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ABSTRACT: We have studied the surface morphology of single crystals of syndiotactic polypropylene 
(sPP) by atomic force microscopy (AFM). The thickness of a single crystal lath grown at 140 “C was 
determined by AFM to be 10.5 f 1 nm. The surface roughness within flat, defect-free areas up to 1 pm 
across was in the range 0.3-1 nm. A feature of the sPP single crystals was straight cracks about 100 
nm wide across the single crystal laths. Three to four cracks were observed on a single-crystal with the 
average distance between adjacent cracks of 5-10 pm. Smooth periodic undulations in thickness, or 
wrinkles, were observed. The periodicity of these undulations is about 400 nm and the number of periods 
can reach 10-30. On the molecular scale, we observed mbdulations of surface topography with periods 
of 1.5 and 1.1 nm that are close to the lengths of the a and b edges of the sPP unit cell determined from 
electron diffraction. 

Introduction 
Mechanical and physical properties of partially crys- 

talline bulk polymers depend upon features of their 
spherulitic supramolecular organization built by “stacks” 
of lamellar crystals. The formation of specific spheru- 
litic structures upon characteristics of a single lamella 
and lamellar growth toward definite supramolecular 
organization. The ideal models for polymer lamellar 
crystals are isolated single crystals grown from solu- 
tion.lV2 Controlled nucleation and growth of various 
crystals of polymeric result in the formation of ideal 
single crystals in basic shapes such as lozenge-shaped 
crystals for polyethylene and lath-like crystals for 
polypropylenes. 1-3 Stress-free growth of crystals from 
solution produces large single crystals with very smooth 
surfaces. Crystal surfaces formed by regularly folded 
macromolecular chains have roughness values in the 
range 0.3-0.6 nm, as measured by atomic force micros- 
copy (LWM).~  Fold domain boundaries and patches of 
one to  two monomeric unit heights were observed for 
various polymer single crystals by transmission electron 
microscopy (TEM) and confirmed by recent AFM obser- 
va t ion~ .~  Periodic molecular features on AFM molecular 
images were attributed to regular arrays of chain folds.4b 
Friction force microscopy revealed significant differences 
in the frictional distribution of neighboring fold domains 
related to an abrupt change in orientation of chain 
folds.& 

Mechanical distortions and tensions that occur natu- 
rally during the formation of the crystalline phase affect 
crystal growth and the resulting morphology and prop- 
erties of partially crystalline polymers. Applied me- 
chanical stresses might distort and deform the ideal 
surface morphology of polymer single crystals and result 
in the distortion of the supramolecular organization of 
crystalline polymers. For example, fractures caused by 
external tensile stress were observed in lamellar struc- 
tures of polymer single  crystal^.^ On the other hand, it 
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was demonstrated that the isothermal growth of poly- 
mer single crystals a t  different conditions can produce 
a variety of crystals with periodic modulations in 
thickness.6 Besides, detailed TEM observations of Lov- 
inger et alS6 show the existence of spontaneous trans- 
verse fractures in isothermally-grown single crystals of 
syndiotactic polypropylenes (sPP) due to internal local 
stresses. These observations were associated with the 
highly anisotropic thermal contraction of the sPP crystal 
lattice during isothermal growth and following fast 
cooling of the crystals. The formation of similar periodic 
modulations of the surface of growing thin films in the 
presence of stress was analyzed by Grinfeld and 
Sr~lovitz’-~ and was observed experimentally for some 
solids.lOJ1 The authors demonstrated that in stressed 
growing solids, surface diffusion can lead to the relax- 
ation of stress via formation of periodic surface pertur- 
bations with a characteristic wavelength. The question 
arises whether this kind of surface instability can be 
produced by crystal growth under thermally induced 
steady stresses and observed for crystalline lattices of 
polymers. 

Thus, in fact, it was demonstrated that even stress- 
free growth of polymer crystals might result in fractures 
and deformations of ideal crystal habits. Obviously, 
these deviations may play a crucial role in the formation 
of highly hierarchical supramolecular organization in 
partially crystalline polymers and affect their mechani- 
cal properties. Therefore, very initial stages of polymer 
crystal growth which can be a subject of local mechani- 
cal tensions require detailed morphological investiga- 
tions. 

