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Abstract

Synchrotron infrared (IR) and micro-Raman spectroscopic studies have been performed on zeolite 
natrolites as a function of the non-framework composition at ambient conditions. This establishes the 
spectroscopic characterization of the ion-exchanged natrolites in the alkali-metal series both in the 
as-prepared hydrated (M-NAT-hyd, M = Li, Na, K, Rb, and Cs) and some stable dehydrated forms (M-
NAT-deh, M = Rb and Cs). The former series exhibits non-framework cation-size dependent opening 
of the helical channels to span ca. 21° range in terms of the chain rotation angle, ψ (or ca. 45° range 
in terms of the chain bridging angle, T-O2-T). For these hydrated phases, both IR and Raman spectra 
reveal that the degree of the red-shifts in the frequencies of the helical 8-ring channel as well as the 
4-ring unit is proportional to the ionic radius of the non-framework cations. Linear fits to the data show 
negative slopes of –55.7 from Raman and –18.3 from IR in the 8-ring frequencies and ionic radius 
relationship. The spectroscopic data are also used to identify the modes of the dehydration-induced 
“collapse” of the helical 8-ring channels as observed in the stable anhydrous Rb-NAT-deh and Cs-
NAT-deh. In addition, we demonstrate that the spectroscopic data in the hydrated series can be used 
to distinguish different water arrangements along the helical channels based on the frequency shifts 
in the H-O-H bending band and the changes in the O-H stretching vibration modes.

Keywords: Natrolite, alkali-metal exchange, micro-Raman spectroscopy, synchrotron infrared 
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Introduction

The structural and chemical diversity of zeolitic minerals 
originates from dozens of different framework types and their 
selectivity toward non-framework species. Identifying individual 
framework structural units and their interactions with specific 
non-framework species is therefore crucial to understand the 
thermodynamic stability and properties of natural zeolites. Spec-
troscopic methods such as IR absorption and Raman scattering 
have been extensively employed to characterize the interactions 
between the framework and non-framework components in 
various natural zeolites (Flanigen et al. 1974; De Man and van 
Santen 1992). In the case of mineral natrolite, which has been 
known to be an exclusively sodium-form in the natrolite group 
zeolites, Pechar and Rykl (1983) first calculated the framework 
vibrational modes, while mid-IR vibrational modes were ob-
tained by Gottardi and Galli (1985). Later, studies by Goryainov 
and coworkers revised the mode assignments based on polarized 
Raman and IR spectroscopy as well as lattice dynamics calcula-
tions (Goryainov et al. 2000; Goryainov and Smirnov 2001). 
The interactions between the non-framework water molecules 
and the natrolite framework have also been investigated using 
various combinations of spectroscopic methods and calculations 
(Boutin et al. 1964; Gunter and Ribbe 1993; Goryainov and 
Belitsky 1995; Line and Kearly 1998). Recently, Kolesov and 
Geiger (2006) reported the dehydration behavior of natrolite by 
in situ high-temperature Raman measurements. They observed 
that all the O-H bands become gradually broader and weaker 
with increasing temperature up to 570 K. On the other hand, 

the effect of the increase in the structural water content during 
the formation of the ordered-paranatrolite and superhydrated 
natrolite under hydrostatic pressure has been studied using Ra-
man and IR methods (Demontis et al. 2005; Liu et al. 2010).

We have recently reported that the sodium form of natural 
natrolite can be exchanged to various alkali-metal cation forms 
in the K-Rb-Cs series in the hydrated states, which induces suc-
cessive channel widening by up to 18.5% in terms of the unit-cell 
volume increase (Lee et al. 2010). Our structural characteriza-
tions based on synchrotron X‑ray powder diffraction (XRD) 
and Rietveld refinements also revealed that the arrangements 
of the non-framework cations and water molecules in the K-, 
Rb-, and Cs-exchanged natrolites differ significantly from that 
of the original Na-natrolite. Intriguingly, while the distribution 
of the non-framework cations becomes similar to one another 
upon dehydration at elevated temperatures, only the Rb- and 
Cs-forms “remain” anhydrous upon exposure to atmosphere at 
ambient conditions (Lee et al. 2011). To shed light into under-
standing the framework stability as a function of the arrangement 
of non-framework species, we have carried out a comprehensive 
spectroscopic investigation using synchrotron IR and micro-
Raman spectroscopy on the alkali-metal exchanged natrolites 
both in the hydrated and stable dehydrated forms.

