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TIN-CLAY COMPLEXES: A MOSSBAUER STUDY 
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Abst rac t - -Divalent  tin has been intercalated into montmorillonite by reacting partially hydrolyzed so- 
lutions of SnC12 under aerobic conditions at pH = 2.8 with aqueous dispersions of the smectite mineral. 
The precursor tin solution contains mainly the cationic trimeric ion Sn3(On)4 2§ which is shown to take 
part in the exchange reactions with the surface cations of the mineral. Variable temperature Mrssbauer 
spectroscopy was used in order to: 1) directly probe changes in the oxidation state and coordination 
environment of Sn 2§ in the process of intercalation; 2) examine the nature of tin atoms on the external 
surfaces and in the interlayer space of the clay platelets; and 3) study the dynamics of motion of tin 
atoms on the clay surfaces. 

The main conclusion from these studies is that about 75% of the Sn 2§ ions undergo extensive oxidation 
to the +4 state with concomitant hydrolysis and condensation that lead to the precipitation of SnO2 on 
the external surfaces of the clay. The rest of the Sn 2§ ions are introduced into the lamellar zone, as 
evidenced by the detailed Mrssbauer analysis of the dynamics of motion of tin atoms on the clay surfaces. 
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I N T R O D U C T I O N  

The  aqueous  chemis t ry  of  Sn  2+ is compl ica ted ,  be-  
cause  this  ion is ve ry  sens i t ive  to the c o m b i n e d  ac t ion 
of  hydrolyt ic ,  condensa t ion  and  air  ox ida t ion  react ions  
(Dona ldson  1967; A b e l  1973). T he  chemis t ry  b e c o m e s  
even  more  complex  w h e n  Sn 2§ species take par t  in  
exchange  reac t ions  wi th  the  surface  cat ions  of  smect i te  
clays.  The  large surface area of  the clays and  the i r  
e n h a n c e d  acidi ty cou ld  ve ry  wel l  p romote  the  reac- 
t ions of  hydra ted  Sn(II)  ions,  l ead ing  to po lyoxo/hy-  
d roxo  species  tha t  are l ikely to precipi ta te  on to  the 
c lay surfaces.  Such  t r ans fo rmat ions  on clay surfaces  
are we l l - documen ted  in the  chemis t ry  of  d iva len t  i r o n -  
clay sys tems (Gerst l  and  B a n i n  1980; He l sen  and  
G o o d m a n  1983). 

Recent ly ,  the  in te rac t ion  o f  Sn  2§ wi th  mon tmor i l -  
loni te  was  repor ted  by  Breen  et al. (1992).  The i r  re- 
sults indicate  that,  dur ing  in tercala t ion,  the major i ty  of  
Sn  2+ ( > 9 5 % )  was  ox id ized  to some  Sn 4-- oxo /hydroxo  
fo rm that  prec ip i ta ted  on  the  mon tmor i l l on i t e  surfaces.  
We  have  also addressed  the p r o b l e m  of  in terac t ion  of  
Sn  2+ ions wi th  montmor i l lon i t e ,  a iming  at e luc ida t ing  
the  chemis t ry  occur r ing  dur ing  the Sn 2+ intercala t ion.  
Prev ious  deta i led  studies of  the hydrolys is  of  several  
Sn  2+ salts in  the  absence  of  oxygen  and  in the pH 
range  2 to 4 have  s h o w n  that  the cat ionic  t r imer ic  ion 
Sn3(OH)42+ p redomina te s  in  solut ion jus t  before  the  
bas ic  Sn 2+ salt  starts to precipi ta te  (Dona ldson  and  
M o s e r  1961; D o n a l d s o n  1967). In our  studies,  we have  
chosen  to conduc t  the Sn 2§ in terca la t ion  at  pH ap- 
p rox imate ly  2.5, ant ic ipa t ing  to load the  c lay surfaces  
wi th  t r inuclear  Sn  2+ com pl ex  and,  in this  way, to pre-  
pare  SnO pillars.  

