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Structure and phase transitions of polydiethylsiloxane (PDES) were studied with AFM at temperatures in 
the 300-268 K range. The measurements were performed on a polymer layer deposited on a Si substrate by 
rubbing. It is shown that at room temperature the layer is a polymer mixture in amorphous and 
mesomorphic states. With the decrease of temperature to 273 K, all material converts into the mesomorphic 
state. The polymer structure in the mesomorphic state is formed of elongated patterns oriented 
perpendicular to the rubbing direction. They are assigned to edge-on standing and flat-lying lamellae. 
Disk-like substructures were found in some amorphous patches lying on the substrate. Solid-solid 
crystallization of PDES from the mesomorphic state was observed at 268 K. The transition is accompanied 
by changes of sample morphology and nanostructure. Lamellar arrays are transformed into ribbons whose 
shape reveals their monoclinic crystalline structure. The ribbons have a linear substructure with 50 nm wide 
stripes oriented along the rubbing direction. The molecular rearrangements during crystallization are 
discussed. Copyright © 1996 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

Since the advent of  atomic force microscopy (AFM) this 
method has often been applied to examine surface 
morphology,  nanostructure and chain order of  polymer 
samples 1. These applications have demonstrated the 
unique potential of  A F M  for surface characterization of 
polymers and also has revealed definite limitations, 
mostly related to possible damage of  soft polymer 

2 materials . Therefore, consideration of  tip-sample force 
interactions and optimization of the experimental con- 
ditions is re%uired to obtain reliable information from 
A F M  images . Low-force imaging is required for a non- 
destructive examination of surface morphology and 
nanostructure. Measurements at different forces ParOvide 
access to nanomechanical  properties of  polymers . 

The necessity to avoid surface damage to soft samples 
led to the development of  TappingMode TM (Digital 
Instruments,  Santa Barbara,  C A ) " - - t h e  most popular  
mode among A F M  modulat ion techniques 6. In this 
mode, the decrease of  amplitude of the oscillating probe 
due to tip-sample force interactions is employed for 
surface imaging. The short, intermittent tip-sample 
contact prevents inelastic surface deformation. Tapping- 
Mode is indispensable for soft samples, which cannot be 
examined with the A F M  mode contact. In addition, 
detection of phase shifts of  the probe oscillation provides 
enhanced contrast  for nanoscale features. Under certain 

* To w h o m  cor respondence  should  be addressed  

circumstances the contrast  of  the images representing 
phase shifts (i.e. 'phase images') is related to surface 

4 stiffness. The results presented below confirm the 
importance of  phase imaging in A F M  of polymers. 

Poly(diethylsiloxane), PDES, is a polymer with a 
flexible inorganic backbone [-Si(C2H5)2-O-]n, which 
exists in different structural states 7. According to the 
calorimetric and X-ray diffraction data 8, at temperatures 
below 280 K PDES is in a crystalline state, and above 
320 K it is in an amorphous  state. In the intermediate 
temperature range this polymer is in a mesomorphic 
state. N.m.r. and dynamic mechanical studies of  different 
PDES samples 7b revealed a high level of  molecular 
mobility in the mesomorphic state with frequencies in the 
1 100Hz range. These relaxations were assigned to 
rotational reorientation of methyl groups and backbone 
motion. Structural characterization of  PDES was also 
performed with optical and electron microscopy 9. 
Electron microscopy of this polymer in the mesomorphic 
state revealed a variety of  elongated structures, which 
were assigned to lamellar aggregates. The width of  
individual lamellae varied from 5 0 - 7 0 n m  to 150 
300 nm depending on the thermal history of the polymer 
sample. The molecular organization of PDES in the 
mesomorphic state is not well understood. It was first 
explained as a conformational  disordered crystal, and 
later as a hexagonal columnar state 9. 

This paper  shows that the use of  the TappingMode 
with phase imaging allows one to visualize morphology 
and nanostructure of  PDES samples. PDES cannot be 
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Figure 1 (A) (B) Simultaneously recorded A F M  height and phase images of oriented PDES samples. (C) Phase image of the part of the sample 
shown in (A) (B). The contrast covers height variations in the 0 100nm scale in (A) and phase variations in the 0 50' range in (B), and in the 0 40' 
range in (C). Rubbing direction is from lower left to upper right 

examined in AFM contact mode due to its softness. The 
measurements were conducted at temperatures in the 
300-268 K range, and for the first time thermotropic 
structural transitions in a polymer sample were moni- 
tored with AFM. 

