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A B S T R A C T   

We explore the potential of vibrational spectroscopy, an inexpensive analysis technique, for the purpose of 
detecting of heavy metals in water using sodalite. Computations via density functional theory of the infrared and 
Raman spectra of anion-free sodalites that have been exchanged with lead (II), cadmium (II), and mercury (II) 
ions predict a peak in the 850–880 cm 1 range in both the infrared and Raman spectra that is characteristic of 
anion-free sodalites that have been exchanged with these three heavy metal cations. This peak is distinguishable 
from the infrared spectra of anion-free sodalites that have been exchanged with potassium, magnesium, and 
calcium ions, which are naturally present in drinking water. Unfortunately, no peak in this range exists for 
chloro-, bromo-, or hydroxy-sodalites, and peaks in this range may be masked by the presence of magnesium 
hydroxysodalites, which would be expected to form in water testing applications. In addition, the signal-to-noise 
ratio is likely too low to provide a useful test for heavy metal contamination at the levels required for municipal 
water testing.   

1. Introduction 

The release of heavy metals into soil and water is a worldwide 
environmental concern [1]. Heavy metals tend to accumulate in the soil 
and in living organisms, causing health problems that affect the kidneys, 
the central nervous system, blood cell production (hematopoiesis), and 
the gastrointestinal tract [2]. The World Health Organization (WHO) 
recommends extremely low thresholds for acceptable levels of heavy 
metal cations in drinking water (2–15 ppb, depending on the metal type) 
[3–5]. Consequently, many efforts have been made to improve existing 
methods for removal of such contaminants. Electrochemical treatment, 
adsorption, reverse osmosis, and ion exchange have all been utilized to 
capture heavy metal ions from water [6–9]. Chemical and electro
chemical treatments, as well as reverse osmosis methods, have been 
shown to reduce the concentrations of heavy metals significantly, but 
only when ion concentrations are high (i.e., above 500 mg/L) [10,11]. 
The major drawback of using these methods, particularly reverse 
osmosis, is their immense power consumption for pumping, as well as 
the expense involved in producing the membranes [12]. Conversely, ion 

exchange by zeolites has been shown to be more efficient at removing 
heavy metal ions from water at all concentrations, both in terms of cost 
and ion removal capacity [4,12]. 

Zeolites are porous aluminosilicate materials used for a variety of 
industrial processes, such as gas separation, ion exchange, and catalysis 
[13,14]. In zeolites with a one-to-one ratio of silicon to aluminum (Si/Al 
¼ 1), alternating SiO4 and AlO4 tetrahedra (according to L€owenstein’s 
rule [15]) are linked together in a way that creates a three-dimensional 
network with channels and/or pores of uniform sizes. There are, to date, 
248 unique zeolite framework topologies that occur naturally and/or 
synthetically [16]. Sodalite (framework code SOD), whose structure was 
determined about 80 years earlier than any other zeolite [17], is one of 
the simplest and most symmetrical frameworks. Because of its cage-like 
structure, it can host a regular array of well-defined nanoclusters, which 
would result in the creation of sodalite-based materials with potentially 
useful catalytic, magnetic, optical, vibrational, and electronic properties 
[18,19]. For instance, optical applications of sodalite date from the 
1970s, when photochromic and cathodochromic sodalites were used for 
information storage and filter optics [20,21]. Sodalite has also been 
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modified to function as a catalyst in base-catalyzed reactions [22]. In all 
applications of sodalite—as with zeolites in general—synthesis and 
characterization techniques are important to ensure the materials have 
consistent and known physical and chemical properties. 

Spectroscopic techniques, particularly infrared and Raman, are often 
used in the characterization of zeolites [23]. These techniques can 
identify characteristic vibrations associated with secondary building 
blocks (SBU), extra-framework cations, and lattice vibrations [24–27]. 
In particular, we anticipate there will be a measurable difference in the 
IR or Raman spectrum of sodalite that has been exposed to heavy metal 
cations compared with the natural (sodium) form. Unfortunately, due to 
the structural complexity of zeolites, interpretation of experimental 
vibrational spectra is often troublesome and relies heavily on supposi
tion [28]. Computational tools are therefore helpful in obtaining more 
accurate insight into the spectroscopic properties of zeolites. 

Computational vibrational spectroscopy based on density functional 
theory (DFT) can be helpful in interpreting zeolite vibrational spectra 
[23,29–31]. Furthermore, thanks to advancements in computing, the 
prediction of vibrational frequencies in zeolites has become feasible. 
Due to the presence of finite-size effects, employing periodic boundary 
condition (PBC) calculations provides better agreement between ex
periments and simulations than non-periodic cluster calculations [32]. 