We have  ut i l ized va r i ab le - t empera tu re  M r s s b a u e r  
spec t roscopy in order  to: 1) di rect ly  p robe  changes  in 
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the  ox ida t ion  state and  the coord ina t ion  e n v i r o n m e n t  
o f  Sn  2+ in the process  of  in terca la t ion;  2) examine  the 
na ture  of  t in a toms  on  the external  surfaces  and  in the 
in ter layer  space of  the c lay platelets ;  and  3) s tudy the 
dynamics  of  m o t i o n  of  t in a toms  on  the clay surfaces.  

M A T E R I A L S  A N D  M E T H O D S  

Mater ia l s  

The  SnC12-2HzO and  o ther  chemica l s  o f  reagen t  
grade qual i ty  were  ob ta ined  f rom c o m m e r c i a l  sources.  
The  Na  + mon tmor i l l on i t e  was  pu rchased  f rom the 
Source  Clay Mine ra l s  Repos i to ry  (Univers i ty  o f  Mis-  
souri,  Co lumbia ,  Missour i ) .  The  clay was sod ium-sa t -  
ura ted  by  reac t ing  it ove rn igh t  wi th  an excess  of  1 N 
NaC1, then  wash ing  the  solid phase,  r ece ived  by  cen-  
t r i fugat ion,  several  t imes  wi th  aqueous  1 N NaC1. The  
mater ia l  was  d ispersed  in wa te r  and  the < 2  p,m clay 
f ract ion was co l lec ted  and  subjec ted  to dia lysis  wi th  
f requen t  changes  of  water  unt i l  the  dia lysate  was  free 
f rom chlor ide  ions,  as de tec ted  wi th  a 4 .2% AgNO3 
solution.  The  clay was dr ied at 50 ~ and  its ca t ion  
exchange  capaci ty  (CEC)  was found  to be  85 m e q / 1 0 0  
g of  clay. This  was  m e a s u r e d  by  first conver t ing  the 
N a  + mon tmor i l l on i t e  to its (CH3)4 N+ form,  then  deter- 
m i n i n g  the C and  N conten ts  of  the o rganoc lay  prod-  
ucts  by  microanalys is .  

In te rca la t ion  

For  the ion exchange  react ion,  0.45 g of  SnC12.2H20 
(a quant i ty  that  co r responds  to 5 t imes  the CEC of  1 
g Na  + montmor i l lon i t e ,  on  the  basis  tha t  Sn  z+ is the  
d o m i n a n t  species  in  solut ion)  were  added  to 50 m L  of  
0.1 M NaNO3, and the  pH of  the  resul t ing  solut ion 
was adjus ted  to 2.5 by  the  d ropwise  addi t ion  o f  0.2 N 
NaOH.  The  solut ion b e c a m e  a lit t le c loudy and  it was  
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Figure 1. X-ray diffraction pattern of air-dried sample. 

then filtered to a stirred dispersion of 1 g of  Na § mont- 
morillonite in 50 mL of water. Flocculation took place 
immediately. After the mixture was stirred for 2 h, the 
supernatant liquid was discarded and the centrifuged 
solid washed twice with 50 mL of distilled water and 
air-dried on a glass plate at room temperature. Orient- 
ed films of the tin-montmorillonite complexes were 
obtained by spreading a water dispersion of the ma- 
terial on glass plates that were air-dried at room tem- 
perature. 

Physical Methods 

A Siemens D500 X-ray diffractometer with CuKc~ 
radiation was used for determining the d(001) spacing 
in the intercalated clay structures. The ugSn MiSss- 
bauer spectra of  powder samples were obtained in the 
temperature range 20-300 K, using a constant accel- 
eration spectrometer and a 10-mCi calcium stannate 
source kept at room temperature. Spectrometer cali- 
bration was effected using a metallic iron foil. Isomer 
shifts are reported relative to CaSnO 3, assuming that 
they are the same as the BaSnO3 shifts. 