Experimental methods
The preparation and structural characterization of the alkali-metal exchanged 

natrolites are described elsewhere (Lee et al. 2010, 2011). The as-prepared ion-
exchanged natrolites are in the hydrated forms, M-NAT-hyd (M = Li, Na, K, Rb, 
and Cs), and for the preparation of the apparently stable anhydrous phases, Rb-
NAT-hyd and Cs-NAT-hyd have been heated up to 200 °C in a dry oven over a 
few hours and quenched to ambient conditions (thereafter named Rb-NAT-deh and * E-mail: yongjaelee@yonsei.ac.kr



LIU ET AL.: SPECTROSCOPY OF ALKALI-METAL EXCHANGED NATROLITES420

Cs-NAT-deh, respectively). The structural models of Na-NAT-hyd, K-NAT-hyd, 
and Rb-NAT-deh are shown in Figure 1 along with illustrations of the framework 
building units of natrolite.

Synchrotron IR experiments were performed at the U2A beamline of the 
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory 
(BNL). The far-IR spectra were obtained with a Brucker IFS 66v/S Fourier trans-
form infrared (FTIR) spectrometer in combination with a custom-made vacuum 
microscope system equipped with a Si bolometer detector (Infrared Laboratories) 
and a 3.5 μm thick Mylar beamsplitter. More details on the optical layout of the 
beamline have been described elsewhere (Liu et al. 2002). The mid-IR spectra were 
then collected in transmission mode with a Bruker Vertex 80v FTIR spectrometer 
and a Hyperion 2000 IR microscope with a nitrogen-cooled MCT detector at the 
U2A side station. The spectra were collected in the range of 100–700 cm–1 for 
the far-IR and 650–5000 cm–1 for the mid-IR. A spectral resolution of 4 cm–1 was 
applied to all measurements. Pure samples were placed between the anvils and 
comprressed to a few micrometers thickness. The Raman scattering measurements 
were carried out using a custom-made micro-Raman system at Yonsei University. A 
Diode-Pumped Solid State (DPSS) laser (Spectra Physics Excelsior CW laser with 
532 nm and 150 mW) was used in back-scattering geometry. The laser power on 
the sample was kept at 15 mW. The average acquisition time for a single spectrum 
was about 60 s. Raman spectra were measured on M-NAT-hyd (M = Li, Na, and 
K) samples and are shown in Figure 2. Synchrotron far- and mid-IR spectra were 
measured on M-NAT-hyd (M = Li, Na, K, Rb, and Cs) and M-NAT-deh (M = Rb 
and Cs) samples and are shown in Figure 3. Each spectrum was normalized to the 
strongest band. The peak positions of all the observed IR vibrational modes in this 
study are compiled in Table 1.

Figure 1. Polyhedral representations of the structural building units of the natrolite framework (upper). Some of the tetrahedral vertices are 
labeled with the bridging oxygen atoms. The 4-ring and helical 8-ring units are emphasized with bold outlines. Structural models of Na-NAT-hyd, 
K-NAT-hyd, and Rb-NAT-deh are shown below. Non-framework cations, water molecular oxygen atoms, and the chain bridging O2 atoms are 
shown in colored balls. The chain rotation angle, ψ, is outlined with straight lines. (Color online.)