E X P E R I M E N T A L  

For the present study a sample of  PDES a with intrinsic 
viscosity [ql = 0 . 5 8 d l g  -1 (in toluene at 300K) and 
molecular weight Mw = 1.62 × 105 was used. At room 
temperature (RT), PDES is a soft, highly viscous material. 
For A F M  imaging it was deposited on a piece of Si wafer 

by rubbing at RT. This procedure is often used to orient 
polymers, and leads to perfect molecular chain orientation 
of polytetrafluoroethylene as proven by AFM II 

A F M  measurements were conducted with a scanninAg 
R T~vt probe microscope ( N a n o s c o p e  IIIa  Multimode , 

Digital Instruments, Santa Barbara, CA) by using 
TappingMode with phase imaging. An optical micro- 
scope combined with the Nanoscope was useful for 
positioning the probe on oriented PDES patches in 
surface regions with a low polymer coverage. As will be 
seen from the AFM images presented below, the thickness 
of  such polymer layers is in the 50 150nm range. Si 
probes with 125#m long cantilevers (Nanoprobes" ,  

Figure 2 (A) (B) Low-force A F M  height and phase images of an oriented PDES sample recorded at RT. (C) (D) High-force AFM height and phase 
images of the same place as in the images in (A) (B) recorded at RT. The cross-section profiles along the a a lines are shown above the height images. 
The contrast covers height variations in the 0 200nm range in (A) and phase variations in the 0 50' range in (B). Rubbing direction is from lower left 
to upper right. Markers in the cross-section profiles show a relative height of  a spot indicated with an arrow in (A D) 
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Figure 3 (A) (B) Low-force AFM height and phase images of PDES 
measured at 1.7 MHz. (C) (D) High-force A F M  height and phase images of 
the same place as in (A) (B) measured at 1.7 MHz. (C) Cross-sectional height 
(upper part) and phase (lower part) profiles along a PDES patch indicated with 
an arrow in (A). For comparison the height and phase profiles obtained in low- 
force imaging are shown above those recorded in high-force imaging. The 
contrast covers height variations in the 0 270nm range in (A) and (C), and 
phase variations in the 0 2 0  range in (B) and in the 0 6 0  range in (D). In all 
images the rubbing direction is from lower right to upper left 
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Figure 4 (A)-(B) AFM height and phase image of PDES sample at room temperature. (C) Phase image of a part of the area in (A)-(B) showing 
nanostructure of PDES in the mesoscopic state at room temperature. (D) Phase image of a part of the area in (A)-(B) showing nanostructure of PDES 
in the mesoscopic state at 278 K. The contrast covers height variations in the 0-180 nm range in (A), phase variations in the 0-30 ° range in (B), and in 
the 0 40 ° range in (C), and in the 0-25 ° range in (D). In all images the rubbing direction is from lower right to upper left 

Digital Instruments) were used in the experiments, and the 
imaging was conducted at their fundamental resonance 
frequency (250-300 kHz). In some cases, imaging at the 
second resonance frequency (1 .5-I .SMHz) was also 
performed 4. 

We simultaneously recorded the height and phase 
images. The latter present the phase variations of the 
oscillating cantilever determined at its free resonance 
frequency. The height images reveal surface topography, 
whereas structural features on the nanometre scale are 
better resolved in the phase images. The phase contrast 
correlates with variations of surface stiffness when 
measurements are performed at different levels of  the 
tip-sample force. For TappingMode imaging at different 
forces, the set-point amplitude, which is used for 
feedback control, was changed from 60-80% (low- 
force imaging) to 10--20% (high-force imaging) of  the 
amplitude of  the free-oscillating cantilever. Unless 
specifically stated, the images shown were obtained by 
low-force imaging at the fundamental frequency. 

To perform measurements from RT to 283K the 
microscope head was put into a thermoelectrically 
cooled box. Further cooling was done by purging with 
cold nitrogen. The temperature changed ca. 2°Cmin -1 
before it reached 268 K, at which temperature the PDES 
was crystallized. The imaging was performed continously 
during cooling. 

