. This rule seems
to be supported also by the ready formation of vesicles
[11,30] and mushroom-like structures [31] from rod—coil
diblock copolymers, where the rod block prefers parallel pack-
ing. It was for potential discovery of new morphologies we
initiated the study of aggregates of polymethylene-block-
poly(dimethyl siloxane)-block-polymethylene (PM-PDMS-
PM) where the PM blocks are crystalline and are insoluble
in most solvents at room temperature. While past studies on
block copolymers containing crystalline polyethylene [31,32]
(PE) or poly(ethylene oxide) [33,34] (PEO) block(s) have
mostly dealt with large plate-like crystals with sizes >1 pm,
we focus our attention here on PM nanodiscs covered by
PDMS loops. We show that electron microscopy, which has
been the most popular technique in establishing morphologies
of block copolymer nanoaggregates and micelles, did beam
damage to the nanodiscs, whereas tapping-mode AFM is
effective in imaging these structures after the nanodiscs are
aspirated on mica surfaces from toluene. We show further
the intriguing changes in the height and phase images of these
nanodiscs with tapping force and present explanations for the
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observed phenomena, which should be of value to future AFM
users.

o Tt
[ CH ] [ Si—O0 Si—[—CHz—]—
208 | 100 | 208

3 CH3

2. Experimental section
2.1. Aggregate preparation

Our visual observation revealed that the triblock dissolved
in toluene between 85 and 90 °C, which should be close to
the melting temperatures T, of the PM blocks. Complete
dissolution of the triblock was ensured by stirring it in toluene
at 105 °C for 4.5 h. For aggregate formation, the toluene sam-
ples immersed in an oil bath with a total volume of 1 L were
allowed to cool to room temperature in a fume hood on a hot-
plate spontaneously. Our observation indicated that the time
taken for the oil bath to cool from 105 to 60 °C was 25 min
and another 50 min elapsed before the oil cooled to 40 °C.
Such mixtures were examined only after they had been equil-
ibrated at room temperature for at least 12 h. The triblock con-
centration used was always between 1.6 and 2.0 mg/mL.

2.2. Electron microscopic studies

For transmission electron microscopic (TEM) studies, the
triblock aggregate solutions in toluene were aspirated on
carbon-coated copper grids before examination by a Hitachi-
7000 microscope. The operating voltage used was 75 kV.
Scanning electron microscopic (SEM) images were acquired
on a Microlab 310-F surface analysis system (Thermo/VG
Scientific, Hastings, UK) using 15kV beam energy and
2 nA sample current. The polymer particles were aspirated
on a mica substrate coated by a 6-nm thick gold layer before
examination.

2.3. AFM measurements

For AFM measurements, the aggregate solutions were
centrifuged at 1550 g before aspiration onto surfaces of freshly
cleaved mica. The images were obtained on a Veeco multi-
mode microscope equipped with a Nanoscope IIla controller
operating in the tapping mode. The tips used were of model
RTESP7 of the Veeco NanoProbeTM type with resonance
frequency ~ 300 kHz and a radius of curvature typically less
than 5nm. The tip oscillation amplitude Ay in air was
~45 nm for all images presented.

3. Results and discussion
3.1. Polymer synthesis and characterization
The details for the synthesis of the triblock have been

reported before [35]. It involved hydroboration of a,w-divinyl-
poly(dimethyl siloxane) by thexylborane. The soluble borane

produced then functioned as an initiator to react with dime-
thylsulfoxonium methylide by homologation to produce the
PM chains. The polymerization was terminated by de-ac-
tivating the borane centers using an aqueous sodium hydroxide
and hydrogen peroxide mixture. The a,w-divinylpoly-
(dimethyl siloxane) precursor was provided by General
Electric Corp. that possessed a low polydispersity and 100 units.
The number of methylene units n per PM was determined
from 'H NMR analysis in deuterated toluene at 90 °C to be
208. At this n value, the weight fraction of the PM in the
sample is 44%. The polydispersity of the samples in terms
of their weight- to number-average molar mass ratio M,/M,,
was determined in xylene at 90 °C to be 1.04 based on
polyethylene standards.