Figure 2. Raman spectra of the hydrated alkali-metal exchanged 
natrolites at ambient condition. (Color online.)
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Figure 3. (a) Far-infrared and (b) mid-infrared spectra of the hydrated alkali-metal exchanged natrolites and dehydrated Rb- and Cs-phases at 
ambient condition. The black curves near 3500 cm–1 are the Lorentzian function fits to the broad O-H stretching vibrational bands in K-NAT-hyd 
and Rb-NAT-hyd. (Color online.)

Table 1. The peak positions of all the observed far- and mid-IR vibrational modes of different alkali metal-exchanged natrolite at ambient condition
	 Pechar et al.	 Li-NAT-hyd	 Na-NAT-hyd	 K-NAT-hyd 	 Rb-NAT-hyd	 Cs-NAT-hyd	 Rb-NAT-deh	 Cs-NAT-deh
	 ν (cm−1)	 ν (cm−1)	 ν (cm−1)	 ν (cm−1)	 ν (cm−1)	 ν (cm−1)	 ν (cm−1)	 ν (cm−1)

Translation and libration vibration modes
	 110	 114.4	 107.9	 127.2	 128.7	 128.0	 128.7	 128.3
	 130	 139.2	 136.3	 135.8	 136.7	 136.1	 136.3	 135.0
	 136	 149.7	 144.9	 147.1	 147.4	 148.6	 148.0	 148.2
	 168	 165.5	 163.4	 161.1	 160.6	 162.2	 162.5	 162.2
				    170.4	 171.0	 171.4	 171.4	 171.2
	 186	 188.6	 183.8	 185.5	 185.9	 184.9	 185.9	 186.3
				    198.4	 197.0	 196.3	 196.7	 198.8
	 218	 210.2	 207.9	 209.3	 209.2	 208.8	 209.3	 209.7
	 220	 222.3	 220.2	 222.5	 223.4	 223.0	 222.5	 224.0
	 228			   236.1	 235.6	 236.7	 225.8	 236.0
			   242.4	 247.0	 246.3	 248.4	 247.1	 246.7
	 264		  264.7	 259.8	 259.8	 259.8		  258.7
	 278		  278.9	 278.8	 276.1	 276.0	 275.7	 275.3
		  290.1	 291.2	 305.3	 300.8	 295.4	 302.0	 297.6
	 330	 323.8	 329.5	 322.4	 321.7	 320.1	 320.9	 320.2
		  340.0						    

O-T-O bending vibrations of SiO4 and AlO4

	 365	 365.4	 363.2	 354.4	 352.4	 349.3	 355.5	 350.8
				    377.8	 379.5	 370.5	 375.4	 372.1
	 420	 426.2	 422.0	 428.9	 422.3	 413.0	 420.7	 415.2
	 440	 457.9	 442.7		  432.5	 425.2	 434.9	 428.0

Libration vibration of the H2O
	 480	 494.5	 484.9		  493.4	 494.7	 496.0	 499.6
	 510		  507.6	 500.8	 501.8		  503.4	
	 545		  545.6	 545.0	 535.5			 
	 580		  579.5	 581.9	 575.3	 568.4	 576.0	 568.4

T-O stretching vibrations of SiO4 and AlO4

	 605	 617.8	 605.6		  613.1	 601.8	 615.0	 605.2
	 625	 630.2	 627.2	 636.5	 626.4	 627.8	 630.2	 628.8
					     648.1	 637.9	 649.1	 637.2
	 680	 671.9	 679.0	 672.7	 672.8	 669.0	 675.0	 667.9
		  699.4	 697.1	 700.5			   683.6	
	 720	 716.2	 719.7	 715.8			   712.0	 718.0
		  739.8		  752.7			   761.2	 751.6
							       952.0	 965.1
	 975	 964.1	 963.0	 963.9	 972.7	 968.8	 978.0	
		  993.1	 990.0	 993.0	 993.0	 991.4		  984.6
		  1016.6	 1000.2			   1020.4	 1000.3	 1004.2
	 1055		  1047.0	 1026.6	 1025.0		  1030.3	 1039.3
		  1046.3	 1055.9				    1046.5	 1054.3
		  1093.5	 1086.0	 1064.0	 1075.0	 1065.3		  1094.6

