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Abs t rac t - -The  technique of scanning force microscopy (SFM) was used to study the nanometer-scale 
structure of Cu(II)-exchanged hectorite thin films. Supporting data were also obtained from Electron Spin 
Resonance (ESR) and X-ray diffraction (XRD) techniques. The surfaces studied included pure Cu(II)- 
exchanged hectorite, Cu(II)-exchanged hectorite exposed to benzene and Cu(II)-exchanged hectorite ex- 
posed to aniline. SFM images of the unexposed Cu(II)-exchanged hectorite surface revealed a smooth 
surface composed of interlocking platelets. The lateral dimension of these platelets ranged from a few 
nm to about 1 p~m. After exposure to refluxing benzene, the SFM showed that the platelets underwent 
vertical shifts in position. This is believed to have occurred from intercalated benzene that polymerized 
in the interlayer region. No SFM evidence was obtained for benzene polymerization on the surface of 
the hectorite. Hectorite films exposed to aniline at room temperature revealed a post-polymerization 
structure on the hectorite surface consisting of small polymer bundles. The diameter of these bundles was 
measured to be 300-3000 ,~, similar to the structure seen on electropolymerized polyaniline films. Aniline 
polymerized on the surface of hectorite films at 180 ~ revealed a structure similar to undoped n-methyl- 
pyrrolidinone (NMP) cast polyaniline films. In this case, the polymer bundles are only 300 A in dimension 
on average. XRD and ESR data also indicated interlayer aniline polymerization in Cu(lI) exchanged 
hectorite. Mechanistic considerations affecting these polymerization reactions are presented. 
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I N T R O D U C T I O N  

Smec t i t e  c lays  such  as hec to r i t e  or  m o n t m o r i l l o n i t e  
are 2:1 layer  s i l icates  con ta in ing  in te r l ayer  gal ler ies  
tha t  resu l t  in m a n y  in te res t ing  and  nove l  chemica l  
proper t ies .  A r o m a t i c  organic  c o m p o u n d s  such  as ben-  
zene  readi ly  p o l y m e r i z e  in  the  in te r l aye r  r eg ion  o f  
smect i te  c lays  tha t  con ta in  e x c h a n g e a b l e  t r ans i t ion  
me ta l  ions  such  as Cu 2+ and  Fe  3§ (Mor t l and  and  Pin-  
n a v a i a  1971; Rupe r t  1973; P i n n a v a i a  et  al. 1974; 
E a s t m a n  et al. 1984).  These  reac t ions  are i m p o r t a n t  
in  t e rms  o f  1) the  f o r m a t i o n  o f  nanos t ruc tu r ed  ma-  
terials;  2) the  fate of  a romat i c  c o m p o u n d s  in the  en-  
v i r o n m e n t ;  and  3) unusua l  o rgan ic  r eac t ion  m e c h a -  
n i sms .  In the  case  o f  benzene ,  in te r layer  po lymer i za -  
t ion  apparen t ly  p roceeds  by  a ca t ion ic  m e c h a n i s m ;  
the  reac t ion  m a y  be  in i t ia ted  by  e lec t ron  t r ans fe r  f rom 
a b e n z e n e  mo lecu l e  to a t r ans i t ion  metal .  E a s t m a n  et 
al. (1984)  used  e lec t ron  p a r a m a g n e t i c  r e s o n a n c e  
(EPR)  to inves t iga te  the  r eac t ion  of  b e n z e n e  wi th  
Cu 2+ and  Fe  3§ ions  e x c h a n g e d  in to  the in te r l ayer  re- 
g ion  of  hector i te .  I t  was  d e m o n s t r a t e d  tha t  the  wa te r  
con ten t  of  the  c lay and  the r eac t ion  t ime  a f fec ted  the  
na tu re  o f  the  p roduc t s  f o r m e d  in the  react ion.  O the r  
i m p o r t a n t  fea tures  a f fec t ing  the  reac t ion  o u t c o m e  
were  1) the o r i en t ing  ef fec t  of  the  c lay layers  on  the 
un reac t ed  b e n z e n e  molecu le s ;  and  2) the  la rge  elec-  
t r ic  fields in  the in te r l ayer  r eg ion  o f  the  clay. Evi-  
dence  to date  sugges t s  tha t  l iqu id  b e n z e n e  has  f luidi ty 
and  order  in  the  in te r l ayer  region.  In these  respects ,  

the  in te r layer  b e n z e n e  b e h a v e s  in a m a n n e r  s imi la r  to 
a l iqu id  c rys ta l l ine  mater ia l .  

