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Abstract 

Synthetic zeolites have a myriad of applications in industry due to their porous frameworks, 

potential to exhibit flexibility, and specific interactions with guest molecules. One topology of 

zeolites, RHO, is known to be flexible and have strong interactions with both H2O and CO2. We 

have performed heat capacity measurements on three partially dehydrated zeolite RHO samples 

containing extra-framework cations Na+ and Cs+, Cd2+ and Cs+, and Li+ and NH4
+ to understand 

the energetics of these materials. Based on fits of the heat capacity data, we report smooth 

thermodynamic functions of Cp,m, ΔT ̥Sm ͦ, ΔT̥Hm ͦ, and Φmͦ for these samples. The standard Sm ͦ at 

298.15 K are 76.3 ± 0.8, 72.1 ± 0.8, and 68.8 ± 0.7 J∙K−1∙mol−1 for the Na,Cs RHO, Cd,Cs RHO, 

and Li,NH4 RHO samples, respectively, and the standard Hm ͦ at 298.15 K are 12.1 ± 0.1, 11.4 ± 

0.1, and 11.4 ± 0.1 kJ∙mol−1. Our measurements also show a transition in the heat capacity of 

Na,Cs RHO, the sample with the highest water content, between 180 and 300 K that is not 

clearly observed in the other two samples. We attribute this transition to labile water and cations 

in the framework. This movement could also be coupled with a temperature-induced lattice 

expansion. Future work will include heat capacity measurements on fully dehydrated and fully 

hydrated zeolite RHO in order to separate these two possible phenomena. 
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1. Introduction 

Zeolites are a class of porous aluminosilicate compounds used industrially for catalysis [1; 2; 

3], drying [4; 5], adsorption [6; 7; 8; 9], and separations [10; 11; 12]. While there are many 

naturally occurring zeolites, zeolites can also be synthesized to have specific Al/Si ratios, 

topologies, and extra-framework cations in the cages [13]. These zeolite properties are tunable 

and make zeolites versatile compounds. Understanding how different attributes affect the 

thermodynamics and energetics of a zeolite is important for optimizing these qualities for 

specific applications [14].  

One zeolite topology, zeolite RHO, consists of truncated cuboctahedral alpha cages 

connected by double-8 rings [13; 15]. RHO zeolites also have an Si/Al ratio of 2.5–3 and a 

highly flexible framework [13; 15; 16; 17]. Depending on temperature, hydration, and the 

identity of the charge-balancing extra-framework cations, RHO zeolites can adopt either a 

centrosymmetric or a noncentrosymmetric structure [15] (see Figure 1).  This flexibility has 

made zeolite RHO especially useful for catalysis [18], separation/selective sorption [19; 20], and 

carbon capture [6; 21; 22].  



 

Figure 1. RHO zeolite centrosymmetric structure projected along [001]. Structure obtained from 

the International Zeolitic Association Database of Zeolite Structures: RHO.  

Due to its high degree of framework flexibility, RHO zeolites can readily undergo structural 

transformations to better accommodate guest molecules, cations, and water. Several different 

factors affect zeolite RHO flexibility, including cation type and hydration level. Extra-

framework cations resolve the charge imbalance created by substituting Al3+ for Si4+ in the 

zeolite structure, and they reside in specific locations in the zeolite pores [17; 23]. Other guest 

molecules join the cations in these pores, such as CO2, CH4, and especially H2O (RHO zeolites 

can adsorb up to ~1 mol H2O per mol [Si/Al]O2 tetrahedra) [19; 21; 23]. RHO zeolites will 

readily undergo lattice distortion to accommodate ions of different sizes and charges [24]. 

Hydration levels influence where the cations sit and how tightly they bind to the framework [21; 

23].  

Thermodynamic studies of zeolite RHO provide insight into these structural dynamics, and 

heat capacity measurements can provide evidence of structural transitions, lattice impurities, and 



cation/water-movement. This study examines three synthetic cation-exchanged zeolites: Na,Cs 

RHO, Cd,Cs RHO, and Li,NH4 RHO (complete formulas for these materials are given in Table 

1, with the formula unit scaled to include exactly one [Si/Al]O2 unit). Enthalpies of formation for 

these samples have already been measured by Guo et al. [25]. Here, we report the heat capacity 

for these samples from 1.8 to 300 K. Fits of the heat capacity data are used to calculate Cp,m, 

ΔT ̥Sm ͦ, ΔT ̥Hm ͦ, and Φmͦ over this temperature range.   

