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S u m m a r y  

Single crystals of po lye thy lenes with d i f ferent  mo lecu la r  we igh t  
and  of po l y (d - l ac t i de )  were examined  with a tom ic  force micro-  
scopy.  Morpholog ies of single crystals and  their agg rega tes  fo rmed  
by over lay ing  as well as mul t i layer crystals are shown. E levated 
d iagona ls  caused  by sector izat ion were found on crystals of both  
polymers. The nanosca le  images demons t ra te  a grain structure of 
the lamel lar  surfaces with lateral features in the 5-1 5 nm range and  
roughness of a b o u t  1 nm. Polyethylene and the po ly lac t i de  crystals 
exhib i t  some add i t iona l  d i rec t iona l  surface structure. The results 
are discussed in terms of surface organizat ion.  

I n t r o d u c t i o n  

Morpho logy  and  structure of po lymer  single crystals grown in 
d i lute solutions are studied for a long t ime (1). The crystals a p p e a r  
as large l ame l la r  p la te le ts  with lateral dimensions in the micron 
scale. A l a m e l l a  is fo rmed by mult ip le fo ld ing of po lymer  chains, 
with a thickness from 5 to 20 nm. Molecu lar  folds are the structural  
e lements  of the lamel lar  surface. Though the main features of poly- 
mer crystals are known from opt ica l  and  e lec t ron microscopy,  the 
de ta i l ed  structure of the lamel lar  surface is not  whol ly  unders tood,  
Single crystals of l inear and  cyc l ic  alkanes exhibi t  lamel lar  sur face 
structures in a g r e e m e n t  with their c rysta l lographic  da ta .  This means 
a regular  a r r a n g e m e n t  of methyl  groups in the case of l inear alka- 
nes. In a cyc l i c  a lkane crystal, which can  be cons idered  as mode l  
for a d j a c e n t  reentry in PE, the lamel lar surface is fo rmed by a lat t ice 
of mo lecu la r  folds, These results were ob ta i ned  by a tom ic  force 
m ic roscopy  (AFM) of n-C33H68 and n-C36H74 as well as of (CH2)48 
and  (CH2)72 crystals (2). The lamel lar  surface of po lymer  crystals is 
e x p e c t e d  to be more c o m p l e x  because  po lymer  chains can  form, 
besides a d j a c e n t  reentry folds, swi tchboard- l ike connec t i ons  of 
d i f ferent  length. Together  with chain ends and - for mul t i layer cry- 
stals - t ie molecu les  these e lements form an amorphous  phase. 
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Var ious  e x p e r i m e n t a l  t e c h n i q u e s  we re  used to  c h a r a c t e r i z e  t he  
fo ld  su r face  of  p o l y m e r  s ingle crystals, a m o n g  o thers  dens i t y  
m e a s u r e m e n t s ,  IR, NMR, SAXS, neu t ron  sca t te r ing ,  a n d  d e c o r a t i o n  
t e c h n i q u e s .  The c o n c l u s i o n s  f rom d i f f e r e n t  m e t h o d s  are  n o t  
cons i s ten t  c o n c e r n i n g  the  po r t i on  of  t he  d i f f e ren t  t ypes  o f  reent ry .  
R e c e n t  m o d e l  ana lyses  i n d i c a t e  tha t ,  i r respec t i ve  o f  c rys ta l l i za t ion  
cond i t i ons ,  t he  ma jo r i t y  of  cha ins  of  t he  fo ld  su r face  is i n v o l v e d  in 
t i gh t  fo lds (1). Never the less,  t he  r e m a i n i n g  v a r y i n g  sized loops t a k e  
in to  a c c o u n t  t h a t  a c c o r d i n g  to dens i t y  m e a s u r e m e n t s  - e s p e c i a l l y  
by  SAXS (3) - t he  fo ld  layer  a p p e a r s  as an a m o r p h o u s  c o m p o n e n t ,  
on  an  overa l l  sca le .  On the  base  of  c a l o r i m e t r i c  a n d  of  NMR 
m e a s u r e m e n t s  a th i rd  c o n s t r a i n e d  or '"rigid a m o r p h o u s "  p h a s e  was  
d i s t i ngu ished ,  t h a t  led  to  a t h r e e - p h a s e  m o d e l  (4), 