In this study, we investigate the sensitivity of computational vibra
tional spectroscopy for the purpose of detecting ion exchange levels in 
sodalite. We hypothesize that infrared and/or Raman spectra of either 
partially or completely ion-exchanged anhydrous sodalite are capable of 
detecting the presence of contaminants such as Cd2þ, Pb2þ, and Hg2þ in 
the presence of other cations that are normally present in water, such as 
sodium, potassium, magnesium, and calcium. 

We start by comparing the measured and calculated infrared spectra 
of sodium chlorosodalite—that is, |Na8Cl2| [Si6Al6O24]-SOD, which is 
the composition of naturally-occurring sodalite—and the equivalent 
bromide form, |Na8Br2| [Si6Al6O24]-SOD, as well as the infrared spectra 
of chlorosodalites exchanged with silver, cadmium, and lead ions. We 
then examine the computed infrared and Raman spectra of anion-free 
sodalite, |Na6| [Si6Al6O24]-SOD, and hydroxysodalite, |Na8(OH)2| 
[Si6Al6O24]-SOD, as well as the same materials exchanged with heavy 
metal cations. We also consider the effects of exchange with ions nor
mally present in water, including potassium, magnesium, and calcium 
ions. 

The chloro- and bromo-sodalites do not show a distinct “signature” of 
heavy metal exchange, nor do the hydroxy-sodalites. However, the 
anion-free sodalites show a characteristic additional peak in the 
850–880 cm 1, which appears to be diagnostic of the presence of lead, 
cadmium, and/or mercury. Unfortunately, this peak is not expected to 
be particularly prominent in the experimental spectrum, and its pres
ence may also be masked by the presence of magnesium ions: magne
sium ions show a similar peak for hydroxy-sodalites, though not in 
anion-free sodalites. While the Raman spectrum could, in principle, be 
able to distinguish between these two scenarios, the practicalities of 
infrared and Raman spectroscopy combined with the relatively weak 
intensity of these peaks strongly suggest that vibrational spectroscopy 
will not be a viable method of detecting lead or other heavy metals in 
zeolites at relevant concentrations. 

2. Notation and methodology 

2.1. Simplified notation 

Natural sodalite is predominantly |Na8Cl2| [Si6Al6O24]-SOD. Due to 
numerous possible variations that can occur when synthesizing sodalite, 
a variety of compositions can result that follow the general formula [33] 
�
�Mqþ

m Xr 
x

�
�½Si12 nAlnO24ðH2OÞ0 8�  SOD; (1)  

where qm rx ¼ n and n � 6. Fig. 1 shows a bromosodalite partially 

exchanged with lead (II) ions (it should be noted, as we will discuss later, 
that this structure does not exhibit a definitive “signature” in the 
vibrational spectra). In Equation (1), silicon and aluminum are the 
framework atoms; because they form tetrahedra with bridging oxygens, 
they are called T-atoms. The aluminum atoms that impart negative 
charges to the framework are compensated for by extra-framework so
dium. Due to the presence of two bromide ions (or other anions), there 
need to be two more sodium cations per formula unit than required by 
the framework charge itself to neutralize the whole crystal. Therefore, in 
a sodalite unit cell, there are eight sites available for monovalent cations 
and two sites available for monovalent anions. Additionally, as shown in 
Fig. 1, the SBUs in the SOD framework are six single-four-membered 
rings (S4R) and eight single-six-membered-rings (S6R) per sodalite 
cage (the truncated octahedron in Fig. 1). The cationic positions are 
located at the center of the S6Rs, behind or in front of the plane of the 
ring. The standard notation [34] for sodalites with Si/Al ¼ 1, the only 
Si/Al ratio studied herein, would always contain the group [Si6Al6O24]; 
we instead adopt the following shortened notation for convenience: 

jCcAaj  SOD ⇔ jCcAaj½Si6Al6O24�  SOD; (2)  

where C refers to the cation and A refers to the anion. In the case of 
partial cation exchange, two cation symbols are used. For example, | 
Na8Br2|-SOD refers to |Na8Br2| [Si6Al6O24]-SOD, |Ca3|-SOD refers to 
anion-free |Ca3| [Si6Al6O24]-SOD, and |Na4Pb|-SOD refers to partially- 
lead-exchanged, anion-free sodalite, |Na4Pb| [Si6Al6O24]-SOD. If there 
are no aluminum framework atoms present in the unit cell, it is referred 
to as siliceous sodalite, [Si12O24]-SOD, which is the simplest and most 
symmetrical of all zeolitic materials. 

In the case of divalent cations (e.g., Ca2þ), it is necessary to iterate 
over all possible combinations of cation sites to find the minimum- 
energy configuration. From the point of view of theory, choosing 
anhydrous sodalite (|Na6|-SOD) over anion-bearing sodalite (|Na8Cl2|- 
SOD) has two advantages: (i) the number of simulations to span all 
unique periodic unit cells is smaller in the anhydrous sodalite case than 
in the anion-bearing case; (ii) the cell volume of anhydrous sodalite is 
larger, which in principle means it might incorporate guest species more 

Fig. 1. The structure of a partially-lead-exchanged sodalite (SOD framework). 
Spheres are color-coded and drawn with a radius half the value of either the 
ionic radius (Br , Naþ, Pb2þ) or the covalent radius (Al, Si, O). Sodalite has a 
simpler structure, higher degree of symmetry, and smaller number of atoms per 
unit cell than most other zeolites. 
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easily. 