RESULTS AND DISCUSSION 

Aqueous solutions of  Sn(II) chloride in 0.1 M 
NaNO3, which were hydrolyzed previously to pH 2.7, 
reacted readily with a sodium montmorillonite suspen- 
sion, affording a gray-white tin--clay complex. The 
X-ray diffraction (XRD) patterns from several air- 
dried samples showed interplanar spacings centered 
between 1.25 and 1.30 nrn (Figure 1). 

The small spacing implies a monolayer coverage of  
the lamellar space that could result from the interca- 
lation of an intermediate product formed during the 
hydrolysis of  the divalent tin. Previous studies have 
shown that the trimer Sn3(OH)42+ with the ring struc- 
ture below is the predominant species when Sn(II) 
salts undergo hydrolysis under controlled conditions 
(Donaldson and Moser 1961; Donaldson 1967). This 
ring structure contains 1 layer of oxygen atoms, and 
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Mtissbauer spectra of a tin-clay complex as taken 
at 200, 80 and 20 K. Crosses denote experimental data. The 
result of the least-squares fit is drawn by solid lines. The bar 
diagram on the top indicates the position of the lines for tet- 
ravalent and divalent tin. 

therefore could account for the observed small d(001) 
spacing. More information about the nature of the in- 
tercalated Sn(II) species was obtained from the MOss- 
bauer specva. 
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The M/Sssbauer spectra from a tin-clay complex at 
3 different temperatures are shown in Figure 2, while 
pertinent data are collected in Table 1. The spectra 
consist of  3 lines: an intense broad absorption near 
zero velocity and a doublet at positive velocities with 
intensity varying considerably with temperature. The 
hyperfine parameters of the more intense line near zero 
velocity are consistent with those of Sn 4+ in the form 
of hydroxide or SnO2.2H20, IS = 0.00 mm s -1, QS = 
0.50 mm s -1 (Collins et al. 1979). The values of iso- 
mer shift and quadrupole splitting of the high-velocity 
doublet indicate the presence of divalent tin that prob- 
ably exists in some oxo/hydroxo form. The presence 
of  simple hydrated Sn 2+ ions in the clay interlayer 
space is excluded on the basis of the M6ssbauer results 
obtained from a frozen solution of  SnC12.2H20 in 0.1 
M HC1, where Sn 2+ predominates (Figure 3). The ob- 
served values of isomer shift and quadrupole splitting 
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Table 1. M6ssbauer hyperfine parameters of the tin complex 
at various temperatures. 

Tem- 
perature ~'~ AEqt Area:~ ~- AEqt Area:~ 

(K) (mm/s) (mrrds) (%) (mm/s) (ram/s) (%) 

20 3.24 1.98 59 0.03 0.53 41 
40 3.23 1.97 57 0.01 0.52 43 
80 3.22 1.97 55 0.02 0.52 45 

120 3.25 1.96 52 0.02 0.54 48 
160 3.19 1.99 47 0.02 0.52 53 
200 3.19 1.97 44 0.02 0.53 56 
210 3.17 1.96 43 0.02 0.54 57 
220 3.14 2.00 47 0.01 0.52 53 
230 3.13 1.96 42 0.03 0.53 58 
240 3.11 1.98 44 0.01 0.52 56 
250 3.12 2.00 43 0.02 0.52 57 

t The estimated error is •  on the last significant figure. 
:~ The estimated error is -+5 on the last significant figure. 
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Figure 3. M6ssbauer spectrum of frozen solution of 
SnC12.2H20 in 0.1 M HC1 at 80 K. Crosses denote experi- 
mental data. The result of the least-squares fit is drawn by 
solid lines. 