PE crystals g r o w  as ho l l ow  py ramids  in solut ion,  They a c c o m o d a t e  
f la t  g e o m e t r y ,  i. e. l o z e n g e - s h a p e d  p la te le ts ,  b e i n g  d e p o s i t e d  on 
the  subst ra te .  Br ight  a n d  dark  f ie ld e l e c t r o n  m i c r o s c o p y  r e v e a l e d  
d i s t i nc t  sectors  d e f i n e d  by  the  l ozenge  d i agona l s .  The m o l e c u l a r  
o r i en ta t i ons  w i th in  n e i g h b o r i n g  sectors are i nc l i ned  to  e a c h  o ther .  
The sectors  are  r e l a t e d  to the  d i f f e ren t  p y r a m i d  faces  (5). Progress 
in t he  c h a r a c t e r i z a t i o n  of  t he  fo ld  su r face  was  a c h i e v e d  by  
d e c o r a t i o n  t e c h n i q u e s  (1). An ep i t ax i a l  layer  f o r m e d  by  d e p o s i t e d  
v a p o r  of  p o l y m e r  f r agmen ts  exhib i ts  d i f fe ren t  o r i en ta t i on  in d i f fe ren t  
sectors.  A more  d i r e c t  a p p r o a c h  p r o v i d i n g  loca l  i n f o r m a t i o n  o f  t he  
fo ld  su r face  c a n  be e x p e c t e d  by  the  s c a n n i n g  p r o b e  t e c h n i q u e s .  

Dur ing  the  last years  s c a n n i n g  t u n n e l i n g  m i c r o s c o p y ,  STM, a n d  
AFM w e r e  es tab l i shed  as power fu l  sur face  m e t h o d s  w i th  e x p a n d i n g  
a p p l i c a t i o n s  to p o l y m e r s .  First AFM studies on s ingle crysta ls of  PE 
a n d  of  p o l y e t h y l e n e o x i d e  we re  l imi ted,  h o w e v e r ,  to  obse rva t i ons  
of  the i r  bas ic  m o r p h o l o g y  (6). In a STM s tudy  of  m e t a l - c o a t e d  PE 
crysta ls  f ine s t ruc tu ra l  de ta i l s  w e r e  f o u n d  w i th  some l im i ta t ions  re la-  
t e d  to  t he  d e c o r a t i o n  (7). Recen t l y  a m o l e c u l a r - s c a l e  i m a g e  o f t h e  
l ame l l a r  PE su r face  t h a t  resembles  a d j a c e n t  reen t ry  fo ld  o rde r  was  
r e p o r t e d  (8). 

An  AFM s tudy  of  s ingle crystals of  d i f f e ren t  m o l e c u l a r  w e i g h t  PE 
a n d  o f  p o l y ( d - l a c t i d e )  - PDLA - is p r e s e n t e d  be low .  Crysta l  i m a g i n g  
was  c o n d u c t e d  in d i f f e ren t  m o d e s  in air  a n d  u n d e r  w a t e r  in o rde r  
to  o b t a i n  re l iab le  images  r e v e a l i n g  su r face  fea tu res  in t he  1 - 100 
nm r a n g e  (9). 

Experimental 
Single crysta ls of  PE w i th  M w : 4 ,5 .  103 (M w /Mn=4 .1 ,  V e s t o w a x  

A409, HQIsAG) a n d  w i th  M w=  6.7.104gmo1-1 (M w/Mn=7.5 ,  Hoechs t  
AG)  w e r e  g r o w n  in .01% xy lene  so lut ions at  85 ~ C for severa l  days,  
O n e  d r o p  of  so lu t ion  was  d e p o s i t e d  on a m i c a  subs t ra te  a n d  dr ied .  

The p o l y ( D - l a c t i d e )  was g r o w n  f rom a ace ton i t r i l  so lu t ion  by  
c o o l i n g  d o w n  f rom 80 ~ C to room t e m p e r a t u r e  w i th in  severa l  hours. 
The m o n o m e r -  DLA - has b e e n  synthesized,  a n d  the  p o l y r e a c t i o n  
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has b e e n  p e r f o r m e d  to M w = 1.28. 105 gmo l -1 (Mw/Mn=1 .86 ) .  