Table 1. TGA data and sample compositions of the Na,Cs RHO, Cd,Cs RHO, and Li,NH4 RHO 

samples. The mass loss (%) and water content are based on the TGA curves in Figure 2. The 
formula for the expected residue is based on Guo et al. [25], and the molecular formula is a 

combination of these formulas with water content based on TGA measurements.  

 Mass loss 
/ % 

Expected residue Water content per 
mole zeolite / mol 

Molecular formula 

Na,Cs 
RHO 

11.42 Na0.15Cs0.08Al0.24Si0.76O2 0.528 Na0.15Cs0.08Al0.24Si0.76O2  
⋅ 0.528 H2O 

Cd,Cs 
RHO 

6.46 Cd0.08Cs0.10Al0.25Si0.75O2 0.315 Cd0.08Cs0.10Al0.25Si0.75O2  
⋅ 0.315 H2O 

Li,NH4 
RHO 

11.48 Li0.10H0.12Al0.25Si0.75O2 0.323 Li0.10(NH4)0.12Al0.25Si0.75O2 
⋅ 0.323 H2O 

 

2. Experimental Section 

Full synthesis details for these samples were reported by Guo et al. [21]. The Na,Cs RHO 

sample was synthesized according to the procedure described by Robson et al. [26] with slight 

modifications. The synthesized Na,Cs RHO was then used to synthesize the Cd,Cs RHO and 

Li,NH4 RHO via aqueous cation exchange [25]. Samples were characterized using powder X-ray 

diffraction (P-XRD) and attenuated total reflection-Fourier transform infrared spectroscopy 

(ATR-fTIR) [25], and mole fraction purities based on these measurements are given in Table 2. 

These samples have been used in absorption studies [21] and in enthalpy of formation 

measurements [25]. Prior to further thermogravimetric (TG) and heat capacity measurements, the 

samples were dehydrated in a vacuum oven at 200 ℃ for 2 hours at approximately 6 kPa. Note 



that these dehydration conditions should not have caused deammoniation in the Li,NH4 RHO 

sample since Guo et al. [25] dehydrated this sample at 250 ℃ overnight without ammonia loss.  

Table 2. Details of materials used for synthesis and calorimetric measurement including 
purification method, mole fraction purity of materials, and measurement method for determining 
purity. 

 Source Purification Method Purity Measurement 
Method 

Na,Cs 
RHO 

Hydrogel Synthesis Evaporation of solvent and 
Drying at 90 ℃ 

≥0.99 P-XRD, ATR-FTIR 

Cd,Cs 
RHO 

Aqueous Cation-
Exchange 

Evaporation of solvent and 
Drying at 90 °C 

≥0.99 P-XRD, ATR-FTIR 

Li,NH4 
RHO 

Aqueous Cation-
Exchange 

Evaporation of solvent and 
Drying at 90 °C 

≥0.99 P-XRD, ATR-FTIR 

 

Water content was determined using a Mettler Toledo TGA/DSC 1 STARe System. Samples 

were heated from 25 to 700 ℃ at 3 ℃/min in flowing helium. The standard uncertainty for the 

TGA scale is 0.1 μg. TGA curves are given in Figure 2, and percent mass loss and water contents 

based on these curves (at 600 ℃) are given in Table 1. When heated, the Li,NH4 RHO sample 

loses both water and ammonia over the temperature region of the TGA scan [25]. After 

deammonation, H+ remains in the structure to maintain charge balance the framework [27] 

resulting in Li,H RHO. When the sample completely decomposes, this final proton may leave as 

another species, but decomposition does not occur until a temperature higher than where the 

TGA curves were stopped. The chemical formula for the residues used in these calculations are 

given in Table 1.  



 
Figure 2. TGA curves for the Na,Cs RHO, Cd,Cs RHO, and Li,NH4 RHO samples from 30 to 
700 ℃.  
 