f r om the f rozen  Sn 2+ solut ion are qui te  d i f ferent  f rom 
those  of  the in te rca la ted  t in species  (Table 1). On  the 
o ther  hand ,  the  spec t rum of  the in terca la ted  t in and  the 
co r r e spond ing  M 6 s s b a u e r  pa ramete r s  are ve ry  s imilar  
to those  repor ted  in the  l i terature for  the  t r imer  
Sn3(OH)42+ (Davies  and  D o n a l d s o n  1968). These  find- 
ings  offer  ev idence  that  the  precursor  solut ion com-  
pr ises  ma in ly  the Sn3(OH)42+ species  and  that  the  same 
structural  uni t  is also p resen t  in  the  in ter layer  zone  
af ter  the ion exchange  react ion.  A n o t h e r  conc lus ion  
f rom the M 6 s s b a n e r  spectra  is that,  du r ing  intercala-  
t ion  unde r  the  descr ibed  condi t ions ,  approx imate ly  
75% of  the  Sn 2+ ions undergo  ex tens ive  oxida t ion  to 
the + 4  state wi th  co ncom i t an t  hydro lys i s  and  conden-  
sat ion that  lead to the prec ip i ta t ion  of  s tannic  hydrox-  
ide. 

Turn ing  to the  M 0 s s b a u e r  spectra  at d i f ferent  tem- 
peratures ,  i t  is c lear  tha t  the spectral  areas show a tem-  
pera ture  d e p e n d e n c e  that  is par t icular ly  m a r k e d  for  the  
quadrupole  split  spectra  of  the d iva len t  tin. In a MOss- 
baue r  exper iment ,  such t empera tu re -dependen t  l ine in- 
tensif ies or ig ina te  f rom the  var ia t ion  of  t he  recoi l  free 
fract ion,  f iT) ,  of  the abso rbed  or emi t t ed  ~-rays wi th  
temperature .  In the  h igh - t empera tu re  l imi t  T>OD/2,  
where  O D is the D e b y e  t empera tu re  o f  the solid, the 
f ac to r f (T )  is l inear ly  re la ted to the spectral  area o f  the 
absorp t ion  l ine(s) ,  A, and  is g iven  by: 

f ( T )  = e x p ( - 6 E R T / k O o  2) ~ A ( T )  [1] 

where  ER is the  recoi l  energy  o f  the  abso rb ing  ~/-rays 
and  k the B o l t z m a n n  constant .  The  key po in t  is tha t  
the  values  of  ER charac te r ize  the r igidi ty wi th  wh ich  
the  MOssbauer  a tom is b o u n d  to the lat t ice;  large val- 
ues  of  ER, co r re spond ing  to smal l  f (T) ,  ind ica te  less 
t ight ly  held a toms  in the  lat t ice than do smal le r  values.  
In accord  wi th  these  a rguments ,  plots  o f  - l n A  vs. T 
are expec ted  to be  l inear  wi th  a slope a ( - d l n A / d T )  
indica t ing  the  ex tent  o f  v ibra t iona l  f r eedom of  the  
MOssbauer  a tom in the solid: i.e., more  t ight ly  b o u n d  

ions wil l  have  smal le r  cx va lues  than  less t ight ly  b o u n d  
ions.  Repor ted  c~ va lues  for  several  o rgano t in  com-  
pounds  suppor t  this  conclus ion .  For  ins tance ,  the  c~ 
va lue  for  po lymer ic  Ph3SnOH is 1 . 1 0 x 1 0  -2 K -~, 
whereas  the co r re spond ing  va lue  for  the less t ight ly  
b o u n d  t in a tom in the  d imer  (Ph3Sn)20 is 1 .56x  10 -2 
K ~ (Mol loy  and  Qui l l  1985). Inorgan ic  s t ructures  are 
expec ted  to show even  smal le r  c~ values;  and  indeed,  
for  SnO it  is 0 . 2 3 X 1 0  -2 K -~ (Harr i son  et al. 1977; 
Col l ins  et  al. 1979) and  for  SnO2, 0 . 5 9 •  2 K-L Ac-  
cordingly,  c~ values  are expec ted  to be  ve ry  useful  for  
ex t rac t ing  in fo rma t ion  regard ing  the nature  o f  species  
associa ted  wi th  clay surfaces.  In te rca la ted  ca t ions  or  
o ther  c o m p l e x  s t ructures  are expec ted  to show smal le r  
cx values  because  the r ig id  in te r layer  zone  wil l  restr ic t  
the respec t ive  v ibra t iona l  mot ion .  Converse ly ,  physi -  
cal ly abso rbed  surface  species wil l  be  more  free to 
move ,  and  therefore  wil l  d isp lay  large c~ values.  

