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ABSTRACT: The crystal-to-hexagonal columnar mesophase transition in solution-grown single crystals of poly-
(di-n-propyl siloxane), PDPS, was studied in situ with selected-area electron diffraction and variable-temperature
atomic force microscopy. It was observed that, upon the transition, the hexagonal columnar mesophase displays
two mutually orthogonal orientations of the lattice. The 2a* and 2b* reciprocal lattice vectors of theR-phase
crystal coincide with thea* vectors of each of the two differently oriented mesophase lattices. The in situ atomic
force microscopy study of the evolution of a single PDPS crystal upon heating shows that crystal thickening can
occur via a short-term dwelling in the mesophase. The high chain mobility in the mesophase can account for the
exceptional range of accessible crystal thicknesses of PDPS, which is much larger than that observed for
polyethylene single crystals.

I. Introduction

The mechanisms of polymer chain folding during crystal-
lization and the structure of the resulting crystal/amorphous
interface has been the focus of numerous studies since the
discovery of folded-chain crystals.1 The chain unfolding and
refolding mechanisms have been extensively studied on poly-
ethylene, PE, and various model PE-like systems such as
ultralongn-alkanes, where effects of polydispersity and struc-
tural defects are excluded.2,3 The evolution of the crystal
thickness during thermal treatments has been interpreted in terms
of different mechanisms of chain unfolding4 such as solid-state
and liquid-state transformations. It was suggested4 that, depend-
ing on the annealing versus crystallization temperatures, crystal
thickening could occur either in the solid state or via a short
transit through the melt. A solid-state transformation implies a
certain chain mobility in the crystalline phase (the so-calledRc

relaxation), which is, in some respects, analogous to rotator
phases reported for shortn-alkanes.5 However, for the majority
of conventional polymers, such as PE, the unfolding mechanism
is not easily studied experimentally because the temperature
interval of crystal thickening is quite narrow and the range of
accessible crystal thicknesses is limited.6 A thorough study7

shows that melting of 1,4-trans-polybutadiene (PBD) occurs by
transit through a columnar hexagonal mesophase that is stable
over more than 55°C. Extensive thickening of PBD single-
crystal mats during annealing was studied with time-resolved
X-ray diffraction. It was estimated that the crystals could thicken
by several hundreds of angstroms when annealed above the
crystal-mesophase transition.7

In the present paper, we report the first studies of crystal
thickening in poly(di-n-propylsiloxane), PDPS, where there is
a large range of accessible crystal thicknesses, as both folded
and extended-chain crystals can form under ambient condi-
tions.8,9 PDPS exhibits two crystalline modifications, denoted
R andâ,10-17 and a mesophase for which hexagonal columnar
packing of the chains was suggested.16,18Recently, the structures
of the R polymorph and the mesophase were revised.9 It was
found that the unit cell of theR phase is pseudotetragonal and
is characterized by the monoclinic space groupC2/c (No. 15).
The lattice parameters area ) b ) 19.15 Å andc ) 5.00 Å.
Upon cooling, theR polymorph transforms into the monoclinic
â at about-46 °C, whereas it melts at approximately 62°C.
The sample clears at 197°C by passing through a columnar
hexagonal mesophase that is stable over more than 130°C. It
is generally accepted19 that the combination of a polar backbone
and apolar lateral chains is responsible for the exceptional
stability of the PDPS mesophase even in the absence of any
mesogenic groups in its chemical structure. In the mesophase,
the PDPS chains are supposed to have a nearly extended
conformation,18 which accounts for the crystallization resulting
in chain-extended crystals. It should be stressed that the
formation of extended-chain polymer crystals is a rare feature,
which has been mainly studied for HDPE.20,21However, when
crystallized from solution (i.e., a fully disordered state), PDPS
follows the classical crystallization route, resulting in the
formation of folded-chain crystals.8