3.2. Overview of the aggregates formed

Solutions of the triblock in toluene at room temperature
were prepared by heating the triblock in toluene at 105 °C
for 4.5 h and then cooling the samples slowly. After equilibrat-
ing at room temperature overnight, the solutions consisted of
a supernatant that bore a visible bluish tint and a precipitate
at the bottom.

To gain an overview of the aggregates present, we vigor-
ously shook the toluene solution to suspend the precipitate
before its aspiration onto a carbon-coated copper grid for anal-
ysis by TEM. Fig. 1 shows a TEM image of the sample. The
plate-like structures correspond to PM-PDMS-PM crystals.

We also checked by TEM the morphologies of the aggre-
gates left in the supernatant. The concentration of large crystal
plates in the supernatant obviously decreased as judged by the
increased difficulty in finding them by TEM. Aside from the
occasional observation of crystal plates, we noticed the pres-
ence of many nanoparticles that were unstable and ‘“‘melted”
immediately in the electron beam, despite the fact that we
intentionally reduced the beam intensity. Due to the instability

Fig. 1. TEM image of two PM-PDMS-PM crystal plates.
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of the nanoaggregates in electron beams, we then examined
these structures by AFM. Fig. 2a shows a topographic image
of a sample measured by AFM at a set point amplitude ratio
rsp or A/Aq of 0.75, where A denotes the oscillating amplitude
of a tip interacting with a sample and rgp decreases with
increasing tapping force. Particles of different sizes are
observed. By far the most dominant species in the images
were uniform circular structures with a dark core and bright
circular periphery. If the traditional AFM image interpretation
rule of “being dark means low” applies, this suggests the pres-
ence of “donut-like” nanoaggregates in the system, structures
that are rarely seen in block copolymer systems with for-
mation mechanism still not well understood [5,16,36].

While TEM could not be used to examine the structure of
the nanoaggregates, we were more fortunate with an SEM sys-
tem. In this case, we noticed that image degradation became
obvious within about 30 s of scanning a 1 pm x 1 pm area.
To minimize beam damage, we focused on one region of a
sample and then moved to a pristine area without further
focusing to obtain an image within 2—3 s. This yielded us
some images but limited our ability to focus well. Fig. 2b
shows such an image with poor focus. Despite the focus, it
does indicate that the sample contained circular particles
with a diameter of ~60 nm. While the size of these circular
objects is consistent with that obtained by AFM for the
“nanodonuts”, the annular shape is not seen in the SEM

0.8 um 1,0

Fig. 2. Topographic AFM image (a) and SEM image (b) of nanoaggregates of
PM-PDMS-PM aspirated from toluene on mica and Au-coated mica.

image. The image also shows the presence of larger particles
and particles of other shapes again in agreement with AFM
observations.

3.3. Crystal plates

The study of crystallization of a crystalline block or blocks
of block copolymers has received much attention over the past
few decades. PE and poly(ethylene oxide) (PEO) have been
the favorable crystalline blocks used. Many of the studies dealt
with phase segregation of PE and PEO-containing block
copolymers in bulk. Such systems were examined to shed light
on confinement effects on polymer crystallization [37,38].
When crystallization of PE or PEO-containing block co-
polymers from dilute solution was studied, microscopic
[33,34,39] and scattering [31,32] studies confirmed that the
PE and PEO blocks formed square crystalline plates with
thickness between ~5 and ~20 nm. Thus, observation of
PM-PDMS-PM crystal plates here is not surprising but in
agreement with prior reports.

3.4. Nanoaggregates

While a more detailed study of crystallization of PM-
PDMS-PM can be interesting, we focused on the structural
elucidation of the “donut-like” nanoaggregates for their
“novelty”. Fig. 3 compares the topographic and phase images
of the nanoaggregate structures at the rsp values of 0.95, 0.75,
and 0.60. The nanoaggregates have a “donut-like” structure at
rsp = 0.75 in the topographic image, consisting of a dark core
and bright periphery. At rsp = 0.60 the contrast is reversed and
the nanoaggregates now appear to have a “filled donut” struc-
ture with a brighter core and darker periphery. Finally, at
rsp=0.95 the annular structure can no longer be discerned,
and the nanoaggregates appear in the topographic images as
“circular objects”. We also notice that the phase contrast
between the core and shell increased as rsp decreased. The
overall apparent size of the core—shell particles increased
from 49 £12 to 68 £17 and 97 + 24 nm as rgp decreased
from 0.95 to 0.75 and 0.60.