Heat capacity measurements were performed with a Quantum Design Physical Property 

Measurement System (PPMS) in zero magnetic field from 1.8 to 300 K. Each partially hydrated 

sample was prepared according to a method devised for measuring the heat capacities of 

insulating powders [28; 29]. Approximately 10 mg of each dehydrated sample was enclosed in a 

copper cup (0.025 mm thick, 99.999% purity from Alfa Aesar) with a small copper coil also 

inserted to ensure uniform heating throughout the sample [30]. After being pressed into a pellet, 

each sample was attached to the sample holder using a small amount of Apiezon N grease and 

placed in the PPMS. An addenda measurement was performed before each measurement to 

account for the heat capacity of the sample holder and the Apiezon N grease. This method has an 

estimated accuracy of ± 5 % below 10 K and ± 1 % from 10 to 300 K. The sample and copper 

masses used in each measurement are listed in Table 3. Similar heat capacity measurements were 



performed on type A zeolites without further water loss [31], so we assumed no water loss 

during the measurement.  

Table 3. Details of the PPMS calorimetric measurements including pressures (p), sample 
mass (Ms), molar mass (M), and copper mass (MCu). The estimated standard uncertainties in the 
masses Ms,Cu and pressure p are u(Ms,Cu) = 0.06 mg and u(p) = 0.1 mPa. 
 
 p / mPa Ms / mg M / g∙mol−1 MCu / mg 
Na,Cs RHO 1.2 9.717 83.425 23.67 
Cd,Cs RHO 1.2 3.166 87.763 30.88 
Li,NH4 RHO 1.2 10.05 68.486 20.95 
 

3. Results 

TGA curves for these samples are given in the supplemental material and provide 

information about the water bonding in these structures. Both the Cd,Cs RHO and Li,NH4 RHO 

samples dehydrated to about the same level of ~0.32 mol H2O per mol zeolite, but the Na,Cs 

RHO sample kept more water after undergoing the same dehydration treatment. This difference 

agrees with the results of Guo et al. [21], who suggested that the water on Na,Cs RHO zeolite is 

mostly chemisorbed while the other two samples have weaker bonds between the water and the 

zeolite structure.  

The measured heat capacities for these samples are given in Tables 4–6 and shown in Figure 

3. The heat capacities are generally smooth. However, the Na,Cs RHO sample also has a 

transition, seen as excess heat capacity, above 180 K. This transition and possible reasons for it 

are discussed below.  



 
Figure 3. Molar heat capacity (Cp,m) of partially dehydrated Na,Cs RHO, Cd,Cs RHO, and 
Li,NH4 RHO from T = 1.8 to 300 K. Experimental data is represented by points, and the lines are 
fits based on the parameters of Table 7. Note that for the Na,Cs RHO sample, the dashed line 
represents only the lattice heat capacity above 170 K (following the fit provided in Table 7), and 
the solid line was used to calculate thermodynamic values.  
 

Table 4. Measured molar heat capacity values at constant pressure (Cp,m) for Na,Cs RHO as a 
function of temperature (T). Measurements were performed using a Quantum Design Physical 
Property Measurement System (PPMS) at 1.2 mPa (see Table 3 for pressure uncertainty) with a 
standard uncertainty of ± 5% Cp,m below about T = 10 K and ± 1% Cp,m from T = 10 to 305 K. 
The standard uncertainty in temperature is about 4 mK. 
T/K Cp,m/(J∙K−1∙mol−1) T/K Cp,m/(J∙K−1∙mol−1) T/K Cp,m/(J∙K−1∙mol−1) 
1.8364 2.0133∙10−3 7.8198 0.22297 77.298 21.774 
1.9035 2.2189∙10−3 8.1645 0.25617 84.435 24.152 
1.9844 2.4631∙10−3 8.5282 0.29977 92.325 26.583 
2.0622 2.7547∙10−3 8.9039 0.33802 100.90 28.827 
2.1454 3.0528∙10−3 9.3014 0.39215 110.99 31.621 
2.2397 3.3992∙10−3 9.7131 0.43755 121.05 34.447 
2.3302 3.9409∙10−3 10.164 0.50970 131.18 37.029 
2.4439 4.4029∙10−3 10.646 0.58311 141.26 39.661 
2.5505 5.2221∙10−3 11.137 0.66096 151.33 42.339 
2.6530 5.9279∙10−3 11.636 0.74489 161.46 44.920 