RESULTS A N D  DISCUSSION 

In the presentation of  the experimental results, we will 
first discuss phase imaging, then the morphology and 
nanostructure of PDES samples in the amorphous and 
mesomorphic states, and finally, the thermotropic 
transition from the mesomorphic to the crystalline state. 

Phase imaging 
The advantage of phase imaging is clearly seen from 

the images in Figures 1A 1B, which were recorded on the 
surface of  oriented PDES layer. The height image in 
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Figure 5 (A) (B) AFM phase images of a PDES sample at RT and 283 K, respectively. The contrast covers phase variations in the 0 75' range in (A) 
and in the 0 90 ° range in (B). Rubbing direction is from lower left to upper right 

Figure 1A demonstrates the corrugated morphology of 
this layer with strands extending along the rubbing 
direction. The PDES strands are up to 70 nm in height. 
The phase image distinctively shows elongated nano- 
structures, which are only vaguely seen in the height 
image. The nanostructures are of  80 -120nm in width 
and up to 1 #m in length, and are oriented perpendicular 
to the rubbing direction. They have sharp edges, and 
many of them are connected to each other or even merge 
together, thus forming continuous aggregates. In the 
higher magnification phase image (Figure lc) one sees 
that the nanostructures exhibit fine linear features with 
widths in the 10 20nm range, which are aligned per- 
pendicular to the rubbing direction. 

As indicated above one can expect that at RT the 
sample is a mixture of  polymer in the amorphous  and 
mesomorphic states. The structures found in the 
mesomorphic  state by optical and electron microscopy 
were assigned to lamellar aggregates sa'9. Therefore, 
nanostructures seen in the A F M  images can be also 
assigned to polymer lamellae. As shown below, the shape 
and size of  the lamellae found in the phase images of  
other PDES strands can be different, but they are always 
oriented perpendicular to the rubbing direction. In the 
isotropic films (thickness of  ca. 300 #m), PDES lamellae 
did not exhibit a preferential orientation 9. 

The fact that the lamellar structure of PDES in the 
mesomorphic state is better resolved in the phase images is 
most likely due to their stiffness being greater than that of 
the amorphous polymer. This is confirmed by the 
following considerations: in the recent AFM study of a 
multilayer polymer sample, which consists of alternating 
layers of polyethylene (PE) with different density, it was 
shown that the contrast of  the phase image correlates with 
polymer stiffness. Low-force imaging of hard layers of  high 
density PE exhibits brighter contrast in the phase image 
than soft layers of  low densitY4PE, and this contrast is 
reversed in the high-force image . A similar trend is found 
in the imaging of PDES strands shown in Figures 2A D. 
Linear nanostructures, 30-60 nm in width, which form a 
skeleton of this strand, are seen brighter than their 
surroundings in the low-force phase image, Figure 2B. 

The contrast is reversed in the high-force phase image, 
Figure 2D. This finding justifies assignment of the 
nanostructures to lamellae of PDES in the mesomorphic 
state, and their surroundings to amorphous polymer. 

In contrast to the phase images where the force- 
dependent changes are pronounced, only minor effects 
can be seen in the height images. Specifically, the spot 
(indicated by arrows in Figures 2A and 2C) which 
belongs to the amorphous  PDES is slightly darker than 
neighbouring structures in the high-force height image. 
To better illustrate this effect, we present the cross- 
section height profiles along the a - a  lines, which are 
shown above the height images. From these profiles it is 
clear that the tip-force caused a compression of the 
amorphous  polymer. This effect became more evident in 
the measurements at the second resonance frequency of 
Si cantilevers, as seen from the low- and high-force 
images in Figures 3A-D. We conclude that imaging at 
the second resonance frequency induces greater tip- 
sample due to higher effective spring constant of  the 
cantilever (relative to the fundamental resonance fre- 
quency). From Figure 3 it is evident that with the force 
increase, the height and phase images are changing as 
emphasized in the cross-section profiles along the PDES 
patch (indicated with an arrow in Figure 3A), which are 
shown in Figure 3E. In the high-force image the height 
profile exhibits lower sides than those in the low-force 
height profile. This can be explained by a compression of 
the amorphous  polymer surrounding the PDES lamellae, 
which is seen as a darker border around the polymer 
patches in the phase image (Figure 3B). The border as 
well as some patches of  amorphous  polymer, are almost 
invisible in the high-force phase image (Figure 3D). To 
summarize, the bright patterns seen in the high-force 
height and phase images represent lamellar arrays of  
PDES in the mesomorphic state*. 

