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AbsTrAcT

Rietveld refinements of natrolite analogs [M16Al16Si24O80·nH2O, M-NAT, M = Li, Na, Ag, K, NH4, Rb, 
and Cs, 14.0(1) < n <17.6(9)] at temperatures between 75 and 675 K using synchrotron X-ray powder 
diffraction reveal the impact H2O content and monovalent extra-framework cations (EFC) contained 
in the channels have on dehydration and thermal expansion. Dehydration temperatures are found to 
be inverse proportional to the size of the EFC. Isostructural K-, Rb-, and Cs-NAT with disordered 
EFC-H2O distribution exhibit negative thermal expansions before dehydration. The thermal expansion 
coefficients increase linearly from K-, Rb-, to Cs-NAT, the latter exhibits has the smallest thermal 
expansion coefficient of all NAT analogs [3.0(1) × 10-6 K-1]. After dehydration, the EFC distribution 
of K-, Rb-, and Cs-NAT becomes ordered and their thermal expansion coefficients become positive. 
In the isostructural Li-, Na-, and Ag-NAT with ordered EFC-H2O distribution, the thermal expansion 
coefficients are positive for the Li- and Ag-NAT and negative for Na-NAT. After dehydration, this 
behavior is reversed, and Li- and Ag-NAT show negative thermal expansion coefficients, whereas 
Na-NAT exhibits a positive thermal expansion. Upon dehydration, the channels in Li- and Ag-NAT 
reorient: the rotation angles of the fibrous chain units, y, change from 26.4(2)° to –29.6(2)° in Li-NAT 
and from 22.3(2)° to –23.4(2)° in Ag-NAT. The structure models of the dehydrated Li- and Ag-NAT 
reveal that the change in the channel orientation is due to the migration of the Li+ and Ag+ cations from 
the middle of the channel to the walls where they are then coordinated by four framework oxygen 
atoms. Further heating of these dehydrated phases results in structural collapse and amorphization. 
X-ray O1s K-edge absorption spectroscopy reveals that the binding energy between the EFC and the 
oxygen of the framework (Of) is larger in Li- and Ag-NAT than in Cs-NAT due to an increase of the 
basicity of the framework oxygen. The interaction between the H2O molecules and EFCs allow a clear 
separation in structures with disordered H2O molecules in the center of the channels (K-, NH4-, Rb-, 
and Cs-NAT) and those in close proximity to the aluminosilicate framework (Li-, Na-, and Ag-NAT), 
which leads to systematic dehydration and thermal expansion behaviors. Our structure work indicates 
that the effects of EFCs are more important to stabilize the NAT structure than the degree of hydration.
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InTroDucTIon

Natrolite (Na-NAT, Na16Al16Si24O80·16H2O) is one of the first 
zeolites reported in the literature in the early 1800s (Klaproth 
1803). Temperature-driven structural changes have been studied 
as early as 1890 by Rinne (1890), and dehydrated phases have 
been reported by Baur and Joswig (1996), Fang (1963), Reeuwijk 
(1972), and Wang and Bish (2008). Understanding the influence 
extra-framework cations (EFC) have on the dehydration of natro-
lite phases has been only recently possible after a synthesis route 
was found to substitute the original sodium cations by alkali (Li+, 
Rb+, Cs+), alkaline earth (Ca2+, Sr2+, Ba2+), and selected heavy-
metal (Cd2+, Pb2+, Ag+) cations. This was achieved at good yields 
by using the disordered phase of K-exchanged natrolite (Lee et 

al. 2013, 2010, 2011b) as a starting reactant.
There are two families of NAT analogs with distinct arrange-

ments of the EFC and H2O molecules in their pores: in Li-, Na-, 
and Ag-NAT the EFC are located near the middle of the pores 
and the H2O are found closer to the aluminosilicate framework, 
while in K-, NH4-, Rb-, Cs-NAT the H2O molecules are disor-
dered and found near the middle of the pores while the EFC are 
located in closer proximity to the aluminosilicate framework. 
DFT calculations (Kremleva et al. 2013) have shown that the 
H2O-framework interactions are stronger in the Li- and Na-NAT 
and different behaviors of these two families are also found at 
high pressures in the presence of water (Seoung et al. 2013) 
and non-pore-penetrating pressure-transmitting fluids (Hwang 
et al. 2015).

In earlier work, we reported on the temperature-dependent 
structural changes of larger alkali metal substituted NAT, i.e., 
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