2.2. Electronic structure calculations 

The crystal structure was generated with the P43n space group (no. 
218) as Felsche et al. [35] and Hassan et al. [36] suggested. The parent 
compound was the sodium form, |Na6|-SOD, and we based our analyses 
of the ion-exchanged materials on this parent crystal. 

Electronic structure calculations were performed within the DFT 
formalism [37,38] using norm-conserving pseudopotentials [39,40] and 
the local density approximation (LDA) [38,41–44] as implemented in 
QUANTUMESPRESSO [45]. The reason why we chose norm-conserving LDA 
was primarily because the current version of QUANTUMESPRESSO computes 
Raman frequencies only at this level of theory. Moreover, our previous 
work [29] showed that this set of pseudopotentials with the LDA gives 
reasonable IR and Raman results that agree fairly well with experiment. 
We found that energies were converged with respect to basis set using a 
plane-wave cutoff energy of 80 Ry. The Brillouin zone was sampled 
using a Monkhorst–Pack [46] grid; we found that a 2� 2� 2 grid pro
duced a high enough k-point density for the results to be considered 
converged. 

After the convergence test, we did a variable-volume geometry 
optimization in which both the ions’ positions and the cell parameters 
were optimized simultaneously. The convergence threshold on the 
forces per atom was set to 10 7 Ry/Bohr. The optimization used the 
Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm [47], a 
quasi-Newton method. The self-consistent field (SCF) calculations used a 
stopping criterion of 10 8 Ry. After geometry optimization, we per
formed phonon calculations based on density functional perturbation 
theory (DFPT) [45] at the center of the Brillouin zone (Γ point) to 
generate the dynamical matrix, from which vibrational frequencies were 
generated based on the acoustic sum rule [48]. The computed Raman 
activities were based on Placzek’s theory of polarizability [49]; the 
self-consistency tolerance in the phonon calculations (tr2_ph) was set 
to 10 14 Ry. Both infrared and Raman spectra were line-broadened 
using Gaussian functions with full widths at half maxima of 20 cm 1 

(FWHM ¼ 20 cm 1); the heights were proportional to the intensities 
calculated for the corresponding normal modes of vibration. 

2.3. Experiments 

In an effort to check our results, we synthesized and/or ion- 
exchanged many of the materials mentioned in the remainder of this 
study. These materials were characterized by X-ray diffraction (XRD), 
energy-dispersive X-ray (EDX) analysis, and Fourier transform infrared 

spectroscopy (FTIR). Information regarding synthesis and handling 
procedures, instrumentation, chemicals, and characterization is dis
cussed thoroughly in the Supplementary Data. Many of the ion exchange 
procedures, in particular, were unsuccessful, so we instead compare our 
results primarily to previously-published experiments. 

3. Results and discussion 

3.1. Structural properties of anhydrous and anion-bearing sodalites 

Table 1 shows the calculated structural properties of sodalite 
exchanged with different cations and anions. In the case of anion- 
containing sodalites, the cell volume is a function of both cationic 
radius as well as anionic radius and each atom’s electronegativity. For 
example, according to Shannon [50], the Kþ ionic radius is 138 pm, 
larger than any other cation in Table 1. However, the cell volumes of | 
Pb4Cl2|-SOD and |Pb4Br2|-SOD are slightly larger than those of their 
potassium counterparts, even though there are fewer cations present in 
the lead cases and the Pb2þ ion is smaller than the Kþ ion. The reason for 
this is that the electronegativity of lead is significantly higher than po
tassium, which makes these cations less bound to the framework, 
resulting in a larger unit cell. Conversely, sodalites with bromide as the 
extra-framework anion have larger unit cells compared to chloride so
dalites, as one would expect, because of the difference in ionic radius 
between the two anions. 

For the anhydrous sodalites in Table 1, the cell volume of each ma
terial is larger than that of its anion-bearing counterparts, even though 
there are fewer cations and anions in the structure in the anion-free case. 
This again stems from the fact that the Coulombic forces between anions 
and cations draw the extra-framework cations closer to the anions and 
framework aluminum, causing the structure to shrink [51]. 

Finally, some of the compositions in Table 1 yield a slight distortion 
from cubic symmetry. This is primarily because of the arrangement of 
cations when they partially occupy the structure (i.e., extraframework 
cation vacancies are present). This deviation from cubic symmetry at an 
energetic minimum is expected: Latturner et al. [52] reported a phase 
transition temperature of 250 �C between the non-cubic and cubic 
variants of anion-free sodalite, with the low-temperature structure being 
associated with ordered Na3þ

3 triangles. At high temperatures, thermal 
vibrations are larger than the energy gained by forming these structures, 
and cubic symmetry is restored. 