The present paper focuses on a study of the influence of the
columnar mesophase on the thermal behavior and structural
evolution of solution-grown single crystals of PDPS. The
melting of PDPS single crystals was studied in real time with
variable-temperature atomic force microscopy (AFM). The
crystallographic relationships between theR crystalline phase
and the mesophase during melting are examined with selected-
area electron diffraction (ED). The question of whether crystal
thickening implies a passage through a metastable state (meso-
phase) or happens via a solid-state transition, i.e., in the
crystalline phase, is specifically addressed.
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II. Materials and Methods

II.1. Materials and Sample Preparation. The PDPS sample
used in this study has a molecular weight ofMw ) 87 000. The
corresponding degree of polymerization is 670. Single crystals of
PDPS were prepared by slow cooling of a 0.05% solution inn-butyl
acetate,8 followed by drying for several hours at the crystallization
temperature. The samples were deposited on 100µm carbon-coated
mesh grids for ED measurements and on freshly cleaned Si
substrates for AFM imaging.

II.2. Electron Diffraction. Electron microscopy experiments
were performed with a Phillips CM12 electron microscope operated
at 120 kV with a lanthanum hexaboride (LaB6) filament. The
microscope was equipped with a tilting stage, allowing different
diffraction zones to be explored.

II.3. Calculation of Electron Diffraction Patterns and Auto-
correlation Functions. Electron diffraction patterns were computed

Figure 1. Tapping mode AFM images showing PDPS solution-grown
single crystals. (A) Individual and (B) multilayer crystals with spiral
growth. The sector boundaries in A are indicated by blue arrows. (C)
Cross-section profiles measured along the red and green dashed lines
show that the thickness of an individual lamella is approximately 16
nm for both crystals.

Figure 2. (A) Electron diffraction pattern corresponding to the [001]
diffraction zone of a PDPS single crystal. The bright-field image of
the PDPS single crystal is given in the inset. (B) Simulated electron
diffraction pattern calculated for the unit cell of theR phase of PDPS
proposed earlier.9 Theab projection of the unit cell is shown at the top
of the figure.
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using the atomic scattering factors,fe, given by the Mott formula22

where Z is the atomic number;s is the norm of the reciprocal space
vector s;h is Planck’s constant;e andm are the electron charge
and mass, respectively; andfX is the X-ray atomic scattering factor.
The s value is defined as 2πsin(θ)/λ, whereθ is the Bragg angle
andλ is the wavelength. The X-ray atomic scattering factors,fX,
were calculated according to

In eq 2, the constantsai, bi, andc are specific to a given atomic
species.23 To take into account the thermal motion of the atoms,
the atomic scattering factors,fe, were corrected by the overall
isotropic temperature factorB as follows

The 2D autocorrelation, or Patterson, function,P(u), of the potential
map was computed from experimental ED patterns as

where u and r are the 2D direct space vectors andFi(s) is the

structure factor of the corresponding diffraction peak. Prior to
calculations, the electron diffraction patterns were background
corrected.

II.4. Atomic Force Microscopy. Characterization of the crystal-
line morphology and thermal behavior was performed with a
commercial AFM instrument (Nanoscope III, Digital Instruments/
Veeco Metrology Group) equipped with a high-temperature heater
accessory24 allowing the sample and tip temperature to be varied.
Briefly, the sample temperature is controlled via a thermocouple
placed under the AFM pack on which the sample is mounted. The
temperature of the tip is measured from its resonant frequency and
can be adjusted by applying a voltage to the resistive heater placed
inside the tip holder in the proximity of the piezo actuator used to
drive the cantilever. More details of the AFM operation at high
temperatures can be found elsewhere.25 The vertical sensitivity of
the scanner was calibrated using height standards (NT-MTD,
Zelenograd, Russia) chosen according to the range of the topography

Figure 3. Diffraction patterns corresponding to the (A) [01h3] and (B)
[01h2] zone axes. The patterns were obtained by tilting the PDPS single
crystals about the [010] axis by (A) 53° and (B) 64°.