Single crystals of sPP provide a good model to 
examine the possible occurrence of surface disturbances 
caused by mechanical stresses. First, the morphology 
of these crystals is very suitable for detailed structural 
investigations. Within a definite temperature interval, 
crystals of sPP are grown with a lath-like habit, which 
provides an unambiguous identification of the arrange- 
ment of surface features with respect to the crystal 
lattice. Second, X-ray data show a high anisotropy of 
thermal expansion coefficients in the temperature range 
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polymer crystals are reproducible in repeated scans of the 
same area. Scanner A was calibrated using the mica standard. 
Gold coated optical gratings with 1 pm spacing and grids with 
10 pm cell size were used for calibration of scanners D and J. 

from room temperature to 145 "C. The thermal expan- 
sion coefficient along the b-axis of the unit cell is about 
1 order of magnitude higher than along the a - a x i ~ . ~  This 
leads to almost pure uniaxial stress in the crystal 
subjected to a change in temperature, with the stress 
along the b-axis about 1 order of magnitude greater than 
along the a-axis. Third, the mobility of the macromol- 
ecules is large enough to permit the surface to rearrange 
as the crystals cool. Diffusion of the macromolecules is 
relatively high because the glass transition temperature 
is around room temperature.12 

Another intriguing circumstance is that for sPP 
different models of molecular packing were recently 
reported in the crystalline phase.13-17 The different 
parameters and symmetries of the unit cells were 
derived from electron diffraction and X-ray scattering 
data. Two different orthorhombic modifications were 
observed for different preparation conditions. A model 
of molecular structures for the single crystals on the 
basis of electron diffraction data was proposed by 
Lovinger et al.13J4 As was shown, the unit cell of 
isothermally grown single crystals of sPP has parameter 
a = 1.45 nm, b = 1.12 nm, and c = 0.74 nm. The 
macromolecules form a helix with its axis in the c 
direction. Right and left hand helices alternate in the 
a x b plane. The c-axis is normal to the lamellar 
surface, and the b-axis is along the longer axis of the 
lath single ~ r y s t a l . ~ J ~  A different unit cell was proposed 
for the crystals in sPP fibers.15J6 Thus, the determina- 
tion by independent experimental technique of the unit 
cell that occurs in these crystals provides an additional 
challenge. 

Experimental Section 
Single crystals of sPP were prepared by isothermal crystal- 

lization of ultrathin films by A. Lovinger, AT&T. The crystals 
have been grown at 130-145 "C (melting range is 150-170 
"C) according to a procedure decribed earlier.13J4 Single 
crystals were grown for periods ranging from 3 to 24 h, and 
then rapidly cooled to room temperature. Optical phase 
contrast microscopy, TEM, electron dfiaction, and X-ray 
analysis were used to characterize single crystal shape, surface 
morphology, and local molecular packing in refs 6,13, and 14. 
These data, along with X-ray results for the thermal expansion 
of the sPP lattice mentioned above, are used here for analysis 
of the AFM measurements. 

An AFM technique was selected as a primary method to 
investigate surface morphology with great details.l8J9 AFM 
provides a way to observe the surface structure of polymer 
single crystals at the micron and molecular ~ca le s .~J~  Unlike 
classic microscopic techniques, the AFM technique allows the 
acquisition 3D topographic data with a high vertical resolution 
(down to 0.05 nm) in selected areas with lateral sizes at the 
nanometric scale. The accurate and quantitative data about 
surface morphology can be provided in a wide range of 
magnifications and interpreted firmly by taking into account 
possible artifacts introduced by a finite size of the AFM t i ~ . ~ J ~  
A combination of electron microscopic and scattering tech- 
niques with the AFM observations can produce a pool of 
quantitative and unambiguous data about surface topography 
which surpasses current knowledge. 

AFM images of the surfaces were obtained in air and in 
water with an atomic force microscope, the Nanoscope I1 
(Digital Instruments, Inc.), using a pyramidal SkN4 tip. 
Imaging was performed according to well established proce- 
dures for polymeric  material^.^ Different heads J, D, and A 
were used for scanning with applied forces of N in air 
and N in water. Cantilevers with a spring constant of 
0.38 N/m and scan rates of 1-2 Hz were used for low and 
medium magnifications. For the highest magnifications, scan 
rates were 6-20 Hz. All AFM data are presented as obtained, 
except some molecular imaged which were atered by a Fourier 
transformation (see below). Images of the surfaces of the 

Results and Discussion 

General Review of Surface Morphology. The 
surface morphology of sPP single crystals grown at 
different temperatures is described in detail in ref 6 ,  
13, 14, and 17. All these observations were done and 
conclusions were made on the basis of TEM and confocal 
optical microscopy experiments. It was demonstrated 
that the variation of growth temperature yields a 
spectrum of morphologies ranging from lath-like habit 
to spherulitic supramolecular organization through 
multilamellar crystal growth and screw dislocations. 