3.2. Comparison with experiments 

This section compares theoretical infrared spectra with both our own 

Table 1 
The structural properties of sodalite unit cells with different compositions. As anions are introduced into the structure, their negative charge attracts the cations, 
leading to shrinkage of the unit cell. Counterintuitively, the cell size does not depend significantly on the number of ionic species.  

Compound Volume (Å3) a (Å) b (Å) c (Å) α (�) β (�) γ (�) 

|Na6|-SOD 711.079 (713.188)a 8.926 (8.935) 8.926 8.926 89.44 90.56 89.44 
|K6|-SOD 765.542 (768.230) 9.148 (9.159) 9.148 9.148 90.07 90.07 90.07 
|Cd3|-SOD 717.958 (720.719) 8.954 (8.966) 8.955 8.955 90.68 90.68 89.32 
|Pb3|-SOD 693.677 (693.438) 8.852 (8.851) 8.852 8.852 90.50 90.50 89.50 
|Na8Cl2|-SOD 658.030 8.698 8.698 8.698 90 90 90 
|K8Cl2|-SOD 731.213 9.009 9.009 9.009 90 90 90 
|Ag8Cl2|-SOD 667.487 8.739 8.739 8.739 90 90 90 
|Cd4Cl2|-SOD 663.632 8.646 8.878 8.646 89.99 90.27 89.99 
|Pb4Cl2|-SOD 734.823 9.026 9.023 9.026 90.17 88.47 89.83 
|Na8Br2|-SOD 671.301 8.756 8.756 8.756 90 90 90 
|K8Br2|-SOD 741.527 9.051 9.051 9.051 90 90 90 
|Ag8Br2|-SOD 677.763 8.784 8.784 8.784 90 90 90 
|Cd4Br2|-SOD 663.190 8.663 8.663 8.836 90 90 90 
|Pb4Br2|-SOD 749.627 9.084 9.084 9.084 89.73 89.73 89.73  

a Numbers in parentheses correspond to the same starting configuration, except that it has been forced to have cubic symmetry (α ¼ β ¼ γ ¼ 90� and a ¼ b ¼ c). 
The experimental crystallographic parameters would be averages of configurations with vacancies at different sites, meaning the measured lattice parameters of any 
material with vacant extraframework cation sites would likely be intermediate between the two values even if the model were 100% accurate. 
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experimental results and findings from Mikuła et al. [53]. Fig. S1 in the 
Supplementary Data shows the measured XRD patterns of the parent 
compound and the ion-exchanged sodalites, as well as potassium 
chlorosodalite. Lead-exchange of sodium bromosodalite decomposed 
the crystal structure, and replacing sodium with potassium in the 
established protocol for sodium chlorosodalite [21] did not yield a so
dalite phase; this is evident in the materials’ XRD patterns. The infrared 
spectra of the compounds that yielded sodalite phases are not in good 
agreement with the IR spectra predicted by DFT (see Fig. S4, Supple
mentary Data) due primarily to unsuccessful ion exchange of those 
cations with the parent compound (see Table S1, Supplementary Data). 
It should be noted that the resulting sodalites are still sodium bromo
sodalites (|Na8Br2|-SOD); consequently, any evidence of Pb2þ, Agþ, or 
Liþ would be absent. 

There are several reasons why these ion exchange protocols were 
unsuccessful. The potassium chlorosodalite synthesis was a modification 
of an established protocol for the sodium form; it appears that equimolar 
replacement of sodium with potassium during synthesis is inadvisable 
(see Fig. S1f, Supplementary Data). The failed lead exchange may have 
been a result of pH: zeolites are synthesized in strongly basic solution (i. 
e., pH> 11) [54], but the lead nitrate solution in our experiments had a 
pH of approximately 4, which may have been low enough to damage the 
structure (see Fig. S1e, Supplementary Data). For the other ion ex
changes attempted (Liþ, Agþ, and Kþ), the XRD patterns indicate the 
resulting materials are sodalites, but EDX indicated that very little ion 
exchange occurred. The lithium and potassium exchange protocols were 
originally tested on hydroxysodalites, not bromosodalites; their failure 
in the bromosodalite case may indicate that the anion makes a 

Fig. 2. (a) Calculated and (b) measured mid-infrared 
spectra of chlorine-bearing sodalite exchanged with 
Agþ, Cd2þ, and Pb2þ. The three regions separated by 
dashed lines correspond to asymmetric stretching, 
symmetric stretching, and bending modes from left to 
right. The corresponding vibrational wavenumbers 
are written above each peak. The intensity in the 
computed spectrum is proportional to absorbance. 
Graphs are translated and scaled by the values written 
next to them. Experimental data are from Mikuła et al. 
[53].   
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significant difference to the mechanism and/or rate of ion exchange. The 
silver exchange protocol was also developed for hydroxysodalites, and 
silver halides are even less water-soluble than silver hydroxides. 