Figure 4. (A) Experimental and (B) simulated Patterson functions
corresponding to the [001] diffraction zone. The white rectangle shows
the unit-cell edges. The functions display the spatially localized electron-
rich siloxane backbone and less-dense alkyl side chains splaying almost
orthogonally.

fe ) 2me2

h2
(Z - fX)/s2 (1)
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ai exp(-bis
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P(u) ≡ F(r) X F(-r) ) Re[∑
i

|Fi(s)|2 exp(-2πisu)] (4)
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variation of the sample. Processing and analysis of AFM images
such as flattening and histogram calculation were performed using
home-built routines written in Igor Pro (Wavemetrics Ltd.).

The 1D SAXS-type autocorrelation function,γ(l), was computed
from AFM images to quantify the morphological parameters of the
structure. In the first step, the images were converted to the binary
form using home-built object-recognition routines. Later, the 2D
power spectral density function [P2(s)] was computed from AFM
images [h(r )] up to the critical, or Nyquist, frequency depending
on the experimental sampling interval as

whereA denotes the image area andW(r) is a window function.26

The functionP2(s) was then transformed into the one-dimensional
PSD [P1(s)] according to

and finally, the 1D SAXS-type correlation function27 was computed
as the real part of the Fourier transform ofP1(s)

where the functionP1(s) was preliminarily corrected for the presence
of the sigmoidal gradient crystal/amorphous transition layers having
thicknessσ.28 Because the absolute values of the power spectral
density function of AFM images do not have any particular physical
meaning (in contrast to the absolute intensity measurements in
SAXS), the functionγ(l) was normalized to 1 at the origin (l ) 0).
The characteristic periodicity in the system can be determined from
the position of the first subsidiary maximum of the correlation
function in the self-correlation triangle.

III. Results and Discussion

III.1. Single-Crystal Morphology. Figure 1 shows typical
tapping-mode AFM images of solution-grown single crystals
of PDPS. It can be seen that both isolated crystals (Figure 1A)
and multilayer lamellae exhibiting spiral overgrowth (Figure
1B) can be found. There is no preferential handedness of the
spirals as both left- and right-handed spirals were observed in
the preparation. The cross-section profiles calculated from the
images (Figure 1C) indicate that the individual-crystal thick-
nesses are similar for the two crystals shown in images 1A and
1B and equal approximately 16 nm. The PDPS crystal shape is
rectangular, with the difference between the two main dimen-
sions being approximately 30%. This observation indirectly

Figure 5. Electron diffraction patterns showing the transformation of the (A) pseudotetragonalR phase of PDPS into the (B) hexagonal columnar
mesophase and the corresponding Patterson functions: (C) 30× 30 and (D) 60× 60 Å2, respectively. The white hexagons show two mutually
orthogonal orientations of the mesophase lattice. There is a clear interrelation between the orientations of the lattice parameters in the crystalline
phase and the mesophase (see text for more detail).

P2(s)≡ 1
A
|∫A

h(r) W(r) exp(2πisr) d2r|2 (5)

P1(s) ) (2πs)-1∫ P2(s′) δ(|s′| - s) ds′ (6)

γ(l) ≈ Re[2π∫0

∞
P1(s)s exp(2πisl) exp(4π2σ2s2) ds] (7)
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confirms the previous finding9 that the crystal symmetry is lower
than tetragonal. The single crystal in Figure 1A is clearly
sectored: the sector boundaries run along the crystal diagonals
(marked with blue arrows). It is noteworthy that the PDPS single
crystals do not exhibit characteristic pleats, which are well-
documented for PE single crystals.29 These pleats, which
typically form along the sector boundaries, result from the
collapse of hollow pyramidal crystals of PE upon deposition
on a substrate. Therefore, the absence of these features in the
morphology of PDPS single crystals suggests that they might
be initially flat in solution.