H-O-H bending vibrations of H2O molecule
	 1625	 1637.0	 1631.5	 1620.7	 1649.0	 1660.0		

νO-H stretching vibrations of H2O molecule
	 3310–3515	 3338.0	 3322.0	 3478.6	 3294.3	 3286.0		
		  3546.8	 3538.0	 3578.9	 3443.2	 3424.3		
					     3548.4	 3463.1		

Note: The relative error of the measured peak position should not exceed 0.1 cm–1. 
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Results and discussion

The basic structural building unit of the natrolite framework 
is T5O10 tetrahedra (Al2Si3O10 or 4=1 unit by International Zeolite 
Association code). These units are connected along the c-axis to 
form the so-called fibrous chains, which are then interconnected 
via Al-O-Si linkages by shifting the heights of the chains rela-
tive to one another by a quarter of the c-axis length (Fig. 1). As 
a result, helical 8-ring channels are formed in elliptical shape 
along the c-axis, where sodium cations and water molecules are 
distributed in interpenetrated zigzag chains in a 1:1 ratio to lead 
to the idealized unit-cell composition of Na16Al16Si24O80·16H2O 
in space group Fdd2 (Meier 1960). The ellipticity of the helical 
8-ring channel can be described quantitatively by a chain rotation 
angle, ψ, which measures the average angle between the sides of 
the quadrilateral around the T5O10 building unit and the a- and 
b-unit-cell axes (Baur et al. 1990). The smaller the ψ angle, the 
more circular the helical 8-ring channel becomes hence the ac-
cess to the channel becomes easier. Under ambient conditions, 
the hydrated sodium natrolite show ca. 24° in ψ, and we have 
reported that the ψ angle can be systematically reduced to ca. 3° 
via larger alkali-metal cation substitution (Lee et al. 2010). Once 
dehydrated, however, the chain rotation angle increases back 
and the channels “collapse” to more elliptical shapes (Lee et al. 
2011). It was also found that the extent of the channel “collapse” 
after dehydration becomes progressively larger as a function of 
the non-framework cation size: ψ increases from 12.8 to 28.0° in 
K-NAT-hyd, from 6.7 to 25.1° in Rb-NAT-hyd, and from 2.9 to 
21.6° in Cs-NAT-hyd (Lee et al. 2011). The pore opening size in 
the dehydrated phases, however, still remains proportional to the 
size of the alkali-metal cation, and the dehydration of Rb- and 
Cs-NAT is observed to be irreversible (Lee et al. 2011).

Based on the group theoretical analysis, the phonons in natro-
lite can be classified to 24A1 + 25A2 + 25B1 + 25B2 irreducible 
representations (Goryainov et al. 2000). Among these 99 pre-
dicted optical modes, 57 modes are observable in Raman and IR 
spectra. The lattice vibrational modes of all the ion-exchanged 

natrolites studied here are found to exhibit overall similar Ra-
man and IR spectra to that of the original sodium natrolite due 
to the fact that the framework connectivity remains the same in 
the space group Fdd2 (Figs. 2 and 3). The subtle differences in 
the observed spectra would then represent the differences in the 
degree of the framework distortion and cation-water distribution 
due to the ion-exchange and/or dehydration.