In order to check the accuracy of our calculated DFT results given the 
unsuccessful ion exchange experiments, we compare our computational 
model with experimental findings of Mikuła et al. [53] for |Pb4Cl2|-SOD, 
|Cd4Cl2|-SOD, and |Ag8Cl2|-SOD. Fig. 2 shows this comparison, along 
with the experimental infrared spectra and band assignments of natural 
sodalite as well as sodalite exchanged with Agþ, Cd2þ, and Pb2þ cations. 

It is worth mentioning that silver exchange was complete in Mikuła 
et al.’s work [53], which resulted in a similar infrared spectrum 
compared to that of the parent |Na8Cl2|-SOD. Qualitatively, our results 
are in better agreement with experimental spectra than were the Har
tree–Fock calculations in Mikuła et al.‘s study. However, there is no 
obvious “signature” of Pb2þ or Cd2þ exchange evident in these spectra. 

Changing from monovalent Agþ to divalent Cd2þ, the shape of the 
infrared spectrum changes significantly. The peaks in the asymmetric 
stretching region split into high- and low-wavenumber bands compared 
to natural sodalite. In addition, the symmetric stretching and bending 
regions show additional peaks. The reason why the shape of the IR 
spectrum changes and additional peaks are present for the sodalites 
exchanged with divalent cations is that the unit cell distorts slightly from 
perfect cubic symmetry, and therefore some vibrations generate changes 
in the dipole moment that would be IR-invisible in a perfectly cubic cell. 
It should be noted that such distortions would not likely be visible in a 
macroscopic crystal. 

The agreement between experiment and simulation for cadmium is 
not as strong as in the silver case because (i) cadmium is not easily ion- 
exchanged into sodalite and the resulting IR spectrum is very sensitive to 
the procedure by which the ion exchange takes place [55], and (ii) the 
resolution of the spectrometer might not have been high enough to be 
able to deconvolute the IR spectra. However, our theoretical spectrum 
for |Cd4Cl2|-SOD is in qualitative agreement with the spectrum calcu
lated by Mikuła et al. [53]. 

Finally, a similar spectrum to that in the cadmium case is seen with 
the infrared spectrum of |Pb4Cl2|-SOD. However, lead in general is more 
easily exchanged into sodalite compared to cadmium [55,56]. 

3.3. Ion exchange of anion-free sodalite 

This section will explore the sensitivity of theoretical vibrational 
spectroscopy to Kþ, Cd2þ, and Pb2þ ions in anhydrous, anion-free so
dalite (|Na6|-SOD) for different possible cation combinations. As 
mentioned earlier, six out of eight cationic sites are filled in an anion- 
free sodalite cage by monovalent cations. Similarly, this is reduced to 
three sites for divalent cations, and so on. 

In the first step in our approach, we assume that the three cations 
(Pb2þ, Cd2þ, Kþ) have been partially exchanged with Naþ ions simul
taneously, such that five Naþ ions are exchanged with Kþ, Cd2þ, and 
Pb2þ, and only one sodium cation remains in the structure (|NaKCdPb|- 
SOD). We then compared the vibrational spectra of this compound with 
other sodalites containing only one type of cation (|Na6|-, |K6|-, |Cd3|-, 
or |Pb3|-SOD). The results from this step are shown in Fig. 3. In the 
infrared spectra of compound |NaKCdPb|-SOD, there is a band at 
approximately 860 cm 1, which also is present in the spectrum of |Cd3|- 
SOD at the same wavenumber. However, because of the presence of a 
band at about 881 cm 1 in the |Pb3|-SOD, one cannot be certain as to 
whether it is caused by the presence of cadmium or lead in an experi
ment. Nevertheless, we might (in principle) be able to conclude that the 
lower the wavenumber of a band around this vicinity, the more likely 
that it is caused by the presence of cadmium than lead. 

In order to be confident in our assignment, we first consider only the 
effect of cadmium in the presence of sodium and potassium as back
ground without lead being present. Fig. 4 shows this comparison. In a 
neutral anhydrous sodalite, the possible configurations in a single-unit- 
cell calculation with these three cations present are |Na3KCd|-SOD, | 

Na2K2Cd|-SOD, and |NaKCd2|-SOD. These are the bottom three spectra 
in Fig. 4. As seen in Fig. 4, the band at approximately 860 cm 1 in both 
the infrared and Raman spectra of |Cd3|-SOD is also observable in the 
materials with all three cations present (bottom three graphs in Fig. 4). 
Another possible case that could occur for anhydrous anion-free sodalite 
in an ion exchange processes is that sodalite exchanges with potassium 
and lead but not cadmium. The possible configurations for this case are | 
Na3KPb|-SOD, |Na2K2Pb|-SOD, and |NaKPb2|-SOD. 