III.2. Selected-Area Electron Diffraction. A typical selected-
area ED pattern obtained from a single crystal of PDPS is
presented in Figure 2A. The inset of the figure shows the
corresponding bright-field image. The PDPS crystal was oriented
normal to the electron beam, but its correct in-plane orientation
is not preserved in the figure [the growth faces are the (200)
and (020) planes]. The ED pattern exhibits a square array of
diffraction peaks, which were assigned to the (hk0) reciprocal
space plane or the [001] zone-axis diffraction pattern. This
assignment implies that the PDPS chains are oriented perpen-
dicularly to the lamellar basal plane. The (hk0) diffraction peaks
could be indexed to a tetragonal unit cell, but a detailed
examination of the peak intensities shows that the pattern does
not have 4-fold symmetry. For example, the (040) peak is

significantly stronger than the (400) peak (cf. Figure 2A). These
findings are in line with previous work,9 in which a monoclinic
symmetry group (C2/c) was proposed for the pseudotetragonal
R phase of PDPS. It should be mentioned that the absence of a
4-fold symmetry in (hk0) patterns is at variance with previous
reports.8

The ab projection of the recently proposed9 unit cell of the
R phase of PDPS is shown in Figure 2 (top). It is of interest to
compare the simulated and experimental ED patterns as the unit
cell refinement performed with the Rietveld method was based
only on 1D diffractograms.9 To improve the match between the
experimental and simulated ED patterns, the overall isotropic
temperature factorB was adjusted by minimizing the weighted-
profile R factor,Rwp, given as

In eq 8,wi ) 1/[Iexp(hkl)] is a weighting function;c is a scaling
factor; andIsim(hkl) and Iexp(hkl) are the simulated and back-
ground-corrected experimental intensity of the ED peaks,
respectively. It was found that the best fit to the experimental
pattern corresponds to aB value of 15.3 Å2, andRwp was found
to be 0.336. The simulated ED is shown in Figure 2B. It
satisfactorily reproduces the positions of the strongest diffraction
peaks such as 200, 020, 240, and 42h0 that define the “handed-
ness” of the pattern. A discrepancy is found for the intensity of
the 400 reflection, which is more intense in the experimental
than in the simulated pattern. A possible explanation for this
fact is multiple scattering on the very strong 200 peak, which
would significantly reinforce the faint 400 reflection.

Figure 3 shows electron diffraction patterns recorded upon
progressive tilting of the crystal about theb axis. The patterns
in Figure 3A and 3B can be assigned to the [01h3] and [01h2]
zone-axis diffraction patterns, respectively. The theoretical tilt
angles for these zone axes are 52.7° and 62.3°, which are in
close agreement with the experimentally measured angles of
53° and 60° (maximum tilt allowed by the tilting stage). The
indexing of diffraction peaks provided in the figures shows that
they obey theI-centering extinction rule (hkl, h + k + l ) 2n
+ 1, wheren is an integer number). This result confirms the
choice of symmetry group for theR phase of PDPS reported
previously.9

Comparison of the structural model and ED experiment can
be clarified by performing the analysis in direct space. The 2D
Patterson function computed from the experimental (hk0) zonal
pattern is displayed in Figure 4A. The regions with higher
electron density correspond to the locations of the main chain.
In addition, the position of the less-dense alkyl side chains is
still clearly distinguishable in the Patterson function. It should
be stressed that the information contents in the potential map
and in the autocorrelation functions are principally different.
In the present case, one could be confused by their similarity
[cf. Figure 2 (top) and Figure 4A], which is a purely mathemati-
cal effect due to the presence of a spatially localized electron-
rich backbone that can be viewed as a delta function on the
potential map. The comparison of the experimental and simu-
lated autocorrelation functions, obtained from the model, shows
good agreement (Figure 4B). For example, in both cases, the
lateral chains, splaying at almost right angles with respect to
each other, seem to have a nearly extended conformation.

The mesomorphic character of PDPS, which has a very broad
temperature window of mesophase stability, opens the possibility
of studying the crystallography of this transition with good

Figure 6. Topographic tapping mode AFM images (13× 13 µm2)
showing the morphological evolution of a single crystal of PDPS as a
function of temperature. The temperature program included heating
steps of 1-2 °C. The images were captured after equilibration of the
sample temperature for 2 min. The dwelling time of the crystal at 40
°C was approximately 1 h; the images in B and C were measured at
the onset and end of the annealing at this temperature.