Our data for the original hydrated sodium-natrolite (Na-NAT-
hyd) at ambient condition are in good agreement with those 
reported in the literature (Pechar and Rykl 1983; Line and Kearly 
1998). The observed far-IR active modes below 340 cm–1 can be 
assigned to the translational modes of water molecules and the 
optical mode of the lattice. Similarly, the Raman active modes 
observed below 420 cm–1 are assigned to optical  modes of the 
lattice vibrations. The bands of the O-T-O intra-tetrahedral bend-
ing mode are seen in the far-IR region between 410 and 445 cm–1 
(which correspond to the Raman bands in the range of 420–900 
cm–1). The two most intense IR bands located at 610–700 cm–1 
and 900–1320 cm–1 represent the tetrahedral T-O stretching 
vibrations in the symmetric stretching region (far-IR) and the 
anti-symmetric stretching region (mid-IR), respectively (Figs. 3a 
and 3b). One of the most characteristic vibrational modes of the 
natrolite framework, however, would be the so-called breathing 
vibrational mode of the helical 8-ring channel as observed previ-
ously at 363.2 cm–1 in IR and 443 cm–1 in Raman for Na-NAT-hyd 
(Breck 1974; Pechar and Rykl 1983). This band is found to be 
sensitive to the changes in the T-O2-T chain bridging angle and 
can therefore be used as a measure of the “elliptical channel-
opening” as a function of different cation-water distribution in 
natrolite (Fig. 1). In accordance to the previous structural stud-
ies (Lee et al. 2010, 2011), we find a systematic red-shift of the 
8-ring vibrational mode in both IR and Raman active modes as 
a function of the ionic radius in the M-NAT-hyd series (M = Li, 
Na, K, Rb, and Cs) (Fig. 4), i.e., the frequency of this band shifts 
progressively to lower values as the size of the non-framework 
cation increases. The frequency decrease is by 3 cm–1 (IR) and 
2.4 cm–1 (Raman) from Li- to Na-NAT-hyd, 19 cm–1 (IR) and 
8.8 cm–1 (Raman) from Na- to K-NAT-hyd, 10 cm–1 (IR) and 2.0 

Figure 4. Dependency of the helical 8-ring vibrational modes on 
the non-framework cation radius. Inset figures illustrate the progressive 
“pore opening” observed from Li- to Cs-exchanged natrolites. Here, 
non-framework cations and water molecules are omitted for clarity. The 
black solid lines are linear fits to the data. (Color online.)

Figure 5. Dependency of the helical 8-ring vibrational modes on 
the T-O2-T bridging angles. The T-O2-T angles are from the previous 
crystallographic studies [solid squares from Baur et al. (1990) and solid 
circles from Lee et al. (2010)].
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cm–1 (Raman) from K- to Rb-NAT-hyd, and 4.3 cm–1 (IR) and 
3.1 cm–1 (Raman) from Rb- to Cs-NAT-hyd. The “collapse” of 
the channel-opening upon the loss of water molecules is then 
observed as the peak shifts back to higher frequencies by 3.1 
cm–1 (IR) and 1.5 cm–1 (IR) from Rb-NAT-hyd to Rb-NAT-deh 
and from Cs-NAT-hyd to Cs-NAT-deh, respectively. The black 
solid lines in Figure 4 correspond to linear least-squares fits to the 
observed frequencies of the helical 8-ring modes vs. respective 
cation radius in the hydrated forms. The slopes of the lines are 
–55.7 for Raman and –18.3 for IR. The position of the helical 
8-ring vibrational mode can, therefore, be quantitatively related 
to the degree of the elliptical channel-opening, e.g., the chain 
rotation angle ψ or the chain bridging angle T-O2-T in the M-
NAT-hyd series (Fig. 5). There is an additional prominent band in 
the range of 370–379 cm–1 in the spectra of the hydrated natrolites 
exchanged with cations larger than sodium, i.e., K-, Rb-, and Cs-
NAT-hyd (Fig. 3a). This band might be attributed to the difference 
in the distribution pattern of the alkali-metal cations and water 
molecules along the helical 8-ring channels. According to the 
previously established structural models on Li- and Na-NAT-hyd 
(Baur et al. 1990), the cations and water molecules are located 
near the center and the walls of the elliptical channels’ minor 
axes, respectively (Fig. 1). This distribution pattern is reversed 
in K-, Rb-, and Cs-NAT-hyd, and the cations are located close 
to the walls of the elliptical channels’ major axes and the water 
molecules near the centers (Fig. 1). This gives rise to the change 
in the crystal field to induce the new vibration mode.