* The [act that the lamellar arrays exhibit bright contrast does not 
contradict the observation in Figure 2D, where the similar structures 
exhibit darker contrast than the amorphous polymer. In the case of a 
substantial compression of the thin amorphous layer, its stiffness is 
likely defined by the rigid underlying substrate, and therefore the phase 
contrast of such areas will be darker than that of the PDES lamellae. 
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Figure 6 (A) (B) AFM height and phase images of a PDES sample at 
RT, (C) phase image of the same region as in (A)-(B) cooled to 263 K, 
(D) phase image of the same place as in (C) after warming to RT. 
The contrast covers height variations in the 0 500nm range in (A), 
and phase variations in the 0 30rim range in (B)-(D). Rubbing 
direction is from lower left to upper right. Arrows in (B) indicate 
thin polymer P2atches discussed in the text. In all images scan size is 
14.5 × 14.5#m 

These results allow us to interpret AFM images of 
PDES in terms of  different stiffnesses of  this polymer 
material in its amorphous and mesomorphic states. In a 
comprehensive image analysis it is also necessary to 
consider the possible effects of adhesion, which might 
also be different for amorphous and mesomorphic 
structures. However, the current understanding of the 
image contrast is sufficient for the study of the PDES 
structure. 

Structure of PDES in amorphous and mesomorphic 
states 

Several structural features of  oriented PDES strands 
are seen in the images in Figures 4A-D. It is evident that 
a ratio of polymer parts in the amorphous and 
mesomorphic states depends on the size of the PDES 
patch. In the left part of  the images in Figures 4A-B  one 
sees PDES droplets, which are separately lying on the 
substrate and are preserved in the amorphous state. 
Lamellar structures common for PDES in the meso- 
morphic state dominate in the polymer strands in the 
right part of  the image. A high magnification image 
recorded in the central part of  the strand (Figure 4C) 
shows close packed nanostructures of  60 -90nm in 
width. Fine features of 20-30 nm in width are resolved 
on some of  these nanostructures, and the number of such 
features is increased after cooling to 280 K (Figure 4D ). 
It is reasonable to assign the fine features and the 
nanostructures, respectively, to lamellae standing edge- 
on and to their blocks. In these lamellae, polymer chains 
are oriented along the rubbing direction and parallel to 
the substrate plane. The nanostructures seen in small 
droplets in the left part of the images in Figures 4A-B, as 
well as the similar ones in Figures 1A-C, can be assigned 
to lamellae that lie flat and in which the PDES chains 
are oriented perpendicular to the rubbing direction 
and the substrate plane. The lamellae standing edge-on 
and the lamellae lying flat were identified earlier by 
optical and electron microscopy in isotropic PDES 
films 8a,9" 

The morphological changes detected on cooling of 
PDES samples to 280 K reflect their complete conversion 
to the mesomorphic state. The phase image obtained at 
RT (Figure 5A) exhibits numerous lamellae which lie flat 
and which are embedded in the amorphous polymer. 
Only lamellar structures are seen in the PDES sample 
after cooling (Figure 5B). A similar trend is documented 
by the phase images in Figure 6, where the same part of a 
polymer sample was observed during a cooling-warming 
cycle. The height and phase images (Figures 6A-B) show 
that at RT this PDES sample is partially in the 