Rwp ) x∑wi[cIsim(hkl) - Iexp(hkl)]2

∑wi[Iexp(hkl)]2
(8)
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spatial resolution. The transition was followed in situ in the
electron microscope, where it was induced by the interaction
of the sample and the electron beam. Formation of the hexagonal
columnar phase is accompanied by the appearance of additional
spots in the diffraction pattern (Figure 5A). These peaks,
oriented at 30° with respect to the first peaks of the pseudo-
tetragonal lattice, can be indexed as (100) peaks of the hexagonal
lattice. At the final stage of the transformation, only the
mesophase peaks are visible (Figure 5B). The fact that the
mesophase pattern exhibits 12 spots indicates the presence of
two hexagonal lattices oriented at 90° with respect to each other.
There is a clear crystallographic interrelation between the
orientation of the initial crystalline and resulting liquid crystal-
line (LC) lattices: the 2a* and 2b* reciprocal lattice vectors of
the crystal coincide with thea* vectors of each of the two
differently oriented hexagonal mesophases. The transition from
the crystal to the mesophase occurs by sliding of the backbone
axes along either thea or b axis of the crystal. To gain more
insight into the mechanism of this transformation, the corre-
sponding Patterson functions were calculated (Figure 5C,D).
During the course of the transition, the lateral chains become

disordered (Figure 5C). At the end of the transformation, the
order of the side chains is completely lost, and the backbones
do not preserve any preferential orientation, which is charac-
teristic of the classical columnar mesophase.

III.3. Following the Melting of a PDPS Single Crystal with
Atomic Force Microscopy.The melting of a 17 nm thick PDPS
single crystal was followed in real time using variable-
temperature tapping mode AFM. Successive images of the same
crystal taken at different temperatures are displayed in Figure
6. The initial image of the crystal at ambient temperature is
shown in Figure 6A. The onset of the transformation upon
heating occurs at about 39°C (image not shown here) by
thickening of crystal edges, similarly to PE single crystals.30,31

This means that the PDPS single crystal melts approximately
23 °C below the melting temperature of the bulk material, as
determined by DSC (62°C). Such a difference in the thermal
stability of solution-grown and melt-crystallized material sup-
ports previous findings9 showing that the mesophase-assisted
PDPS crystallization in the bulk results in the formation of
nearly extended-chain crystals.

Further heating of the crystal to 40°C (Figure 6B) brings
about the formation of numerous bright patches (thickened
regions) surrounded by black zones. The vertical chain orienta-
tion in the thickened regions is likely to be preserved, as could
be concluded from the ED data. The black zones separating
the untransformed and transformed regions could be attributed
to the LC state of the material. To assess the kinetics of the
transition under isothermal conditions, the crystal was annealed
at 40 °C for 1 h while continuing the image capture. One of
the images recorded at the end of annealing at this temperature
is shown in Figure 6C. It can be seen that the regions that started
to thicken first became even thicker (brighter in the image).
The transition front gradually propagates toward the center of
the crystal, leaving only a small central region of the crystal
intact (Figure 6C). In a parallel experiment (annealing at 40°C
for 30 min, followed by quenching to room temperature), single
crystals were examined in the electron microscope. They display
the superposition of tetragonal and 12-spot (double) hexagonal
patterns analogous to Figure 5A (not shown). (The stability of
the mesophase in thin films is further examined in section III.5.)
Upon further heating of the crystal to 52°C (Figure 6D), the
central untransformed part of the crystal completely disappears.
At 66 °C (Figure 6E), the crystal continues to thicken, which
involves a significant material transfer. Interestingly, the
thickening crystal does not fully dewet the substrate, and the

Figure 7. Small-scale (3× 3 µm2) topographic tapping mode AFM images at (A) ambient temperature and (B) 43°C showing the initial stages
of the crystal transformation. Note the typical swiss-cheese morphology with thickened regions and holes in B.