A s c a n n i n g  p r o b e  m i c r o s c o p e  N a n o s c o p e  Iit (D ig i ta l  Ins t ruments  
Inc.)  was  used in this study.  R e c t a n g u l a r  Si can t i l eve rs  ( N a n o p r o b e s )  
w e r e  a p p l i e d  for t he  c o n t a c t  a n d  t a p p i n g  m o d e  expe r imen ts .  Si- 
m u l t a n e o u s  reg is t ra t ion  was  p e r f o r m e d  - in t he  c o n t a c t  m o d e  (CM)  
for t h e  h e i g t h  (HT) a n d  the  no rma l  d e f l e c t i o n  (DF) images ,  or for t he  
HT a n d  t he  la te ra l  f o r ce  (LF) images  - a n d  in t he  t a p p i n g  m o d e  (TM) 
for t he  HT a n d  the  a m p l i t u d e  (AM)  images.  AM represents  ma in l y  
t he  h e i g h t  d e r i v a t i v e  va lues.  

The l ame l l a r  sur faces  w e r e  s tab le  e n o u g h  for i m a g i n g  in air a n d  
w a t e r  a t  m o d e r a t e  forces. Even in the  best resolved images  o b t a i n e d  
in s u b - w a t e r  m e a s u r e m e n t s  (9) c o n v o l u t i o n  of  t he  p r o b e  a p e x  
s h a p e  w i th  su r face  fea tu res  occurs .  Though  w e  c h o s e  the  mos t  
cha rac te r i s t i c  images  from exper imen ts  wi th  d i f fe ren t  probes,  la tera l  
f e a t u r e  d imens ions  c a n  be o v e r e s t i m a t e d ,  e s p e c i a l l y  in a m b i e n t  
c o n d i t i o n  studies.  This e f f e c t  shou ld  be c o n s i d e r e d  p a r t i c u l a r l y  for  
i m a g i n g  of  s ingle ly ing ob jec ts  w i th  n a n o s c a l e  d imens ions  (10). 
Howeve r ,  t he  size of  those  e l emen ts  w i th in  c o m p a c t  layers c a n  be  
d e t e c t e d  more  p rec ise ly  (9). 

Results 
Af te r  d e p o s i t i n g  p o l y m e r  so lu t ion on m i c a  a n d  dry ing,  t he  samp-  

le was  e x a m i n e d  w i th  an o p t i c a l  m i c r o s c o p e .  AFM m e a s u r e m e n t s  
w e r e  c o n d u c t e d  c lose  to su r face  reg ions w h e r e  la rge  crysta ls  a n d  
the i r  a g g r e g a t e s  we re  found .  Single crystals of  low m o l e c u l a r  w e i g h t  
PE are shown  in Fig. l a .  The crystals exh ib i t  l ozenge  s h a p e  w i th  an  
a c u t e  a n g l e  of  a b o u t  the  idea l  v a l u e  of  67.5 ~ . The t o p o g r a p h i c a l  
p ro f i le  a l o n g  t he  c ross-sec t ion  l ine A-A ( u p p e r  pa r t  of  Fig. 1 a)  indi -  
c a t e s  an  un i fo rm th ickness of  ca .  10 nm wi th in  the  c e n t r a l  pa r t  o f  t he  
lame l la .  A f r a m e - t y p e  th i cke r  reg ion  of  ca .  0.5 I~m in w i d t h  is seen 
a t  t h e  crys ta l  bo rders  o u t m o s t  s u r r o u n d e d  by an u n s t r u c t u r e d  th in -  
ner  layer.  Because  the  crysta l l iza t ion of  p o l y m e r  l ame l l ae  p r o c e e d s  
la tera l ly ,  t he  b o r d e r  reg ions c a n  be ass igned  to the  c rys ta l l i za t ion  
f ront .  The o u t m o s t  th in  layer  is r e l a ted  p r o b a b l y  to  less-crysta l l ine 
ma te r i a l  t h a t  is e x p e l l e d  f rom bulk  du r i ng  crys ta l l i za t ion,  This is p l au -  
sible by  the  f a c t  t h a t  this layer  exh ib i ts  infer ior  m e c h a n i c a l  s tab i l i t y  
in t h e  AFM e x p e r i m e n t  c o m p a r e d  wi th  the  s ingle crystal .  The na tu re  
of  t he  t h i cke r  b o r d e r  regions,  w h i c h  w e r e  no t  f o u n d  on all crystals,  
is no t  c lear .  