Before we discuss some novel observations of surface 
morphology obtained by the AFM technique we have to 
compare our results with well established morphological 
data for these crystals. An analysis of our data leads 
to a conclusion that all general features of sPP single 
crystal morphology observed by optical microscopy and 
TEM are confuned by AFB observations in the same 
range of magnifications. Various morphological habits 
observed are shown in Figures 1 and 2. Axialites of sPP 
grown from an isolated nucleus are usually composed 
of three to six lath-like single crystals (Figure la,b). 
These laths are 20-50 pm long and 5-15 pm wide. The 
height of a single crystal of sPP is 10.5 f 1 nm, which 
agrees fairly well with TEM estimates. Crystals with 
two or three superposed lamellae with regions 22 and 
33 nm thick are occasionally observed (Figures IC and 
2a). 

The surface roughness in the area of 100 nm x 100 
nm is 0.3-0.8 nm, indicating that these surfaces are 
flat and smooth. The roughness in the areas of 2 pm x 
2 pm is much higher and reaches 3 nm. These larger 
areas include variations of lamellar thickness from edge 
to center, accumulations of polymer materials along the 
edges of crystals, and tiny islands of undeveloped nuclei, 
as can be seen in Figures lc,d and 2c, respectively. 
Multilamellar structures and irregular ridges that grew 
along the edges of the lath crystals held at crystalliza- 
tion temperature for prolonged times were observed (see 
Figure lc,d). 

Some other details of surface morphology are shown 
in Figure 2. Edges of two crystals, which may be part 
of the same growth spiral, are visible in Figure 2a. 
These crystals are both 10.5 f 1 nm and have the same 
orientation. The profiles of their edges differ signifi- 
cantly (Figure 3). One edge has a sharp step profile of 
about 11 nm, while a 3-4 nm deep groove is observed 
near the other edge. The observed difference does not 
depend upon scanning direction and is reproducible 
after repeated scanning. We could speculate that this 
might reflect a different mechanism of growth and 
material supply along the a and b edges of the two 

At micron scale, the surface of sPP crystals possesses 
a variety of interesting morphological details. For 
example, Figure 2b shows multiple sharp ridges aligned 
along the a direction on top of the single crystals. They 
are straight and as thin as 0.2 pm, with heights in the 
range 10-40 nm. These ridges are surrounded by tiny 
nanofibers with diameters of 3-5 nm. A large number 
of sharp ridges about 10 nm high were observed along 
the a edges of the single crystals as well (Figure Id). 
As was discussed in ref 14, these features are dendritic 
nuclei formed probably from low molecular fractions of 

crystals. 
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Figure 1. AFM images of the lath-like single crystals at low magnifications: (a) three-dimensional image of the single crystals 
grown from an isolated nucleus, scan size is 48 pm x 48 pm; (b) top view of the single crystals grown from an isolated nucleus, 
45 pm x 45 /rm; (e) fragment of the lath-like single crystal with multilamellar structures, surface undulations, and fractures, 12 
pm x 12 pm; (e) the edge of the single crystal with accumulated ridges, surface undulations, fractures, and undeveloped nuclei, 
3.5 pm x 3.5 pm. 

the polymer. The tiny undeveloped centers of crystal- 
lization or nuclei of dendritic crystals were observed 
between two single crystals on a film surface and also 
on top of the single crystals (see Figure Id). At higher 
magnification, in Figure 2c it can be seen that they have 
diameters in the range 1007200 nm and heights 6-10 
nm. The surrounding 0.5- 1 pm long fibrillar-like arms 
have diameters of 2-5 nm. These arms are undevel- 
oped lath-like crystals that could form axialites similar 
to the one shown in Figure la. 

The sPP single crystals are very stable under the 
substantial compressive and shear mechanical stresses 
produced by the AFM tip? All areas can be scanned 
repeatedly without visible damage of the surface. All 
the observed features are stable and can be reproduced 
with consistent geometrical parameters for different 
mechanical loads, scanning rates, and orientation of 
scanning. To check the mechanical stability of a 
polymer surface, a “scratch” test can be used.’$ A high 
load of 200 nN on the AFM tip during scanning of a 
small area with a high scan rate leads to local deforma- 
tion of the polymer crystal and the formation of holes 
of one or two lamellar thicknesses deep, as shown in 
Figure 2d. The holes are rectangular, with smooth 
edges, and indicate that the mechanical properties of 

the lamellar crystals are similar along the a and b 
directions. Obviously, no brittle fracture of the polymer 
surface occurs around the hole, and the hole is a result 
of plastic deformation. 