2.7768 6.3159∙10−3 12.152 0.83816 171.58 47.651 
2.8961 7.2555∙10−3 12.687 0.94112 181.67 50.569 
3.0125 8.1306∙10−3 13.250 1.0552 191.76 53.865 
3.1577 9.7420∙10−3 13.839 1.1824 201.87 57.413 
3.2985 0.010955 14.448 1.3193 211.98 60.672 
3.4391 0.012251 15.088 1.4695 222.09 63.459 
3.5902 0.014213 15.594 1.5908 232.17 65.967 
3.7470 0.016116 17.040 1.9625 242.27 68.415 
3.9090 0.020166 18.618 2.3970 252.37 70.873 
4.0905 0.022767 20.316 2.9067 262.47 73.028 
4.2735 0.027342 22.252 3.4776 272.61 74.903 
4.4582 0.031862 24.319 4.1408 282.69 77.039 
4.6548 0.036211 26.576 4.9042 292.78 78.667 
4.8564 0.041851 29.023 5.7454 302.88 80.265 
5.0716 0.048169 31.733 6.6856   
5.2966 0.058790 34.696 7.7485   
5.5273 0.068643 37.937 8.8921   
5.7730 0.077528 41.478 10.108   
6.0360 0.093965 45.335 11.502   
6.2991 0.10781 49.554 12.929   
6.5712 0.12567 54.161 14.389   
6.8627 0.14386 59.202 16.073   
7.1701 0.16797 64.705 17.854   
7.4836 0.19868 70.716 19.691   

 



Table 5. Measured molar heat capacity values at constant pressure (Cp,m) for Cd,Cs RHO as a 
function of temperature (T). Measurements were performed using a Quantum Design Physical 
Property Measurement System (PPMS) at 1.2 mPa (see Table 3 for pressure uncertainty) with a 
standard uncertainty of ± 5% Cp,m below about T = 10 K and ± 1% Cp,m from T = 10 to 305 K. 
The standard uncertainty in temperature is about 4 mK. 
T/K Cp,m/(J∙K−1∙mol−1) T/K Cp,m/(J∙K−1∙mol−1) T/K Cp,m/(J∙K−1∙mol−1) 
1.8411 2.4790∙10−3 7.8191 0.24413 77.325 20.270 
1.9175 2.7041∙10−3 8.1656 0.27669 84.456 23.159 
1.9874 3.2543∙10−3 8.5295 0.33531 92.345 25.418 
2.0635 3.7386∙10−3 8.9062 0.37285 100.92 27.325 
2.1502 4.2603∙10−3 9.3006 0.43425 111.01 30.163 
2.2428 4.5435∙10−3 9.7139 0.46575 121.06 33.052 
2.3317 5.5692∙10−3 10.164 0.54937 131.18 35.304 
2.4449 6.3073∙10−3 10.648 0.62698 141.26 37.663 
2.5337 7.1660∙10−3 11.140 0.70689 151.33 40.407 
2.6601 6.5159∙10−3 11.641 0.79361 161.46 42.472 
2.7768 9.1714∙10−3 12.158 0.88664 171.57 44.829 
2.8966 9.8955∙10−3 12.696 0.99495 181.66 47.444 
3.0196 0.010840 13.255 1.1089 191.75 50.058 
3.1598 0.010998 13.844 1.2392 201.85 52.380 
3.2909 0.013784 14.464 1.3804 211.95 54.674 
3.4441 0.015210 15.104 1.5281 222.05 57.022 
3.5916 0.017285 15.611 1.6536 232.15 59.428 
3.7491 0.021457 17.048 2.0203 242.25 61.904 
3.9119 0.025410 18.634 2.4450 252.34 64.420 
4.0903 0.025913 20.317 2.9110 262.43 66.481 
4.2711 0.030602 22.260 3.4706 272.55 68.424 
4.4571 0.046178 24.334 4.0807 282.65 70.608 
4.6543 0.043325 26.594 4.8023 292.75 73.867 
4.8584 0.047901 29.066 5.5881 302.85 76.238 
5.0713 0.056211 31.764 6.4359   
5.2957 0.064453 34.717 7.4659   
5.5295 0.082140 37.962 8.5153   
5.7719 0.089344 41.498 9.5682   
6.0293 0.10504 45.358 10.980   
6.3018 0.12101 49.573 12.159   
6.5774 0.14977 54.189 13.291   
6.8634 0.15851 59.229 14.882   
7.1670 0.18881 64.731 16.584   
7.4860 0.22091 70.740 18.167   
 