All of the measured Raman spectra are also characterized by 
the presence of a strong band in the frequency range between 
528 and 518 cm–1 (Fig. 2). This band has been assigned to the 
breathing mode of the 4-ring tetrahedral building unit (Fig. 1). 
Based on the measured Raman frequencies of the 4-ring units 
in several synthetic zeolites (Cs-D, Na-X, Li-A, Na-A, Na-P, 
K-R, and synthetic magadiite), Dutta et al. proposed a linear 
relationship between the average T-O-T bridging angle of the 
4-ring unit and its breathing frequency, i.e., they reported that 
zeolites having a 4-ring unit feature ∂v/∂a = 5–6 cm−l/° relation-
ship where v is the frequency in cm–1 and a is the average T-O-T 
bridging angle of the 4-ring in degree (Dutta et al. 1988). For 
those hydrated ion-exchanged natrolites, the Raman frequency 
of the 4-ring breathing mode is plotted against the average T-
O-T bridging angle of the 4-ring unit in Figure 6. The linear 
fit to the data gives ∂v/∂a ≈ 6.4 cm−l/°, which suggests that the 
frequency-angle relationship is overall confirmed in natrolites 
in the hydrated alkali-metal series.

It is a well-known fact that infrared spectroscopy is one of 
the most sensitive tools to directly observe guest constituents 
such as H2O in zeolites via the O-H bending and stretching 
vibration modes (Kolesov and Geiger 2006). In addition, there 
exists such a correlation between the frequency of the H-O-H 
bending band and the H-O-H bond angle that spectroscopically 
observed H-O-H bending bands can be used to estimate the H-
O-H bond angles, which cannot be derived directly from X‑ray 
structural model (Artioli et al. 1984; Kvick et al. 1985; Kolesov 
and Geiger 2006). The characteristic IR absorption bands from 
water molecules in M-NAT-hyd series (M = Li, Na, K, Rb, and 
Cs) are observed in the 1600–1660 cm–1 region for the H-O-H 
bending mode and at around 3400 cm–1 for the O-H stretching 

Figure 6. Dependency of the 4-ring breathing mode on the 
average T-O-T bridging angle of the 4-ring unit (avg. between T-O1-T, 
T-O3-T, T-O4-T, and T-O5-T). The T-O-T angles are from the previous 
crystallographic studies [solid squares from Baur et al. (1990) and solid 
circles from Lee et al. (2010)].

Figure 7. Dependency of the H2O bending mode on the H-O-H 
angle in the hydrated alkali-metal exchanged natrolites at ambient 
condition. The curve is the fit to the natrolite and scolecite data by 
Kolesov et al. (2006).