Po lymer i za t i on  of  c o n d u c t i v e  p o l y m e r  species  fol- 
lows  in a s imi la r  manner .  M e h r o t r a  and  Gianne l i s  
(1992)  desc r ibed  the  p o l y m e r i z a t i o n  of  b o t h  an i l ine  
and  pyr ro le  in  Cu 2+ ion  e x c h a n g e d  f luorohec tor i te  
gal ler ies .  It was  p roposed  that  the  ga l le ry  ca t ions  act 
as a catalyst ,  p r o v i d i n g  reac t ive  o l igomers  w h i c h  sub- 
sequen t ly  po lymer ize .  In  addi t ion ,  the me ta l  ca t ions  
m a y  act  to ox id ize  th is  r esu l t ing  polymer .  Po lyan i l ine  
wires  h a v e  also been  p repa red  in the  channe l s  of  me-  
soporous  a luminos i l i ca t e  hos t s  (Wu and  B e i n  1994a),  
as wel l  as in  " t r a c k - e t c h "  and  po rous  a l u m i n a  m e m -  
b r a n e s  (Mar t in  1995). Final ly ,  Wu and  B e i n  (1994b)  
f o r m e d  graph i te - l ike  c a r b o n  wires  in  the  3 - n m  wide  
h e x a g o n a l  c h a n n e l s  of  M C M - 4 1 .  One  of  the  p r i m a r y  
goals  of  these  var ious  pro jec ts  has  been  to s tudy the  
e f fec t  o f  n m - s c a l e  e n v i r o n m e n t s  and  cons t ra in t s  on  
the  syn thes i s  o f  va r ious  mater ia ls .  In  this  study, we 
used  the  t e c h n i q u e  o f  s cann ing  force  m i c r o s c o p y  
( S F M )  to inves t iga te  the  po lymer i za t i on  of  b e n z e n e  
and  an i l ine  on  th in  f i lms o f  Cu 2+ e x c h a n g e d  hector i te .  
S F M  in s t rumen t s  can  p rov ide  local ,  n m - r e s o l v e d  im- 
ages  on  the sur face  of  bo th  conduc t ing  and  n o n c o n -  
duc t ing  mater ia ls .  N e w e r  gene ra t i on  S F M  ins t ru-  
m e n t s  m a y  also opera te  in n o n c o n t a c t  m o d e s  as wel l  
as in  the  t rad i t iona l  con tac t  i m a g i n g  mode .  The  non-  
con tac t  m o d e  a l lows  for  nondes t ruc t i ve  sur face  im- 
ag ing  o f  sof ter  samples .  
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Figure 1. a) 2.0 X 2.0 p~m SFM image of unexposed hectorite surface. The Z-range in this image is 300 A. b) 4500 • 4500 
A SFM scan on unexposed hectorite surface. The film surface is nearly fiat, composed of interlocking platelets. The largest 
of these platelets has dimensions on the order of 1 ~m. 

EXPERIMENTAL 

Spray-dried hectorite was obtained from NL Indus- 
tries. The cation-exchange capacity of this clay is 100 
meq/100 g. The exchanged clay was washed with 
deionized water and stirred in a solution of 1.0 M 
CuC12 for 24 h. These samples were then washed with 
distilled water and centrifuged until a negative Ag + 
test for C1- was obtained. The treated hectorite was 
resuspended in deionized water and air-dried to form 
thin films. 

ACS spectrophotometric grade benzene was ob- 
tained from Aldrich Chemical and used as received. 
An approximately 1 cm 2 sample of the air-dried hec- 
torite film was placed in 50 mL of benzene; the system 
was heated until the benzene started to reflux. After 
approximately 1 h of refluxing, the color of the film 
had changed from blue to dark brown. The film was 
then air-dried and mounted on the SFM instrument. 
The aniline polymerization reaction was carried out 
both at room temperature and at higher temperatures 
using Baker Analyzed Reagent grade aniline. In the 
high-temperature reaction, a sample of the hectorite 
film was suspended in a condenser attached to a 
round-bottomed flask containing refluxing aniline. 
This technique was employed to minimize the possi- 
bility that any polyaniline or aniline oligomers dis- 
solved in the liquid in the round-bottomed flask would 
be adsorbed onto the hectorite. In the low-temperature 
reaction, a beaker containing the liquid aniline was 
placed in a vacuum desiccator with a sample of the 
film. The desiccator was evacuated and the aniline al- 
lowed to diffuse onto the film. Typically, the film was 

exposed to the aniline vapor for a period of days. In 
both cases, the films were a dark blue-violet color. 