~0 2,17 vM 0 I.I0 v~ 

Figure 7 (A)-(B) Phase images of one of the PDES patches indicated with arrows in Figure 6. The contrast covers phase variations in the 0-4 ° range 
in (A) and in the 0 2 ° range in (B) 
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Figure 8 (A)-(B) AFM height images of the same part of a PDES sample in the mesomorphic and crystalline states. The image in (A) was 
recorded at 283 K and the image in (B) at 268 K. The contrast covers height variations in the 0 200nm range. Rubbing direction is from lower 
right to upper left 
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Figure 9 (A)-(B) AFM height and phase image of PDES during crystallization at 268 K. The contrast covers height variations in the 0 150 nm range 
in (A) and phase variations in the 0 30' range in (B). Rubbing direction is from lower right to upper left 

m e s o m o r p h i c  state and  par t i a l ly  in the a m o r p h o u s  
state. At  low t empera tu r e  lamel la r  s t ructures  d o m i n a t e  
(Figure 6C), thus evidencing the convers ion  o f  the 
a m o r p h o u s  p o l y m e r  to the m e s o m o r p h i c  state. On 
warming ,  a subs tan t ia l  pa r t  o f  the lamel la r  s t ructures  is 
mel ted,  as seen f rom c o m p a r i s o n  o f  Figures 6C and D. It 
is wor th  no t ing  tha t  po lymer  in the pa tches  ( indica ted  
with ar rows)  is still in the a m o r p h o u s  state at low 
t empera tu re  with the pa tches  becoming  b roader .  Due to 
the small  height  (ca. 5 nm) o f  the patches ,  they are bare ly  
d is t inguishable  in the height  image  in Figure 6A. High  
magni f ica t ion  phase  images  in Figures 7A-B show tha t  
the pa tches  are c o m p o s e d  o f  fused discs 150-200 nm in 
d iameter .  This  reveals  the s t ructura l  o rgan iza t ion  in the 
thin P D E S  patches ,  which is different f rom tha t  in the 
m e s o m o r p h i c  phase.  

Solid-solid transition.from mesomorphic to crystalline 
state 

By conduc t ing  A F M  studies at low tempera tures ,  we 
expected to m o n i t o r  the t rans i t ion  f rom the meso-  
morph i c  to the crysta l l ine  state, which in bulk  po lymer  
occurs  at t empera tu res  a r o u n d  273 K 7'8. M o r p h o l o g i c a l  
and  nanos t ruc tu re  changes (which can be assigned to the 
s imilar  t rans i t ion  in an or iented  PDES layer on a Si 
subst ra te)  have been observed in A F M  images at 
t empera tu res  close to 268 K. The  m o r p h o l o g y  changes 
are seen in the height  images in Figures 8A B, which 
were ob ta ined  at  different t empera tu res  on the same par t  
o f  the po lyme r  layer. As we a l ready  know,  the P D E S  
layer in the mesomorph ic  state is charac te r ized  by 
s t rands  or iented  a long the rubb ing  direct ion,  and  by 
the nanos t ruc tu res  or ien ted  pe rpend icu la r  to the rubbing  
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Figure 10 (A) (B) A F M  height and phase images of  crystalline PDES obtained at 268 K. (C) Zoomed part of  the image in (A). The contrast  covers 
height variations in the 0 170 nm range in (A) and in the 0-1 l0 nm range in (C), and phase variations in the 0 10 ° range in (B). Rubbing direction is 
from lower right to upper left 

direction (Figure 8A). After crystallization, the same 
sample region is composed of relatively flat ribbons, 
300-1000 nm wide. 

The crystallization process was slow enough to record 
the images showing a crystallization front (Figures 9A-  
B). In the right part  of  these images one sees lamellar 
structures of  PDES in the mesomorphic  state, whereas 
crystalline structures are distinguished in the left part. A 
sharp border separates the mesomorphic region from 
the crystalline region with nanostructures (ca. 50 nm in 
width) oriented along the rubbing direction. The 
images in Figures IOA-B show the same region after 
the crystallization was completed, with the phase image 
reveals only crystalline structures. Many ribbons seen 
in the height image (Figure IOA) have a shape with a 
sharp angle of  ca. 60 °, as seen from the zoomed part  
of  this image, Figure IOC. This allows us to suggest 
a monoclinic crystalline structure in PDES crystals 
that is consistent with X-ray diffraction data obtained 
on stretched films of cross-linked polymer 9. According 