The su r face  p lo t  (Fig. 1 c)  of  o v e r l a p p i n g  crystals, Fig. 1 b, exh ib i ts  
sharp  steps. This c a n  be  e x p l a i n e d  as shear ing  o f t h e  t o p  p l a t e l e t  (2, 
resp. 3, see Fig. 1 b ,c )  into t w o  par ts  by  s l ipp ing  a l o n g  t he  ve r t i ca l  c-  
axis a t t h e  e d g e  of  t he  unde r l y i ng  crysta l  (1, resp. 2). S l i ppage  of  PE 
c h a i n s  a l o n g  the  c-ax is  is p laus ib le  e n e r g e t i c a l l y  (11). The p y r a m i d -  
l o z e n g e  f l a t t e n i n g  p rocess  of  PE crystals, a n d  t he  f o r m a t i o n  of  spiral  
mu l t i l aye r  crystals by sc rew d i s loca t i on  mechan i sms  (12) are r e l a ted  
to similar e l e m e n t a r y  processes.  Two spirals w i th  te r races  s e p a r a t e d  
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~ n M  

by ver t ica l  10 nm steps are shown 
in Fig. 2. They g row by a simple 
(Fig. 2a) or doub le  screw dis loca-  
t ion mechan ism (Figs. 2b, c). The 
lamellar surface of the first te r race 
in Fig. 2a exhibits or iented features 
of abou t  60 nm width ( i nd i ca ted  
by an arrow). 

Our study shows tha t  with AFM 
one can  d i rect ly  distinguish sur- 
f ace  features re la ted to the sec- 
torization of the PE crystal. Though 
the lamel lar  surface looks smooth 
e x c e p t  the bo rde r  regions, in 
some crystals we found 15-20 nm 
w ide  e l e v a t e d  st r iat ions ly ing 
along the lozenge diagonals,  Figs. 
3a-b. They d iv ide the PE crystal in 
four sectors ref lect ing the misfit 
planes be tween these sectors with 
d i f ferent  mo lecu la r  or ientat ion.  
Relaxation during pyramid co l lap-  
se is p robab ly  more h indered with 
an increase of mo lecu la r  weight .  
This explains the f ac t  tha t  we ob-  
served sector izat ion borders only 
in the crystals of h igher mo lecu la r  
weight .  In ano ther  crystal shown 
in Fig. 3c we found several  stria- 
tions spread ing  from the cent re  
of the p late let ,  as i nd i ca ted  by 
arrows in the zoomed  image,  Fig. 
3d. These misfit borders ind ica te  

Figure 1: (a)  AFM TM-HT 
image in air of single PE cry- 
stals (M w = 4.5 . 103). Cross- 
sect ion A-A profi le is ind ica-  
ted in the upper  par t  of the 
picture, area 1 2.0 x 12.0 I~m. 
The image cont ras t  ind ica-  
tes he ight  var iat ions in the 0- 
40 nm range ~ (b) AFM CM- 
HT image in air of over lay ing  
PE crystals (M w = 4.5 �9 103), 
area 13.0 x13.0 t~m 
�9 (c) Surface plot  of Fig. l b  
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Figures 2: (a)  AFM CM-DF i m a g e  
in air  o f  a PE spiral  w i t h  s ing le  
s c r e w  d i s l o c a t i o n  (M w = 4.5 �9 
103), a r e a  6.0 x 6.0 #m 2 
�9 ( b ) - ( c )  AFM CM-HT a n d  C M -  
DF i m a g e s  u n d e r  w a t e r  o f  PE 
s p i r a l s  w i t h  d o u b l e  s c r e w  
d i s l o c a t i o n  (M w = 6 .7 .104) ,  a r e a  
1 . 0 x  1.01~m 2 
C o n t r a s t  in t h e  h e i g h t  i m a g e  
(b )  i n d i c a t e s  va r i a t i ons  0-70 nm 

Figures 3: (a, b)  AFM TM-HT a n d  TM-AM i m a g e s  in air o f  a PE 
s ing le  c rys ta l  (Mw = 6 .7 .  104), a r e a  2.5 x 2.5 #m 2 
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Figures 3: (c )  A z o o m e d  1.5 x 
1.5 i~m 2 pa r t  o f  t he  TM-AM ima-  
ge  (b) .The i m a g e  c o n t r a s t  indi-  
c a t e s  he i gh t  va r ia t i ons  0-20 nm 
�9 (d )  T M - A M  i m a g e  o f  PE 
crystals in air (M w = 6.7 �9 104), 
a r e a  5.0 x 5.0 tam 2 
�9 (e)  A z o o m e d  1.0 x 1.0 Ftm 2 
pa r t  o f  t he  i m a g e  in (d) .  

