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APPENDIX I:     Summary of EXAFS data on K and Ca ions (50:50 by number) in binary exchanged clinoptilolite 
1) Hydrated Ca2+ ions : Data were collected at room temperature, in air, on station 7.1 at the Daresbury SRS synchrotron, operating at a beam energy of approximately 2GeV and a current of 200mA. At the time of the experiment it was not possible to go below ~4 KeV on station 7.1, hence the data collection began close to the calcium K-edge itself and was extended up to 900 eV beyond the edge. The sample was mounted into a flat cell (~2mm thick) and sealed with plastic tape windows. Transmission geometry was used and harmonic rejection applied. The sample was in the same form as for complementary powder x-ray diffraction experiments (maximum crystallite dimensions equal to or less than 50(m). The Excalib, Exback and Excurv92 programs (Daresbury Laboratory) were used in the data preparation and analysis. Fig.1 displays the background-subtracted, weighted and fitted Ca2+ data from the hydrated sample. Table 1 gives the corresponding major radial distribution peaks and atom types within the local calcium environment. The data show significant noise beyond 7 Å-1 and a beat node at about 8 Å-1 (characteristic of patterns where more than one radial distribution is involved). 

Fig.1  Background-subtracted, k3-weighted and fitted EXAFS data on Ca2+ in the hydrated sample.
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Table 1 Fitted values for the first two shells in hydrated Ca+ in the KCa sample at room temperature in  air (transmission)

      Shell
Atom Type
   Number
     r (Å)
      (2

          1
        O
        3.0
     2.274
   0.010

          2
        O
        4.0
     2.879
   0.012

R factor 
25.19%

2) Dehydrated Ca2+ ions : The calcium ion was also scanned in vacuum, after dehydration at 250oC  in air, on station 8.1 of the Daresbury SRS. The experiment was conducted in fluorescence mode using the Canberra multi-channel detector. Multiple scans were summed before refinement in order to minimise, as far as possible, the significant noise component. As in the hydrated case, the initial structure for refinement was given by single crystal diffraction (see main paper). Fig. 2 shows the background-subtracted weighted and fitted Ca2+ data from the dehydrated sample. Table 2 gives the corresponding radial distribution output. Ion and water positions (and limited framework relaxation) were subsequently allowed to evolve by molecular dynamics simulation. The radial distribution was then calculated around the target ions and collected into shells which provided an intermediate model for the refinement process (an extension of this method is being developed, using Reverse Monte Carlo methods to constrain simulation to experimental data). 

It is likely, on the basis of water loss (DTA) curves (and other data) that there remains still one or two residual water molecules which are attracted to the high electrostatic field gradient of the divalent ion. This makes determination of the location of the calcium ions difficult in terms of distinguishing between framework and water oxygen coordination.

Powder diffraction data10,11 indicate a slight compression of the unit cell along b on water loss. Bridging framework oxygens in the 020 plane may distort slightly into the channel system in these circumstances, encouraging closer coordination with the cations; this might be implicated in the reduction in structural rigidity on increasing  Ca2+ content.

Fig. 2  Background-subtracted, weighted and fitted EXAFS fluorescence data on Ca2+  in the dehydrated sample (room 

            temperature).
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 Table 2  Fitted values for the first two shells coordinating the Ca2+-ion (dehydrated; room temperature).

Shell
Atom Type
  Number
      r (A)
      (2

        1
        O
        4
     2.339
   0.014

        2
        O
        4
     2.900
   0.011

R factor
24.38

3) Dehydrated K+-ions:  The raw data from the K-edge of the potassium ion was similarly obtained on SRS station 8.1 in fluorescence mode, under vacuum at room temperature. The weighted observed, and calculated patterns are illustrated in Fig.3, with corresponding radial distribution output in Table 3. The main feature in the distribution of atoms about the K+  ion is the symmetric peak centred at ~3.0 Å which has been interpreted as K+ remaining coordinated with the 8- ring window which it adopts in the hydrated state (Smythe, Spaid & Bish10), but at a slightly increased distance (which, it is suggested, may be due to repulsion from divalent ions within the small-cage seeking closer framework co-ordination as dehydration proceeds). 

Fig.3  Background-subtracted k3-weighted EXAFS fluorescence data on K+ in the dehydrated sample (room temperature).
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 Table 3   Fitted values for the first three fitted shells coordinating  the K+-ion (dehydrated; room temperature).

Shell
Atom Type
Number
r (A)
2(2

1
O
4.00
3.01
0.02

2
O
1.00
3.34
0.05

3
O
2.21
3.60
0.02

R factor 
20.56

APPENDIX II:   Example of Simulated Diffusion/MSD data on nitrogen/methane in binary exchanged clinoptilolite 
In this project, simulated diffusion coefficients were determined using so-called impulse molecular dynamics (NVE) simulation.  With this technique, a chosen molecule (here nitrogen or methane) is introduced into the main clinoptilolite channel with an initial “impulsive” velocity of circa 1 Å.ps-1 in the direction of the main channel (z-direction).  The memory of this initial impulse is soon lost during the initial (typically ~20 ps) of standard NVE-molecular dynamics equilibration on the molecule within a fixed dehydrated clinoptilolite framework (with cations).  Mean square displacement data are generated during the subsequent (≥100 ps) molecular dynamics; the step size is typically 1 fs, so a 100 ps data generation corresponds to 100,000 molecular dynamics steps.  

Fig.1 illustrates some typical output for the case of nitrogen diffusing through 50:50 Ca:K clinoptilolite.  The three insets illustrate the mean square displacements (MSDs) along the main channel axis (zz) and along the other two axes (xx, yy).  Clearly from the xx and yy insets, only small rapid displacements occur away from the main channel direction (note the finer scales with xx and yy) whereas the zz inset shows relatively unhindered progress through the main channel.  The main plot shows the eventual full MSD with the least squares straight line fit from which the diffusion coefficient is obtained.  Such plots tend to exhibit occasional “hold-ups” (e.g. around 0, 80 and 100 ps in Fig.1) in progress down the channel when the nitrogen molecule long axis needs to re-align with the main channel.  The values obtained with much longer time-periods remain similar (in this case, the same value to within <10% was obtained for a 200 ps run); this is more than sufficient for the gross distinctions being claimed in Table 2.

Fig. 1  Mean Square Displacement (MSD) plots for nitrogen in Ca:K-clinoptilolite (main plot), and along (insets) the main

            channel (zz) and other two axes (xx, yy).  
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