modes (Fig. 3b). The observed H-O-H bending mode from Na-
NAT-hyd is at the same frequency as to that of Kolesov’s value 
from mineral natrolite (Fig. 7). This implies that the H-O-H 
bending frequencies from the other cation forms can be used to 
estimate their respective H-O-H angles (Fig. 7). We observe a 
gradual increase in the frequency of the H-O-H bending band 
from 1632 to 1661 cm–1 with increasing non-framework cation 
size for Na-, Rb-, and Cs-NAT-hyd, which is then translated 
to a gradual decrease in the H-O-H bond angle from 108.5 to 
106.7°. This blue-shift of the H-O-H bending band is suspected 
to be related to the increase in the bonding behavior of the water 
molecules in the channel. Kolesov and Geiger reported that the 
force constant of the bending vibration decrease with an increase 
in the H-O-H angle (Kolesov and Geiger 2006). However, the 
frequency of the H-O-H bending band of Li-NAT-hyd (1637 
cm–1) is slightly higher than that of Na-NAT-hyd whereas that of 
K-NAT-hyd (1621 cm–1) is much lower than the corresponding 
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values of all the other alkali-metal forms. The latter might be 
attributed to the lower force constant of the bending vibration of 
water molecules in K-NAT-hyd, thereby enabling K-NAT-hyd 
higher ion-exchange capacity, compared to the original sodium-
form (Lee et al. 2010). On the other hand, the changes in the 
O-H stretching vibrational modes reveal different arrangements 
of water molecules along the helical channels. The numbers of 
the observable O-H stretching vibration bands can be identified 
to be 2, 2, 2, 3, and 3 for Li-, Na-, K-, Rb-, and Cs-NAT-hyd, re-
spectively. Here, the overlapping IR bands of the O-H stretching 
vibrations for Rb- and Cs-NAT-hyd were identified by fitting the 
spectra with a Lorentzian function. For Na-NAT-hyd, two O-H 
stretching vibration bands are clearly observed as sharp peaks 
at 3322 and 3538 cm–1, which is consistent with the ordered dis-
tribution of water molecules giving rise to two separate OH…O 
interatomic distances of 2.85 and 3.00 Å (Baur et al. 1990). 
The band with low intensity at 3220 cm–1 (Fig. 3b) represents 
a Fermi-resonanced double bending mode of water molecules 
(Kolesov and Geiger 2006). The cation and water distribution 
in Li-NAT-hyd is similar to that of Na-NAT-hyd, and hence we 
observe again two O-H stretching vibrational bands at 3338 and 
3546.8 cm–1, close to those observed in Na-NAT-hyd (Fig. 3b). 
On the other hand, K-NAT-hyd and Rb-NAT-hyd exhibit groups 
of broad peaks (at 3480 and 3579 cm–1 and at 3294, 3443, and 
3548 cm–1, respectively) merged into a broad band of O-H stretch-
ing vibration (Fig. 3b). This is due to the statistical disordering of 
water molecules along the middle of the helical channels to give 
rise to closely separated OH…O distances (Lee et al. 2010). Here 
again, the broad peaks with dashed curves at lower frequency 
are interpreted as a double bending mode of water molecule 
(Fig. 3b). It is a well-known fact that the frequency of the O-H 
stretching vibration is proportional to the OH…O distances and 
hence inversely proportional to the O-H bond length (Libowitzky 
1999). The stretching vibration band at 3579 cm–1 in K-NAT-hyd 
corresponds to a slightly longer OH…O distance than 3.00 Å, 
which is in good agreement with our previous structural study 
where we showed water oxygen to framework oxygen distances 
of 3.09(1) and 3.11(1) Å (Lee et al. 2010). For Cs-NAT-hyd, the 
observation of three separate O-H stretching vibration bands 
(3286, 3424, and 3463 cm–1) conforms to the single water site 
model showing three well-separated water oxygen to framework 
oxygen distances [2.60(1), 3.07(1), and 3.27(1) Å] (Lee et al. 
2010). No apparent O-H vibrational bands are observed in the 
spectra of Rb-NAT-deh and Cs-NAT-deh, which confirms that 
these materials indeed exist anhydrous at ambient conditions. 
Those weak and broad peaks around 3450 cm–1 in the spectra of 
Rb-NAT-deh and Cs-NAT-deh are interpreted to be the effect of 
the water molecules adsorbed on the particle surfaces.

In summary, we have reported here combined synchrotron IR 
and micro-Raman spectroscopic characterizations of alkali-metal 
cation-forms of natrolites both in the hydrated (M-NAT-hyd, 
M = Li, Na, K, Rb, and Cs) and some stable dehydrated forms 
(M-NAT-deh, M = Rb and Cs). Our results establish that the red 
shifts in the frequencies of the helical 8-ring channel as well as 
the 4-ring unit are sensitive to the structural changes and can 
be used to distinguish different alkali-metal cation-forms and 
their hydration status. We have also demonstrated that based on 
the systematic frequency shifts in the H-O-H bending band and 

the changes in the O-H stretching vibration modes, the spec-
troscopic data of the hydrated natrolites can be correlated with 
the structural models to detail the arrangements and bonding 
characteristics of the water molecules along the helical channels.
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