Fig. 5 also compares the infrared as well as Raman spectra of these 
three compounds with structures in which all cations are the same. The 
purpose of this comparison is to see whether lead is evident in the 
presence of background of sodium and potassium, which are ordinarily 
present in water resources. As shown in Fig. 5, there is a shoulder at 
around 883 cm 1 in the infrared spectra as well as Raman spectra for all 
three partially-exchanged compositions that is present in |Pb3|-SOD but 
not |Na6|-SOD or |K6|-SOD. It should be noted that there is no distinct 
peak in the low wavenumber range (symmetric stretching and bending 
modes) for any of the situations that we have discussed so far that can be 
traced back to |Na6|-SOD, |K6|-SOD, or |Pb3|-SOD. Note that far- 
infrared (FIR) does not provide any particular information about 
cation exchange, which is why we have discussed only the mid-infrared 
(MIR) range. 

As an example of sodalite partially exchanged with Cd2þ and Pb2þ, 

Fig. 3. Calculated (a) mid-infrared and (b) Raman spectra of anion-free soda
lite exchanged with different cations. The bottom spectrum in each graph 
corresponds to sodalite containing all four cations (|NaKCdPb|-SOD). The in
tensity is proportional to absorbance and has units of C2 m 4 Å 2 amu 1 in the 
case of infrared; in the case of Raman, it is proportional to scattering intensity 
with units of Å4 amu 1. The values written below/above the graphs are the 
numbers by which they are scaled/translated. Dashed lines are to guide the eye 
starting from the bands in |NaKCdPb|-SOD. Red denotes the asymmetric 
stretching region and green denotes the symmetric stretching and bending 
modes. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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we chose to study |Na2CdPb|-SOD, which is the only possible way to 
create a single periodic unit cell with all three ions present. Fig. 6 
compares the vibrational spectra of the aforementioned material with 
sodium-only, cadmium-only, and lead-only anhydrous sodalites. Similar 
to our previous reasoning, the presence of a band at approximately 870 
cm 1 in both infrared and Raman spectra is evidence of the presence of 
cadmium and/or lead in the structure. The key point here is that the 
presence of lead tends to shift this vibration to higher wavenumbers, up 
to 885 cm 1, and cadmium red-shifts this band to 860 cm 1. 

Finally, in order to be convinced that this band only exists when 
either cadmium or lead is present in sodalite and is not caused by the 
presence of potassium, we compared the infrared and Raman spectra of 
sodalite when only potassium and sodium are exchanged. The results 
from this comparison are provided in Fig. S4 in the Supplementary Data. 
Throughout the ion exchange process with potassium, no band will 
appear within the 860–880 cm 1 region, which provides more evidence 
that the band in the 860–880 cm 1 range only occurs because of cad
mium and/or lead. Nevertheless, one could argue that the aforemen
tioned band might get masked by ions such as Mg2þ, Ca2þ, which are 
prevalent in water resources. In addition, we also have considered two 
other heavy metal cations, Agþ and Hg2þ. Fig. 7 shows that there is no 
band in the 860–880 cm 1 region for any of the compounds except for | 

Hg3|-SOD, which has a shoulder at approximately 855 cm 1. This 
observation suggests that the appearance of a band in the vicinity of 
860–880 cm 1 in the spectra of anion-free sodalite may indicate the 
presence of cadmium, lead, and/or mercury. However, the relatively 
low intensity of this shoulder means it will be difficult to distinguish 
from background and/or line-broadening effects in experimental 
infrared spectra. 

3.4. Infrared and Raman signatures of hydroxysodalite 

So far, based on DFT calculations, we have observed the effects of 
extra-framework cations on the infrared and Raman spectra of sodalite 
both individually and when accompanied by other cations. Most of the 
peaks that are seen in a partially-exchanged hypothetical sodalite 
structure (i.e., sodalite that contains different extra-framework species) 
are similar to peaks found in the spectra of sodalites that contain only 
one type of extra-framework cation. In other words, if there is no overlap 
of bands in the spectra of sodalite containing one extra-framework 
species, those peaks will still appear even when other cations are 
present. 