Figure 8. Height histograms obtained from the images in Figure 6
after preliminary background correction. The positions of the substrate,
the initial value of the crystal thickness, and the mesomorphic regions
are indicated by arrows.
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initial crystal contours are still visible. Upon heating of the
crystal to 220°C, i.e., above the clearing point of PDPS, the
material passes into the isotropic melt, and the crystal recovers
its original shape (Figure 6F), becoming thin again. Fine
morphological features appearing during thickening of the
crystal can be observed in higher-magnification images taken
near the crystal corner (Figure 7). The transforming crystal
displays a typical “swiss-cheese” morphology with thickened
regions and holes. To quantify the morphological evolution of
the PDPS crystal upon heating, height histograms were com-
puted for the images in Figure 6. The results are displayed in
Figure 8. The peaks corresponding to the Si substrate and to
the initial crystal thickness are indicated by arrows. Upon
heating, the intensity of the peak at 17 nm decreases, and a
new peak appears at 8 nm and grows. This process is
accompanied by the formation of a broad maximum corre-
sponding to the thickened regions, the thickness of which
extends to 60-80 nm. The peak at 8 nm corresponds to the

height of the black zones mentioned previously. These regions
are likely to be mesomorphic and, at some stage of the crystal
evolution, separate the transformed and intact areas (cf. Figure
6B,C). Therefore, the formation of the mesophase precedes the
crystal thickening and is followed by a re-entrant transition to
the crystalline state, similar to the one described for PBD.7 This
result indicates that the evolution of PDPS single crystals can
occur via a short-term dwelling in the mesophase, where the
chains acquire a significant mobility. This mobility can also
account for the exceptional range of accessible crystal thickness
of PDPS, which is much larger than that observed for PE single
crystals.3

III.4. Melting of a Superposition of Two PDPS Single
Crystals. The thermal behavior of superposed single crystals
can significantly differ from the behavior of individual crystals,
as the former have additional possibilities for chain motion.
Topographic tapping mode AFM images recorded from a double
PDPS crystal at different temperatures are shown in Figure 9.

Figure 9. Successive topographic tapping mode AFM images showing the morphological evolution of a double single crystal of PDPS as a
function of temperature.
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The initial image at ambient temperature (Figure 9A) shows
that the bottom crystal is slightly larger that the top one. The
bright spots visible on the surface of the crystal are probably
aggregates of noncrystallized material precipitated from solution.
The characteristic heights of the crystals can be seen in the
height histogram presented in Figure 10. Three stages can be
clearly distinguished in the melting process of the double crystal.
In the first stage, the top crystal starts thickening and dewets
the underlying crystal. The onset of the process occurs at a
slightly higher temperature than in the previous experiment
(Figure 9B). However, the way the chains reorganize in the top
crystal might be rather different from the case of a single crystal
discussed earlier. Indeed, the morphological features seen in a
higher-magnification image in Figure 11, corresponding to the
upper left corner of the crystal in Figure 9B, indicate that, at
42 °C, the chain orientation in the top crystal is likely to be in
the plane of the substrate. In this case, regular stripes, similar
to the ones present in layers of ultralong alkanes,3 are observed.
The periodicity (long period) of the structure is approximately
60 nm, as can be seen from the position of the first subsidiary
maximum inγ(l) (Figure 11, bottom). The linear crystallinity,
defined as the ratio of the crystal thickness to the long period,
is estimated to be 71%. This indicates that the thickness of the
PDPS crystal increases many times compared to its initial value.
However, at this low temperature, the crystal thickness is still
far from the contour length of the PDPS chain (163 nm). At 44
°C, the top crystal is completely transformed (cf. Figures 9C
and 10). The second stage starts at about 45°C with the
beginning of transformation of the bottom crystal (Figure 9D).
One can notice that the clear double-layer structure is no longer
present, which suggests that the chains can now slide between
the crystals. This high chain mobility giving rise to merging of
the superposed PDPS crystals is different from the behavior of
superposed PE crystals that are reported to thicken indepen-
dently.31 In the third stage, upon a further temperature increase,
the two crystals continue to thicken as one object (Figure 9E),
reaching the thickness value of about 60 nm at 80°C. After
being heated in the isotropic phase, the crystal thins by
recovering its original shape, similar to the observation reported
in the previous section. Upon cooling of the molten material to
ambient temperature, the crystal forms again, displaying a
different morphology characterized by elongated ribbons (Figure

9F). The corresponding histogram displays a peak situated at
approximately 30 nm that correspond to the crystal thickness
and a second peak at 8 nm that can be assigned to the
mesomorphic material, similar to what was observed for the
reorganization of a single crystal (cf. section III.3).