to these data PDES crystallizes in a monoclinic 
modification with the following cell parameters: a = 
1.46 nm, b = 0.89 nm, c = 0.472 nm, "7 = 29.66 °. Similar 
data were received for stretched films in the meso- 
morphic state but X-ray reflections are more diffuse 
than those for crystalline polymer. In the monoclinic 
structure PDES chains are extended along the c- 
direction, and there are two (CzHs)SiO-residues per 
identity period, which varies between 0.472-0.475 nm in 
the crystalline state to 0.488nm in the mesomorphic 
state. Therefore, if we agree with the assignment of  the 
flat ribbons observed in the A F M  images to monoclinic 
polymer crystals, then PDES molecules in this sample 
are oriented perpendicular to the top surface. It is 
more difficult to explain the origin of  the 50nm wide 
crystalline nanostructures found in the phase images, 
which was also detected in the X-ray diffraction 
pattern of  crystallized isotropic film 8b. This substructure 
might be related to some density and stiffness varia- 
tions in the crystalline sheets. We observed similar 
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Figure 11 (A)-(B) A F M  height and phase images of crystalline PDES obtained at 273 K. (C) Zoomed part of  the image in (A). The contrast covers 
height variations in the 0 185nm range in (A) and in the 0 140nm range in (C), and phase variations in the 0 10 ~ range in (B). Rubbing direction is 
from lower right to upper left. The arrows indicate the PDES crystallites which appeared first 

features in A F M  images of  single crystals of  other 
polymers 12. 

The present AFM results allow us to describe the 
crystallization process as the t ransformation of polymer 
lamellae found in the PDES mesomorphic state into 
lamellar crystals. This process proceeds relatively easily 
for the lamellae which are lying fiat, but requires chain 
reorientation for the lamellae which are standing edge- 
on. Therefore, it can be expected that the crystallization 
is initiated on the surface, where space limitations are less 
severe than in the bulk. This expectation is confirmed by 
the images in Figures llA-C, which were recorded when 
the sample was cooled to 273 K. Though these images 
show that most of  the polymer is in the mesomorphic 
state, the crystalline structures appeared in several 
places. The fiat triangular features (indicated with the 
arrows in Figure llC), can be assigned to the PDES 
crystals and appeared first. The corresponding places in 
the phase image (Figure liB) exhibit darker contrast 

than their surroundings which indicate greater stiffness 
of  the crystalline regions. 

C O N C L U S I O N  

A F M  images provide new information about  the 
structure of  PDES and its thermotropic structural 
transitions from the amorphous  to the mesomorphic 
state and from the mesomorphic to the crystalline state. 
The phase images, whose contrast correlates to the 
stiffness of  local surface regions, distinctly show lamellar 
aggregates in the mesomorphic state. At RT they are 
embedded in amorphous  polymer. On cooling, they first 
convert into the mesomorphic state, and then crystallize. 
It has been found that the ratio of  the amount  of  polymer 
in the amorphous  and mesomorphic state, as well as the 
size of  the nanostructures in the mesomorphic state, 
depends not only on temperature but also on the size of 
the polymer patch deposited on the substrate. There is 
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also evidence o f  nanosca le  o rgan iza t ion  in thin a m o r -  
phous  pa tches  separa te ly  lying on  the Si subst ra te .  
S o l i d - s o l i d  c rys ta l l iza t ion  o f  P D E S  f rom the meso-  
m o r p h i c  state is a c c o m p a n i e d  by dras t ic  changes  o f  
sample  m o r p h o l o g y  and  nanos t ruc tu re .  These  changes  
suggest  tha t  molecu la r  r ea r r angemen t s  a c c o m p a n y  the 
c rys ta l l i za t ion  o f  PDES.  

To conclude,  A F M  app l i ca t ions  to po lymers  are 
expand ing  f rom explor ing  surface m o r p h o l o g y  and  
nanos t ruc tu re  o f  re la t ively ha rd  samples  at  R T  to 
imaging  o f  soft samples  (like l iquid crys ta l l ine  mater ia ls ) ,  
to e x a m i n a t i o n  o f  surface stiffness maps  4 and  to imaging  
o f  t h e r m o t r o p i c  s t ruc tura l  t rans i t ions .  One can expect  a 
b r o a d e n e d  use o f  dynamic  A F M  techniques  for  studies 
o f  viscoelast ic  p roper t i e s  on  the n a n o m e t r e  scale tha t  will 
help to ident i fy  the s t ruc tura l  units  involved  in the 
molecu la r  r e l axa t ion  processes  inherent  to polymers .  
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