All SFM scans were performed using an Auto- 
Probe CP in noncontact mode from Park Scientific. 
Scans were taken in true noncontact mode, thus pre- 
venting any surface modification during scanning. A 
pyrex and quartz apparatus that allowed a clay sample 
to be studied by ESR in a controlled atmosphere was 
designed and built. With this apparatus, a sample of 
the clay film could be studied in the air-dried state or 
under vacuum. Samples under vacuum could be sub- 
sequently exposed to organic vapor under well-con- 
trolled conditions. XRD measurements were per- 
formed using a Siemens (Model D-500) powder dif- 
fractometer. 

RESULTS AND DISCUSSION 

ESR spectra of the Cu 2+ exchanged hectorite films 
showed that the exchange sites within the film were 
strongly ordered (Eastman et al. 1984). Figure la  
shows a 2 ixm X 2 Ixm SFM scan on the unexposed 
hectorite surface. Over the scan range of 2 Ixm, the 
surface is fiat to within 300 ,~. All of the hectorite 
clays prepared in this fashion contained large flat sur- 
face regions such as that shown, interspersed with 
smaller regions of greater roughness (>300 ,~). In Fig- 
ure lb, an image of dimensions 4500 ]k • 4500 ]~ is 
shown for the same film surface. At this higher reso- 
lution, the surface is seen to be composed of a system 
of interlocking platelets. The film surface is generally 
fiat, with the platelets simply butting up adjacent to 
one another. In some areas, some overlap is observed. 
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Figure 2. Hectorite surface after refluxing with benzene. 
The Z-range is 90 A. The once level platelets are now shifted 
vertically with respect to one another. The vertical~ steps be- 
tween plates ranges from 7-10 _+ 2 ,& to over 80 A. 

The surface exposed area of the platelets varies in size, 
with the smallest exposed areas having dimensions on 
the order of 100 ,~ and the largest approaching 1 ~m 
in size. Hectorite is a trioctahedral smectite clay hav- 
ing an average dispersed particle size of 0.8 p~m x 0.8 
txm x 0.001 ixm. The largest measured platelet sizes 
thus correspond reasonably well with the dispersed 
particle size. The smaller platelets are most likely due 
to fractures in the larger particles. 

In Figure 2, an image of the hectorite film surface 
after refluxing in benzene is shown. The dimensions 
of this image are 0.5 txm x 0.5 ~xm. The surface is no 
longer fiat, but is instead composed of many smaller 
fiat regions with step-like transitions between them. 
Using the SFM instrument, these vertical steps can be 
measured accurately. The step heights fall into groups, 
with the smallest being 7-10 -_+ 2 ,~. The next group 
of steps has vertical heights in the range 13-20 - 2 
,~. This continues until the largest group, in which the 
step sizes are 78-83 -+ 2 ,~ in height. Benzene appears 
to polymerize only in the interlayer region of the hec- 
torite where electric field and orientation effects would 
be most pronounced. The intercalative polymerization 
"raises" many of the clay platelets from the plane of 
the unreacted clay. The "width" of a benzene mole- 
cule is approximately 7 ,~ (dimension parallel to the 
molecular plane), while the "thickness" (measured 
perpendicular to the molecular plane) is about 3.5 ,~ 
(Goddard et al. 1995). This suggests that the polymer 
in the interlayer region is formed from benzene mol- 
ecules oriented perpendicular to the surface of the 
film, or in double layers oriented parallel to the film 

surface. The ESR spectral parameters from the organic 
radicals in the clay films also indicate ordering of the 
polymer (Eastman et al. 1984). 