Following this observation, let us examine the sensitivity of the 
theoretical vibrational spectra of anhydrous hydroxysodalite, | 

Fig. 4. Calculated (a) mid-infrared and (b) Raman spectra of anion-free soda
lites partially-exchanged with different cations. The bottom spectrum in each 
graph corresponds to sodalite containing Naþ, Kþ, and Cd2þ cations. The in
tensity is proportional to absorbance and has units of C2 m 4 Å 2 amu 1 in the 
case of infrared; in the case of Raman, it is proportional to scattering intensity 
with units of Å4 amu 1. The values written below/above the graphs are the 
numbers by which they are scaled/translated. Dashed lines are to guide the eye 
starting from the bands in sodalites containing these three cations. Red denotes 
the asymmetric stretching region and green denotes the symmetric stretching 
and bending modes. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 5. Calculated (a) mid-infrared and (b) Raman spectra of anion-free soda
lite exchanged with different cations. The bottom spectrum in each graph 
corresponds to sodalite containing Naþ, Kþ, and Pb2þ cations. The intensity is 
proportional to absorbance and has units of C2 m 4 Å 2 amu 1 in the case of 
infrared; in the case of Raman, it is proportional to scattering intensity with 
units of Å4 amu 1. The values written below/above the graphs are the numbers 
by which they are scaled/translated. Dashed lines are to guide the eye starting 
from the bands in sodalites containing these three cations. Red denotes the 
asymmetric stretching region and green denotes the symmetric stretching and 
bending modes. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Na8(OH)2|-SOD, after Pb2þ, Hg2þ, Cd2þ, Kþ, Mg2þ, and Ca2þ exchange. 
The choice of hydroxysodalite over other anion-bearing sodalites, such 
as bromosodalites, was inspired by Golbad et al. [56], who examined the 
capacity of hydroxysodalite for the removal of lead. They estimated that 
sodalite’s cation exchange capacity is 98.1% for a solution of 100 mg/L 
of lead nitrate at a pH of 6 at room temperature. Equilibrium was 
reached after 6 h. Lack of infrared and/or Raman spectral evidence from 
the aforementioned investigation encouraged us to study the sensitivity 
of vibrational spectroscopy of hydroxysodalite with respect not only to 
lead but also to other extra-framework species. 

Figs. 8 and 9 show the mid- and high-frequency ranges, respectively, 
of both the infrared and Raman spectra of anhydrous hydroxysodalite 
for different extra-framework cations. In contrast to anion-free sodalites, 
|Pb4(OH)2 |-SOD, |Ca4(OH)2 |-SOD, |K8(OH)2 |-SOD, and |Na8(OH)2 
|-SOD do not exhibit any bands in the 850–880 cm 1 range. However, 
for the Mg2þ, Cd2þ, and Hg2þ cases, there are some bands and/or 
shoulders either inside or in the vicinity of this range. Therefore, relying 
solely on the 850–880 cm 1 range is not an infallible indicator for the 
presence of heavy metals in sodalites because (i) lead-exchanged hy
droxy-, chloro-, or bromo-sodalites do not have bands in this range to 
begin with, and (ii) magnesium-exchanged hydroxysodalite has a band 
which might mask the presence of heavy metals. 

On the other hand, because of the presence of hydroxide anion 
(OH ), the high-frequency range for the OH stretching mode should be 
taken into account along with the 850–880 cm 1 range. Fig. 9 shows the 
high-frequency range of hydroxysodalite exchanged with the Naþ, 

Mg2þ, Kþ, Ca2þ, Cd2þ, Hg2þ, and Pb2þ cations. The first thing to note is 
that OH stretching is not IR-active in some cases, such as |Na8(OH)2|- 
SOD and |K8(OH)2|-SOD. As seen in Fig. 9, lead- and mercury- 
exchanged sodalite exhibit OH stretching bands within 30 cm 1 of 
each other. However, these vibrational modes for the |Cd4(OH)2|-SOD 
and |Mg4(OH)2 |-SOD occur at virtually the same wavenumber (�
3631–3633 cm 1), which suggests that differentiating them would be 
difficult. The only possible way to distinguish magnesium-exchanged 
sodalites from cadmium-exchanged sodalites would be to compare 
their Raman spectra in the vicinity of 560 cm 1, as in Fig. 8. In these 
spectra, there is a sharp peak for the magnesium-exchanged sodalite, 
whereas cadmium-exchanged sodalite does not exhibit this peak. 
Though it has been shown [57–59] that OH stretching vibrations can be 
detected for IR and Raman spectra in systems such as hemimorphite, 
water clusters, and sucrose crystals, such detection in zeolites would be 
challenging: the weak nature of Raman scattering combined with the 
strong fluorescence of zeolites often results in Raman spectra with high 
background levels [31]. 