The fact that the topographic images changed with rgp sur-
prised us initially. Despite the complication, we know that the
structures obtained at rgp = 0.95 would be the closest to the
true ones for the minimal tapping force used [40]. For this,
we will examine closely in this subsection the images obtained
at rgp = 0.95.

A closer analysis of the particles in Fig. 3a at rgp =0.95
using the Veeco image analysis software Particle Analysis,
we obtained for the particles an average height /7 of
2.7+ 1.1 nm and an average diameter d of 49 &+ 12 nm. While
the actual diameter can be slightly off for the finite radius of
curvature of 5 nm for the tip, this does not detract one from
the fact that the thickness to diameter ratio is very small.
Based on the small thickness to diameter ratio, we conclude
that the “‘circular objects’ are nanodiscs or nanoplates. The
fact that a core—shell structure is revealed in both the topo-
graphic and phase images at rgp=0.75 and rgp=10.60
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Fig. 3. Topographic (left) and phase (right) AFM images of PM-PDMS-PM nanoaggregates aspirated on mica from toluene. The A, value used for AFM imaging
was always ~45 nm. The rgp values used were 0.95 (top), 0.75 (middle), and 0.60 (bottom).

suggests that the nanodiscs must contain both PM and PDMS.
Since PM is insoluble in toluene and PDMS is soluble at room
temperature, PM should form the core of the particles and
PDMS should form the shell as schematically illustrated in
Fig. 4. To further hypothesize chain packing inside the PM

and PDMS domains, we make use of the fact that PM crystal-
lizes and favors parallel chain packing. Our assumption is,
therefore, that the nanodiscs may bear structural resemblance
to the larger crystal plates with chain packing illustrated in
Fig. 4b when dispersed in toluene.



~

Fig. 4. Schematic illustration of domain structures in PM-PDMS-PM nano-
discs deposited on mica surfaces (top) and possible chain packing in such
nanodiscs in toluene (bottom).

The PE crystal plates or crystals of block copolymers
containing a PE block formed at a given temperature normally
possesses a certain thickness or a narrow distribution [31,41].
The nanodiscs in Fig. 3a have thickness of 2.7 1.1 nm,
which represents quite a wide range of thickness variation.
While one can argue for the formation of the nanodiscs at dif-
ferent temperatures, we tend to believe that the nanodiscs are
kinetic rather than thermodynamic products, because the rela-
tive population of the nanodiscs at room temperature in tolu-
ene depended on how a sample was cooled. When toluene
was cooled by the protocol stated in Section 2, we obtained
a supernatant with a light bluish tint and much precipitate.
The precipitate content was minimal when we quickly
quenched a hot PM-PDMS-PM solution in toluene into room
temperature water. More nanodiscs were produced using the
latter cooling protocol because chain incorporation into crystal
plates is slow at room temperature. Since the nanodiscs are
most likely kinetic products, PM packing should not be as
regular as what is depicted schematically in Fig. 4b. While it
would be ideal to verify this assumption about triblock chain
packing shown in Fig. 4 by electron diffraction, we could
unfortunately not do this for the beam damage of the particles
by electrons.

3.5. Phase image change with rgp

In tapping-mode AFM, the cantilever is set to oscillation by
a sinusoidal driving force Fy sin(wt), where w is typically
chosen to be very close to the resonance angular frequency
wy of the cantilever. For a free cantilever in air, the damping
force is small and the steady-state cantilever oscillating ampli-
tude is defined as A,. The interaction between the tip and sam-
ple enhances damping and reduces the oscillating amplitude to
A. The interaction also changes the phase angle ¢ between the
sinusoidal driving force and the oscillating motion of the
cantilever. The instrument measures ¢ as a function of position
coordinates x and y of a sample and yields a phase image.

The phase images in Fig. 3 show that better phase contrast
between the core and shell of the nanodiscs was obtained by
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increasing the tapping force, that is, by reducing rsp. While
such a trend has been observed in many systems which
contained domains of different components, it happens here
because the tip starts to differentiate between the two poly-
mers only when the tapping force is large enough to allow
the tip to penetrate through the PDMS overlayer and into the
underlying PM with top surface denoted by the MM’ line in
Fig. 4a.