The hectorite films were also exposed to aniline at 
room temperature and at approximately 180 ~ in or- 
der to study the polymer microstructure as a function 
of polymerization conditions. The dark blue-violet col- 
or of these films indicates that the polymer on the sur- 
face is in the conducting, emeraldine oxidation state 
(Langer 1990). The violet tint may be indicative of 
fairly low conjugation lengths along the chains. Figure 
3a shows a 4 ~m x 4 p~m SFM image of the low- 
temperature-exposed surface, while in Figure 3b an 
image of the high-temperature-exposed surface is pre- 
sented. In both images, it is apparent that a great deal 
of polymerization of the aniline has taken place on the 
film surface, as opposed to the case with benzene, in 
which little or no surface polymerization can be seen. 
The low-temperature film (Figure 3a) is composed of 
polymer bundles or micrograins. The dimensions of 
these micrograins range from 300 to over 3000 ,~. This 
nm-scale polymer bundle structure has been previous- 
ly observed by SFM (Porter et al. 1994) in electro- 
polymerized polyaniline thin films on Pt substrates. 
The micrograin sizes in the present study correspond 
well with the range of sizes reported in this earlier 
study. The nm-scale structure of the high-temperature 
aniline exposed films is not clearly resolved in Figure 
3b. In Figure 4, a higher resolution scan of dimensions 
1.5 p~m x 1.5 p~m is shown. In this image, we can see 
that the polymerized surface is composed of small, 
nearly spherical micrograins. These micrograins also 
appear to be grouped together into larger clusters. This 
structure corresponds more closely to that seen for 
chemically prepared, NMP-cast, free-standing poly- 
aniline thin films (Porter et al. 1995). SFM data were 
also obtained from aniline exposed hectorite films with 
no Cu(II) treatment (Na-hectorite). These films 
showed no indication of surface polymerization upon 
exposure to either benzene or aniline. No SFM evi- 
dence in the form of polyaniline "bundles" was ob- 
served, nor was there the characteristic color change 
(to dark violet) due to the presence of conjugated sur- 
face polymer. 

It is interesting that the aniline polymerizes on the 
surface of the clay while the benzene apparently does 
not. Benzene does not readily react in the presence of 
Cu salts; the reactivity in the clay systems probably 
arises from the large electric fields in the interlayer of 
the clay. The separation of charge in the interlayer 
galleries (in the form of parallel sheets of positive and 
negative charge, to a first approximation) may result 
in fields not unlike that found within a parallel-plate 
capacitor. The small "plate" separation with respect 
to the charge distribution, and the dielectric effect of 
the interlayer water molecules will result in strong lo- 
cal deviations from the simple capacitor model. In ei- 
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Figure 3. a) Film surface after low-temperature aniline exposure. The Z-range in these images is 0.5 ixm. The aniline has 
polymerized readily on the hectorite surface. The polyaniline microstructure is composed of small, nm-scale grains or bundles. 
b) Hectorite surface after high-temperature (180 ~ aniline exposure. The surface is completely coated with polyaniline; 
however, the polymer microstructure is not resolved in this image. 

ther case, it is clear that these fields will be consid- 
erably stronger than that found on the surface of the 
clay (on which there is no such charge separation). 
These fields facilitate electron transfer from the ben- 
zene to the Cu2+; indeed, the production of free radi- 
cals in these systems increases as the concentration of 

Figure 4. 1.5 • 1.5 ~m SFM scan on the high-temperature 
aniline exposed film. The vertical range in this image is 3000 
A. The polyaniline on this surface is composed of small, near- 
ly spherical grains. Many of these grains are grouped together 
in larger clumps. 

Cu 2+ decreases (Eastman 1984). The production of a 
polymer, perhaps polyphenylene as suggested by Soma 
et al. (1983), with a portion of  the aromatic groups 
existing as cations, would lead to a lowering of free 
energy in the hectorite/benzene system. There are no 
large fields on the surface of  the clay and, as a con- 
sequence, the benzene behaves in a fashion similar to 
that of the bulk phase (that is, with no polymerization). 
Aniline is much more easily oxidized than benzene 
and readily undergoes polymerization in an oxidizing 
environment. In the clay systems, aniline may oxidize 
at sites accessible from the surface of the clay. Here 
the electric fields in the interlayer region are not nec- 
essary for the polymer to propagate. 