Periodic patterns that include many periods of un- 
dulations and straight microcracks running across the 
total width of the single crystals are distinguished 
features of the crystal surface (see Figures lc,d and 4a- 
c). As we mentioned above, this kind of surface per- 
turbation was observed by Lovinger et al. and Cheng 
et al. in TEM studies of sPP single crystals.6J’ Periodic 
surface undulations and microcracks run across the 
main axis of the lath-like crystals. The long dimension 
of each undulation is therefore transverse to the b-axis 
of the crystalline lattice (Figures IC and 4a). The 
undulations are higher and more evident near the edges 
ofthe crystals. Three to four cracks are observed in 20- 
40 pm lengths of lath crystals, while 10-30 periodic 
undulations, running parallel to the microcracks, are 
observed in the same region. 

The AFM technique provides quantitative information 
about actual profiles of observed surface features that 
are unavailable from TEM.4J8 An example of the 
sinusoid-like profile of modulated surfaces is presented 
in Figure 5a. The periodicity ,I and amplitudeA of these 
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I). 

Figure 2. AFM images of the features of surface morphology at higher magnifications: (a) the comer of the double lamellar 
crystal, 620 nm x 620 nm tcross section profiles shown i n  F'igure 3 were taken as shown by arrows); tb) ridges along the long axes 
of the single crystals on the surface of a single crystal, 3 jtm x 3 pm; ( C J  undeveloped nuclei of single crystals. 2.1 pm x 2.1 pm: 
(di artificially produced hole, 80 nm ,. 80 nm across, in thi, lamellar crystal, 300 nm x 300 nm. 

t 40 

II 
- 

1l.Zl 20 

10 

I 
0 an 400 6M 

40 

x1 

20 

0 E an 4m Em 10 

8 

Figure 3. Roiiles of the single crystal edges along the normal 
to the edges of the double crystal imaged in Figure 2a. Cross 
section places are shown in Figure 2a with arrows. Numbers 
between the markers indicate the vertical distance between 
the neighboring markers. All distances and scales are in 
nanometers. 

undulations averaged over different single crystals are 
1 = 400 f 120 nm and A = 6 i 3 nm. The half-width 

of the microcracks is 90 f 30 nm, as shown by the 
markers on the moss-section in Figure 5a. The crack 
depth corresponds to the thickness of the multilamellar 
crystal and is therefore about 10,20, or 30 nm depend- 
ing upon how many stacked lamellae are fractured. An 
analysis of the observed disturbances shows that many 
details of perturbed surface morphology are consistent 
with mechanism of surface instabilities driven by sur- 
face diffusion and can be satisfactory described by a 
theory proposed in refs 7-9. Detailed discussion of this 
phenomena will be published el~ewhere.~" 

Occasionally, we observed some other surface fea- 
tures. For example, the cracks sometimes run along the 
top of the surface undulations or an irregular crack 
propagates along the long axis of the lath-like crystals 
(Figure 44. High, periodic ridges are occasionally 
formed on top of the single crystals (Figure 4d). These 
ridges are separated by distances of 2-4pm (see cross- 
section in Figure 5b) and are superposed on the surface 
undulations. The formation of these ridges can be 
attributed to material pushed away from the crystal 
during growth, but the actual mechanism of this phe- 
nomena is unclear now. 
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Figure 4. AFM images of crystal surface undulations and fractures: (a) the edges of the single crystals with transverse undulations 
and cracks, 8 pm x 8 pn; ib) the crack edges at higher magnification, 1.3 pm x 1.3 pm; ic) irregular crack along the b-axis, 17 
pm x 17 pm; (d) area with long periodic ridges overlapping surface undulations, 13 pm x 13 pm. 
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b) 
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Figure 5. Cross sections of the single crystal surface along 
the long axes: (a) periodic undulations and fracture profile, 
4.6 pm length; (b) large perturbations at the surface with a 
1.7 pm long period, 22 pm length. The numbers are the 
horizontal distance between the neighboring markers for ia) 
and the le& pair of the markers in (b); 33 nm is the vertical 
distance between the markers in (b). All distances and scales 
are in nanometers. 