3.5. Possible applications and further investigations 

Our target application of this line of study was to detect lead, cad
mium, or mercury in ground water. However, our investigation of anion- 
bearing sodalites has revealed that, though the 850–880 cm 1 range 
could conceivably provide a signature of mercury, lead, or cadmium in 
anion-free zeolites, such a signal would be weak and could be masked by 

Fig. 6. Calculated (a) mid-infrared and (b) Raman spectra of anion-free soda
lite exchanged with different cations. The bottom spectrum in each graph 
corresponds to sodalite containing Naþ, Cd2þ, and Pb2þ cations. The intensity is 
proportional to absorbance and has units of C2 m 4 Å 2 amu 1 in the case of 
infrared; in the case of Raman, it is proportional to scattering intensity with 
units of Å4 amu 1. The values written below/above the graphs are the numbers 
by which they are scaled/translated. Dashed lines are to guide the eyes starting 
from the bands in sodalites containing these three cations. Red denotes the 
asymmetric stretching region and green denotes the symmetric stretching and 
bending modes. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 7. Calculated (a) mid-infrared and (b) Raman spectra of anion-free soda
lite exchanged with different cations. The intensity is proportional to absor
bance and has units of C2 m 4 Å 2 amu 1 in the case of infrared; in the case of 
Raman, it is proportional to scattering intensity with units of Å4 amu 1. The 
values written below/above the graphs are the numbers by which they are 
scaled/translated. Dashed lines are to guide the eye to the see the differences 
between compounds between 860 and 880 cm 1. 
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magnesium hydroxysodalites. 
To be useful as a detector, the loading of heavy metal cations on the 

zeolite would have to be high enough to see differences in the IR spec
trum at ion concentrations at or below the relevant safety thresholds 
established by regulatory agencies. The lowest acceptable concentra
tions of lead, cadmium, and mercury in drinking water based on Envi
ronmental Protection Agency regulations [60] are 15, 5, and 2 ppb 
(μg/kg), respectively. According to Somerset et al. [61,62], zeolites 
synthesized using coal fly ash are able to reduce lead concentrations 
from 1.50 to 0.25 ppb, cadmium concentrations from 0.80 to 0.45 ppb, 
and mercury concentrations from 0.47 ppb to 0.17 ppb. In addition, a 
similar study by Golbad et al. [56] showed that a loading (based on the 
Langmuir isotherm) of one Pb2þ cation per sodalite cage corresponds to 
a solution with a concentration as high as 2 ppm. This is significantly 
higher than the threshold imposed by the EPA (15 ppb). Therefore, we 
anticipate the intensity of the band in the 850–880 cm 1 range might not 
be high enough to detect concentrations on the order of parts per billion. 
However, to the best of our knowledge, there is not a study in which this 
question has been addressed experimentally. 

In any case, a relatively sensitive spectrometer would be required to 
distinguish the weak shoulder that results from lead, cadmium, or 
mercury exchange of anion-free sodalites, even at full saturation. 
Fortunately, with the advancement of technology in the spectroscopy 
realm, there exist infrared and Raman spectrometers that have resolu
tions as high as 0.04 cm 1 [63], which is likely to be sensitive enough to 

resolve the bands in the 850–880 cm 1 range. However, more work is 
required to ascertain whether the infrared and Raman spectra of 
exchanged hydroxysodalites may enable even the qualitative detection 
of the heavy metals lead, cadmium, and mercury for concentrations as 
low as 2 ppb. At this stage, we do not anticipate IR detection of heavy 
metals to be sensitive enough for water resource management, primarily 
because the intensity of the relevant IR signals is not high enough. 

4. Conclusions 

We have examined the sensitivity of theoretical infrared and Raman 
spectra of sodalites to Mg2þ, Kþ, Ca2þ, Agþ, Cd2þ, Pb2þ, and Hg2þ ion 
exchange. This was done to investigate whether there exists a “signa
ture” indicating the presence of heavy metals, even when other ions 
(such as potassium, magnesium, and calcium) that are normally present 
in ground water are present in the background. Our results suggest that 
the presence of bands in the 850–880 cm 1 range in either the IR or 
Raman spectra can be attributed to the presence of cadmium, lead, or 
mercury in anion-free sodalites. Our density functional theory (DFT) 
predictions are in good agreement with previously published studies 
[53,55]. However, the intensities of these features are likely not high 
enough to use them as indicators of cadmium, lead, or mercury 
contamination. 

We anticipate that the calculated infrared and Raman spectra of ion- 
exchanged sodalites presented here will be useful in future experimental 
characterization of ion-exchanged zeolites, regardless of the final 
application. 

Fig. 8. Calculated (a) mid-infrared infrared and (b) Raman spectra of anhy
drous hydroxysodalite, Na8(OH)2-SOD as a function of different cations. The 
intensity is proportional to absorbance and has units of C2 m 4 Å 2 amu 1 in 
the case of infrared; in the case of Raman, it is proportional to scattering in
tensity with units of Å4 amu 1. The values written next to the graphs are the 
numbers by which they are translated. Dashed lines are to guide the eye to the 
see the differences between compounds between 860 and 880 cm 1. 

Fig. 9. Calculated (a) infrared and (b) Raman spectra of anhydrous hydrox
ysodalite, Na8(OH)2-SOD as a function of different cations at higher fre
quencies. OHν represents the stretching mode, and the intensity is proportional 
to absorbance and has units of C2 m 4 Å 2 amu 1 in the case of infrared and Å4 

amu 1 for Raman. The values written above the graphs are the numbers by 
which they are translated. 
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