One can differentiate polymers based on phase contrast
because the phase lag A¢ between a free and interacting
cantilever is [42,43]:

A¢ o< \/SE* (%) (1)

where S is the area of contact between the tip and sample; E*
is the effective Young’s modulus for the tip and sample, and Q
and k are the quality factor [43] and force constant for the can-
tilever, respectively. For polymer samples, which are normally
much softer than the tip, E* is effectively given by the Young’s
modulus E of the sample. Thus, AFM differentiates polymers
in the phase mode due to differences in the quantity /SE.

In our system, PM and PDMS should differ in E by 4—5
orders of magnitude [41]. As the thickness of the nanodiscs
is in the order of 2 nm, much smaller than the radius of curva-
ture of 5 nm for the AFM tip, the contact area S should thus
not differ significantly over the entire thickness of the polymer
nanodiscs. These considerations lead us to believe that the
harder PM should appear brighter over the whole rsp range
of interest as observed experimentally.

3.6. Topographic image change with rgp

The apparent shape of the nanodiscs as probed by AFM
in the topographic mode changed from discs to ‘“‘donuts”
and then to “filled donuts” as rgp decreased. Such a topo-
graphic “height” inversion [40] has been previously observed.
Tapping-mode AFM does not determine the time-average
height (k) of an oscillating tip above a sample directly. Rather,
it operates based on a feedback mechanism that maintains a
constant oscillation amplitude A for the cantilever by adjusting
(h). The topographic image deduced based on the assumption
that an equal rgp gives an equal (k) is correct only if there is
negligible (hard materials) or comparable (the same material)
tip penetration into the different regions of a sample. This
assumption is generally invalid for PM and PDMS because
of their drastically different hardnesses.

To explain the observed trend, we will start by examining
factors that affect rgp. According to classical vibration me-
chanic theory, the steady-state amplitude Ay of an oscillator,
which is driven in air with a damping coefficient &, by a sinu-
soidal force F sin(wt) is:

A=tk @)

N2
-6 )
0 0
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In deriving Eq. (2), the damping force f; is assumed to operate
on the oscillator throughout the whole oscillating cycle with
magnitude given by:

fr=—Ew (3)

where v is the velocity of the oscillator. Under an identical
driving force, the steady-state oscillation amplitude will be
reduced if the oscillator is fully immersed in a viscous liquid
with a damping coefficient of £. The amplitude ratio A/A for
the two cases at w is [43]:

In AFM, the tip may interact with a sample surface via
van der Waals (i.e. attractive) forces or by repulsive forces
if the tip is to penetrate it directly. Regardless of the inter-
action mechanism, the interaction forces are operative only
through a small portion of an oscillating cycle when the tip
is at its lowest point. The results of classical mechanical
theories, as described by Eq. (4), thus do not apply directly.
To circumvent this difficulty several different approaches
have been considered [40,44]. In this study, aimed at a qualita-
tive interpretation of our experimental results, we will simply
replace £ in Eq. (4) by an effective friction coefficient &.g.
To gain insight into the relative magnitude of &, we make
use of results of a numerical analysis [45] which show that
for an equal (h) above a softer and a harder sample, an
AFM tip penetrates the softer material further. For the longer
path length of the tip in a softer matrix [45], . is larger. Thus,
the magnitude of £. increases at a given (h) as the collision
between a tip and a sample becomes more sticky and less
elastic.

With this background now in place, we examine next how
rsp varies with the apparent height (/) along the paths SS’ (the
edge of the nanodisc, consisting only of soft PDMS) and CC’
(the middle of the nanodisc, consisting of harder PM, bounded
on each side by a softer PDMS layer) depicted in Fig. 4a. Be-
fore the tip is able to touch the PM surface denoted by the
MM’ line, the tip and sample interaction should be essentially
identical along both paths. Under these conditions, AFM gives
the correct topographic information, i.e. points S and C have
an approximately equal height. Line AB in Fig. 5 depicts sche-
matically how rgp varies with (k) over the set point range
1.0 > rgp = 0.95. As rgp is decreased below about 0.95, the
tip reaches the line MM'. A tip traveling along the path CC’
will not penetrate much beyond MM’ due to the hardness of
the underlying PM. The more elastic collision between the
tip and the PM layer thus leads to a less steep decline in rgp
with (h). In contrast, the less elastic PDMS leads to a more
drastic decline in rgp with (k) along the SS’ path. The variation
of rgp with (h) is schematically illustrated in Fig. 5 by line BF
for path CC’' and line BD for path SS’. As one further

H
o G .