Figures 4: (a)  AFM TM-HT i m a g e  in air of  t he  e d g e  of  a PE crysta l  
(M w = 4 . 5 .  103 ) , a rea  1 . 2 5 x l . 2 5 1 ~ m  2 - (b)  TM-HT i m a g e  in air o f  
t he  c e n t r a l  pa r t  of  t he  PE crysta l  in Fig. l a ,  a rea  1 .0x  1 .0~m 
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on a c o m p l e x  crystal structure tha t  might  consist of several  micro-  
sectors (13) with d i f ferent  mo lecu la r  order. 

To descr ibe the nanostructure o f the  lamel lar surface we consider  
the high magn i f i ca t i on  AFM images. Fig. 4a shows a surface region 
at  the crystal corner  tha t  reveals a similar grain-l ike structure of the 
cen t ra l  par t  and  of the th icker  borders. This structure is c o m m o n  to 
the PE crystals of bo th  mo lecu la r  weights. Figure 4b demons t ra tes  a 
cen t ra l  par t  of the surface of a low mo lecu la r  we igh t  PE crystal in 
Fig. 1 a. It shows order ing of small grains of 10-15 nm in d i a m e t e r  into 
large assemblies of 70-80 nm. The small grains were  found in all 
samples. The large patterns,  however ,  were seen only in some crys- 
tals. The re la ted  sur face roughness is ca. 1 nm. In some cases a fine 
substructure with features in the 5-7 nm range was found.  Grain 
structure and  sector  borders remain essential ly u n c h a n g e d  in mea-  
surements with d i f ferent  forces. Hence, the observed  features can-  
not  be assigned to local ly  d i f ferent  surface hardness, but  to t opo -  
g raphy.  They are not  re la ted to physisorbed o r to  weak ly  bound  ma- 
terial, b e c a u s e  they  were not  r emoved  in h igh- force exper iments.  

The AFM results ind ica te  tha t  the lamel lar  surface of PE crystals 
conta ins  "rigid amorphous"  mater ia l  (4c). This agrees with results of 
densi ty measurements  on PE crystals (1). The surface grain structure 
can  be  exp la ined  by local ly var iant  protrusions of cha in  stems in the 
a d j a c e n t  reentry mode l  and  by presence of loose cha in  ends and  
loops, i. e. local  sw i t ch -board  charac te r .  

The main features of PE single crystals were also found in the 
images of the PDLA crystals. Here also lozenge shape crystals have  
been  found,  Fig. 5, Sector borders have  been observed,  however ,  
a long  the long d iagona l  only. In the sectors one can  see d i rec t iona l  
pat terns  of a b o u t  20-30 nm in size. Ordered  features of similar scale 

Figures 5: (a) AFM TM-AM image 
a g g r e g a t e ,  a rea 1.2 x 1.2 #m 2 ~ (b) 
PDLA single crystal, a rea  5.0 x 5.0 i~m 2 

in air of a PDLA crystal 
TM-AM image in air of a 
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were  found on the PE crystal in Fig, 2a. They may be re la ted to pe- 
culari t ies of pyramid  f lat tening. But, the ex is tence of pyramids is not 
p roved  for the po ly lac t ide  crystals up to now. Grains of 10-15nm 
in d i ame te r  are the smallest e lements dist inguished on the lamel lar  
sur face of the PDLA. Measurements  at  h igher force i nd i ca ted  tha t  
the crystals exhibi t  high rigidity, c o m p a r a b l e  with tha t  of PE crystals. 

To summarize, by examin ing  the PE and PDLA crystals with AFM 
we d e t e c t e d  surface features re la ted to crystal sector izat ion and  
a gra iny and  rigid amorphous  nanost ructure of the lamel lar  surfa- 
ces. These results differ from the recent  observat ion of mo lecu lar -  
scale o r d e r e d A F M  images on the lamel lar PEsur face (8). These 
images were presented as ev i dence  of a d j a c e n t  reentry of fold sur- 
f ace  organizat ion.  On the amorphous  a-b-sur face of PE and  poly- 
lact ide crystals molecular-scale order was not de tec ted .  The striation 
pa t te rn  on the PDLA crystal, however ,  may  give some ind icat ion on 
the a v e r a g e  loop or ientat ion.  The answer, whe the r  there is a 
c o m m o n  t ype  of surface order  in semicrystal l ine polymers, will be 
g iven by systemat ic  studies of lamel lar  surfaces with AFM as the 
sui table m e t h o d  for this purpose, 
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