III.5. Transforming a PDPS Single Crystal at Ambient
Temperature with the AFM Tip. It is well-documented that,
in contrast to other members of the family of poly(di-n-
alkylsiloxanes), bulk PDPS cannot be obtained in an amorphous
or mesomorphous state at ambient temperature because of its
high crystallization rate.10 Recently, it was suggested that PDPS
could retain its LC character at ambient temperature when
confined in thin layers.9 This behavior was explored in more

Figure 10. Height histograms obtained from the images in Figure 9
after background correction. The positions of the substrate, superposed
crystal, and mesomorphic regions are indicated.

Figure 11. Tapping mode (top) height and (middle) phase AFM images
measured on the transformed double crystal of PDPS shown in Figure
6F. The image exhibits a striped morphology similar to the layers of
ultralongn-alkanes.3 (bottom) The SAXS-type autocorrelation function
corresponding to the phase image shows that the characteristic stripe
thickness is approximately 60 nm.
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detail in the present work for the case of PDPS single crystals.
Figure 12 shows tapping mode height and phase images of a
single PDPS crystal at ambient temperature. Upon repeated
scanning of the same region with an increased tapping force,
growth of topographical defects appears. These defects are dark
in the phase images and display a ribbonlike structure, with the
ribbons parallel to the scanning direction. The contrast observed
in the phase images can be explained by the LC state of the
ribbons, which are softer than the crystal. The orientation of
the ribbons could indicate that the PDPS chains become aligned
by the scanning tip. Thus, the mesomorphic regions, which can
be generated by the AFM tip inducing local melting of the PDPS
single crystal, remain stable at ambient temperature because of
the conditions of confinement.

Conclusions

Crystallization of PDPS from a dilute solution results in the
formation of thin chain-folded lamellae having a rectangular
shape. Both individual and multilayer crystals exhibiting spiral
overgrowths were observed. Examination of different zonal
electron diffraction patterns measured on single crystals supports
the choice of a monoclinic symmetry space group for theR
phase of PDPS that was proposed previously.9 The unit-cell

structure of theR phase of PDPS established on the basis of
the Rietveld refinement of 1D X-ray diffraction data9 was
checked by comparing the experimental and simulated electron
diffraction intensities and the Patterson functions. A reasonably
good agreement was found for the positions of the most intense
diffraction peaks determining the handedness of the [001] zone-
axis diffraction pattern. The conformation of the lateral side
chains was found similar in the simulated and experimental
Patterson functions corresponding to this zone axis.

The crystal-to-columnar mesophase transition was studied in
situ with selected-area electron diffraction. It was observed that
the mesophase displays two mutually orthogonal orientations
of the lattice. The orientations of the 2a* and 2b* reciprocal
lattice vectors of the crystal coincide with thea* vectors of
each of the two differently oriented mesophases. The in situ
AFM study of the evolution of a single PDPS crystal upon
heating shows that crystal thickening can occur via a short-
term dwelling in the mesophase. This high chain mobility in
the mesophase can account for the exceptional range of
accessible crystal thicknesses of PDPS, which is much larger
than that observed for PE single crystals.
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Figure 12. Tapping mode (A,C,E) topography and (B,D,F) phase
images illustrating the morphological evolution of a single PDPS crystal
induced by the tip-sample interaction at ambient temperature. The
initial double-layer crystal is shown in A and B. It was probably folded
and broken at the moment of its deposition on the surface. Upon
repetitive imaging of the crystal with an increased tapping force (C-
F), growth of topographical defects (marked by blue arrows) appears.
These regions, which probably have mesomorphic character, exhibit
organization in ribbons oriented parallel to the scanning direction.
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