Fig. 5. Schematic illustration of how rsp would change with the time-average
height (h) of a tip above mica when it approaches the sample following paths
SS’ and CC’ depicted in Fig. 4. For path SS’, rsp decreases following lines AD
and then DO. For path CC/, rgp decreases following lines AB and then BH.

decreases rsp, the tip reaches the mica substrate denoted by
point S’ along the path SS’. Since the collision between the
tip and mica is more elastic than that between the tip and
PM, further decrease in (h) will lead to a less sharp drop in
rsp along path SS’, following the line DG in Fig. 5.

Fig. 5 clearly shows that point S (Fig. 4) should appear
taller than point C in the triangular region defined by BDF
in Fig. 5 when observed using tapping-mode AFM. This is
best illustrated by comparing the (k) values at points E and
E’, respectively. This conclusion is in agreement with the
apparent donut-shaped structures that we observed experi-
mentally at rgp = 0.75 in Fig. 3. At rgp values below point
D in Fig. 5, the tip has penetrated completely through the
PDMS layer at the margins of the nanodisc and into the under-
lying substrate. This leads to a contrast inversion below point
F in Fig. 5 such as at points K and K'. Thus, in the triangle
region defined by FGH in Fig. 5 point C in Fig. 4 appears taller
than point S. This is again in agreement with the filled donut
structures that we saw at rsp = 0.60 in Fig. 3.

Another interesting feature about the topographic images
is that the size of the nanodiscs increased with decreasing
rsp. This is probably due to the increased flattening of
the PDMS domains with increasing tapping force. A tip can
flatten a PDMS layer because it is not an infinitely thin rod
but a polygon-shaped pyramid. For such a tip, its cross-
sectional size increases when one moves up farther away
from the tip front. Even at the very end of a tip, it has
a finite size with a radius of curvature around 5 nm. Thus,
the further a tip penetrates into a PDMS domain, the more it
squeezes the polymer both vertically (smaller thickness) and
horizontally (larger depressed area). The tip can not only
flatten the PDMS phase but also feel the flatness when it
hits the sample again in a neighboring site for the fast move-
ment of the tip, i.e. at 30 kHz, and the sluggish elastic restora-
tion of PDMS.



J. Wang et al. | Polymer 48 (2007) 4123—4129 4129

4. Conclusions

Cooling a toluene solution of PM-PDMS-PM from 105 °C
to room temperature produced aggregates that included
micrometer-sized triblock crystal plates and nanoplates or
nanodiscs. The shape of the nanodiscs was established by
SEM and tapping-mode AFM operating under a light tapping
force or at rgp = 0.95. Surprisingly, the nanodiscs transformed
in the topographic AFM images into nanodonuts and filled
nanodonuts under moderate and high tapping forces, respec-
tively, or at rgp = 0.75 and rsp = 0.60. Such apparent ‘“‘height
inversion” occurred probably because the AFM tip penetrated
easily into the soft PDMS domains. At rgp = 0.75, the tip at its
lowest points in an oscillating cycle would have penetrated the
top PDMS layer and reached the top surface of a PM domain
in the center of a nanodisc. Significant sample penetration af-
ter this would not have been possible due to the hardness of
PM. A tip approaching from the shell region where only
PDMS is present can probably undergo further polymer matrix
penetration. For the more sticky collision between the tip and
the sample in the latter case and thus the more efficient damp-
ing to tip oscillation, the tip would need to be further away
from the surface to yield the same rgp value as in the former
case. Thus, the center region would appear lower. For the thin-
ness of the nanodiscs, the tip at its lowest points in an oscillat-
ing cycle could have reached mica in the shell region as rgp
was further decreased to ~0.60. Since the collisions between
the tip and mica and that between the tip and PM are both
approximately elastic, one eventually obtains the correct topo-
graphic image again. Such observations may be of cautionary
value to future AFM users who may jump at the glory of
discovering exciting ‘‘new morphologies’ of block copolymer
aggregates.
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