The question of interlayer aniline polymerization in 
hectorite was also studied using XRD and ESR. XRD 
spectra for Cu(II) exchanged hectorite and Cu(II) ex- 
changed hectorite-aniline films were obtained. The 
(001) spacings were determined by averaging (001) 
through (008) reflections for these patterns exhibiting 
a rational sequence of reflections. Constant humidity 
was maintained for all samples. Unexposed films 
showed a d-spacing of 12,6 ,~, in good agreement with 
the results of McBride et al. (1975). An increase in 
the d-spacing for the (001) reflection from 12.6 ,~ in 
the inorganic host to 15.l .~ in the inorganic-organic 
host-guest hybrid was observed, indicating possible in- 
clusion of the aniline in the interlayer regions, For the 
ESR studies, samples of air-dried Cu(II)-exchanged 
hectorite films were placed in the apparatus designed 
for controlled atmospheric studies. ESR of the air- 
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dr ied fi lm showed  that  the Cu 2§ ions are in an  axial  
field charac ter ized  by  E S R  paramete r s  of  gll = 2.353, 
g.l_ = 2.076 and  All = 151 Gauss.  It  was  not  poss ible  
to resolve  A.t_ values  in the 100% exchanged  sample,  
owing  to dipolar  b roadening .  R e m o v i n g  wate r  f rom 
the sample,  by  expos ing  the sample  to vacuum,  broad-  
ened  the resonances  obse rved  for  bo th  or ientat ions.  
The  immedia te  effect  o f  expos ing  the dehydra ted  sam- 
ple to ani l ine  was a r eemergence  of  a wel l  character-  
ized E S R  signal  for  the  Cu 2+ ions (gH = 2.369, g = 
2.076, and  All = 144 Gauss) .  The  film da rkened  slight- 
ly upon  exposure  to anil ine,  but  still re ta ined  the  b lue  
color  character is t ic  of  Cu 2+ ions.  Wi th in  24 h the fi lm 
had  turned  dark  purple  and  the E S R  f rom the Cu 2+ 
ions had  essent ia l ly  d i sappeared  (residual  Cu 2+ < 5% 
of  the or iginal  concentra t ion) ,  A free radical  signal,  
s imi la r  to tha t  p roduced  by  the reac t ion  of  benzene  
wi th  Cu 2+ ions in hectori te ,  was  observed .  This  signal 
was  charac ter ized  by  a g va lue  o f  2.003 and  a l ine- 
wid th  of  13 Gauss  w h e n  the fi lm was or iented  wi th  
the p lane  of  the fi lm perpendicu la r  to the appl ied field. 
Rota t ing  the sample  by  90 ~ increased  the l inewid th  to 
23 Gauss  but  did not  not iceably  change  the g value. 
These  resul ts  show that  evacua t ing  the sample  re- 
m o v e s  water  a round  the Cu z+ ions,  and that  ani l ine  
vapor  rapidly penet ra tes  the in ter layer  reg ion  of  the 
des icca ted  sample  to complex  the Cu  2+ ions. The  po- 
lymer iza t ion  reac t ion  does not  occur  immedia te ly  at 
r o o m  temperature ,  bu t  is essent ia l ly  comple te  after  24 
h under  the condi t ions  descr ibed.  Clearly,  the Cu 2+ 
ions th roughout  the sample  react.  This  obse rva t ion  
plus  the  change  in spac ing  o b s e r v e d  f rom X R D  data 
provide  s trong ev idence  that  the po lymer iza t ion  occurs  
in the inter layer  region.  The  anisot ropy in the l ine- 
wid th  for  the free radical  s ignal  in  the " 2 4 - h "  sample  
also indicates  or ienta t ion  of  the polyani l ine  in the in- 
te r layer  region.  It seems  reasonab le  to be l i eve  that  the 
in ter layer  po lyan i l ine  has  a di f ferent  s tructure than  the 
po lymer  on the clay surface;  this  d i f ference  would  
arise f rom the  or ien t ing  effect  of  the in ter layer  reg ion  
and  the  in ter layer  fields. In the  case o f  benzene ,  it m ay  
be  that  po lypheny lene  fo rms  in the  in ter layer  region.  
However ,  the avai lable  exper imenta l  in fo rmat ion  does  
not  prec lude  o ther  possibi l i t ies ,  and  the  condi t ions  un- 
der  wh ich  the reac t ion  occurs  m ay  wel l  lead to unusua l  
reac t ion  m e c h a n i s m s  and  reac t ion  products .  

C O N C L U S I O N S  

The  t echn ique  o f  SFM has  been  used to s tudy the 
s tructure of  c lean hector i te  th in  fi lms and  hector i te  
fi lms exposed  to benzene  and  anil ine.  The  unexposed  
films consis ted  of  a s tructure of  submic ron-s i zed  in- 
te r locking platelets.  Exposure  to ref luxing benzene  re- 
sui ted in po lymer iza t ion  in the f i lm in ter layer  regions,  
bu t  no t  on  the surface. Ani l ine  exposure  resul ted  in 
bo th  surface and  in ter layer  polymer iza t ion .  This  dif- 

ference  could  be  expla ined  in te rms of  the electric- 
f ield-assisted oxida t ive  po lymer iza t ion  of  benzene  in 
the inter layer  regions ,  whi le  ani l ine  readi ly  polymer-  
ized wi thout  ass is tance in the presence  of  the Cu salts. 
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