Molecular Ordering. Scanning in air did not pro- 
duce stable molecular images of the single crystal 

surface. We had to switch ta imaging in a fluid cell. 
Reduction of the tip forces in water (about 1 order of 
magnitude) made it possible to obtain reliable surface 
topography with nanometer scale features (Figure 6a,b). 
Molecular size features with similar periods were 
constantly observed at various parts of the single crystal 
surface. To avoid artificial features, all electronic filters 
were kept off during scanning at the nanometer scale. 
The proportional and integral grains were in the range 
of 4-6 (in the terms of Nanoscope I1 soilware). Scan- 
ning rates were 6-20 Hz. A typical molecular image 
without digital processing is presented in Figure 6b. 
Weak modulations with periods of about 1.5 nm running 
vertically and about 1.0 nm running horizontally in the 
image were observed. 

The periods observed on these images were empha- 
sized by the Fourier filtration procedure (Figure 6c). 
Only sharp Fourier components with periods in the 
range 0.2-2 nm were retained during the filtration 
procedure (see insert in Figure 6c). A fragment of the 
resulting enhanced image as shown in Figure 6c. On 
this image, a lattice structure with periods between 
bright molecular ridges of 1.5 nm in the horizontal 
direction and 1.1 nm along the vertical direction are 
clearly visible. Weaker ridges are located between these 
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Figure 6. Molecular scale images of the single crystal surface: (a) typical surface topography at flat areas, 35 nm x 35 nm; (b) 
as-obtained molecular image, 24 nm x 24 nm; (c) a selected area of the image (b) with Fourier filtration, retaining only the most 
intense comoonents. 10 nm x 10 nm (the insert is the 2D Fourier-transformation of image (b)); (d) a x b plane of the unit cell 
with the parameters and molecular arrangements propo~ed'~. 

features, corresponding to a shorter period of 0.75 nm 
in the horizontal direction and 0.6 nm in the vertical 
direction on the image. 

The next step is comparison of the observed arrange- 
ment of molecular ridges with parameters of the a x b 
lattice plane (Figure 6c). A horizontal periodicity of 1.5 
f 0.1 nm fits quite well to the length of the a edge of 
the unit cell (1.45 nm). A vertical periodicity of 1.1 f 
0.1 nm corresponds to the length of the b edge of the 
unit cell. The presence of additional molecular elements 
in the center and along the edges of the cell corresponds 
quite fairly to the molecular arrangement in the ortho- 
rhombic centered unit cell proposed by Lovinger et  
al.13J' Therefore, the geometric parameters of the 
observed molecular images are consistent with the unit 
cell proposed on the basis of electron diffraction data 
for the sPP single  crystal^.'^ Orientation of the mo- 
lecular ridges along the b edge with deep minima 
between ridges along the a-axis can be associated with 
the folds running along the b-axis of the unit cell. This 
agrees with the conclusions made in ref 17 on the basis 
of TEM observations. The resolution of the molecular 
images does not allow a more detailed analysis of the 
molecular arrangement. 

Conclusions 

All general features of sPP single crystal morphology 
observed by optical microscopy and TEM are confirmed 
by AFM observations in the same range of magnifica- 
tions. Axialites of sPP grown from an isolated nucleus 
are usually composed of three to six lath-like single 
crystals with total heights of 10.5 f 1 nm. Crystals with 
2 or 3 superposed lamellae with thicknesses of 22 and 
33 nm are occasionally observed. The local surface 
roughness is 0.3-1 nm, indicating that the lamellar 
surfaces are flat and smooth. The most interesting 
features include: an increase of lamellar thickness from 
the center of the edge of unknown nature, accumula- 
tions of materials along the edges of the crystals in the 
form of dendritic nuclei, multilamellar structures that 
grew along the edges of the lath crystals, sharp ridges 
aligned along the a direction on top of single crystals, 
the undeveloped centers of crystallization observed on 
the substrate and on top of the single crystals, and 
periodic patterns that include many periods of undula- 
tions and straight microcracks running across the total 
width of the single crystals. 
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At the molecular scale, we observed surface topogra- 
phy in the form of molecular ridges on a regular lattice. 
The measured parameters of the unit cell are a = 1.5 f 
0.1 nm and b = 1.1 f 0.1 nm. These periods are close 
to the lengths of the a edge and the b edge of the sPP 
unit cell determined from electron diffraction for similar 
sPP single crystals.13 The orientation of the molecular 
ridges along the b-edge with deep minima between 
ridges along the a-axis can be associated with the folds 
running along the b-axis of the unit cell. 
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