F igure  4 shows  plots  of  lnA vs. T in w h i c h  each  
area is no rma l i zed  b y  the area at 20 K. First,  we note  
tha t  wi th in  the error  o f  m e a s u r e m e n t s  we ob ta in  good  
l inear  responses  for  bo th  d iva len t  and  te t rava len t  t in 
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Figure 4. Temperature dependence of the normalized M6ss- 
bauer spectral area [A(T)/A(20)]. Line I corresponds to diva- 
lent tin species and line II to tetravalent. Straight lines are 
least-squares fits to the experimental points. 
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species. Each plot  gives 2 straight lines with different  
slopes, and the lines cross each other  at approximately  
220 K. The origin o f  the 2 lines will  be discussed 
below. Line I, showing the larger variation of  the peak 
intensities with temperature,  corresponds to divalent  
tin species: while  line II, with smaller  a values, to 
SnO2.2HzO. Line I yields c~ values of  0.78?< 10 -2 K -1 
f rom 20 to 220 K and 0 .38X10 -2 K -a f rom 220 to 250 
K, whereas line II gives  a values o f  0 . 43 •  -2 K -1 
f rom 20 to 220 K and 0.60X 10 -2 K -l  f rom 220 to 250 
K. We consider  that the smaller  c~ values f rom line I 
arise f rom the insertion of  divalent  species be tween  
the clay layers. In this instance, the rigidity of  the clay 
structure inhibits the mot ion o f  the divalent  tin atoms 
sandwiched between the clay layers and, as a conse- 
quence,  we  anticipate small  et values. Alternatively,  
the larger a values extracted f rom line II indicate that 
the tetravalent tin species were  precipitated on the ex- 
ternal clay surfaces. 

Other noticeable features of  the MiSssbauer spectra 
are the near absence of  divalent  absorption as wel l  as 
the diminished tetravalent absorption at room temper- 
ature. Similar  behavior  has been reported for Fe(II)-  
exchanged montmori l loni te  (Diamant  et al. 1982) and 
mon tmor i l l on i t e  in te rca la ted  wi th  d ime thy l t in ( IV)  
complexes  (Simopoulos  et al. 1988). It was also dis- 
cussed by Breen et al. (1992) in their study of  the 
Sn(II)-clay interactions. The lack of, or  diminished,  
absorption in the room-temperature  MOssbauer spectra 
f rom cations residing on clay surfaces has been attrib- 
uted to water  molecules  associated with the clay sur- 
faces. Apparently,  the vibrational f reedom of  a M6ss-  
bauer atom is enhanced in an envi ronment  of  loose 
water  molecules  at the clay surfaces and, therefore, its 
recoil-free fraction and the corresponding absorption 
are depressed. Accordingly,  the melt ing of  the clay 
water  occurr ing around 220 K will  greatly affect the 
intensity o f  a M6ssbaner  line. The small  discontinuity 
in the - l n A  vs. T plots observed  at about 220 K might  
arise f rom the melt ing of  the clay water, whereupon 
the tin species become  less tightly bound to the clay 
surfaces, and, as a resuR, the corresponding slopes be- 

c o m e  larger. More  drastic changes in the recoil-free 
fraction at approximately 230 K have been observed  
in the intercalation o f  dimethylt in(IV) cationic com-  
plexes in montmori l loni te  (Simopoulos  et al 1988). In 
the present study, it is possible that the small  change 
in - In (A(7) )  vs. T plot  arises f rom the approximations 
in deriving Equat ion [1], i.e., ignoring anharmonic ef- 
fects and intramolecular  vibrations. 
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