  



Table 6. Measured molar heat capacity values at constant pressure (Cp,m) for Li,NH4 RHO as 
a function of temperature (T). Measurements were performed using a Quantum Design Physical 
Property Measurement System (PPMS) at 1.2 mPa (see Table 3 for pressure uncertainty) with a 
standard uncertainty of ± 5% Cp,m below about T = 10 K and ± 1% Cp,m from T = 10 to 305 K. 
The standard uncertainty in temperature is about 4 mK. 
T/K Cp,m/(J∙K−1∙mol−1) T/K Cp,m/(J∙K−1∙mol−1) T/K Cp,m/(J∙K−1∙mol−1) 
1.9293 2.4206∙10−3 7.8170 0.10373 77.318 18.760 
1.9059 2.5159∙10−3 8.1666 0.11897 84.465 21.051 
1.9825 2.4167∙10−3 8.5298 0.13565 92.344 23.488 
2.0624 2.6589∙10−3 8.9065 0.15601 100.93 25.863 
2.1474 2.9652∙10−3 9.3032 0.17843 111.02 28.738 
2.2464 3.2567∙10−3 9.7187 0.20303 121.07 31.636 
2.3346 3.8727∙10−3 10.163 0.23342 131.19 34.295 
2.4446 3.8283∙10−3 10.647 0.26808 141.27 36.964 
2.5474 4.5421∙10−3 11.138 0.30609 151.34 39.644 
2.6560 5.1971∙10−3 11.640 0.34866 161.46 42.196 
2.7758 5.5685∙10−3 12.157 0.39736 171.58 44.698 
2.8959 6.4284∙10−3 12.695 0.45199 181.66 47.336 
3.0242 6.7759∙10−3 13.255 0.51387 191.76 50.009 
3.1521 7.5806∙10−3 13.843 0.58349 201.86 52.662 
3.2960 8.3342∙10−3 14.456 0.66170 211.96 55.222 
3.4403 9.2432∙10−3 15.095 0.74923 222.04 57.777 
3.5912 0.010533 15.603 0.82148 232.15 60.527 
3.7472 0.011790 17.046 1.0504 242.22 63.279 
3.9163 0.012794 18.623 1.3327 252.30 66.181 
4.0902 0.015244 20.321 1.6694 262.40 68.847 
4.2725 0.017717 22.260 2.0873 272.54 71.545 
4.4545 0.019941 24.330 2.5772 282.61 74.023 
4.6554 0.021320 26.593 3.1663 292.70 76.251 
4.8570 0.024021 29.034 3.8343 302.79 78.307 
5.0727 0.027268 31.753 4.6127   
5.2928 0.031039 34.699 5.5147   
5.5276 0.034626 37.952 6.5083   
5.7698 0.040441 41.490 7.5969   
6.0390 0.043565 45.342 8.8536   
6.3007 0.052860 49.574 10.169   
6.5754 0.058997 54.179 11.558   
6.8645 0.068952 59.219 13.172   
7.1675 0.077203 64.724 14.888   
7.4896 0.090246 70.733 16.704   
 

 

  



4. Discussion 

4.1 Data Fitting 

The heat capacity data were fit using theoretical functions in two distinct temperature regions 

(T < 11 K and T > 40 K), and an orthogonal polynomial was used to smoothly transition between 

the two regions. These fits are shown with the experimental data in Figure 3. All parameters 

from these fits are given in Table 7. Values for Cp,m, ΔT ̥Sm ͦ, ΔT ̥Hm ͦ, and Φmͦ at smoothed 

temperatures based on the theoretical fits in are given in Tables 8–10. 

Table 7.  Parameters for low T (< 11 K), mid T (5 K < T < 60 K), and high T (T > 40 K) fits 
of heat capacity data (in J∙ K−1∙ mol−1) for Na,Cs RHO, Cd,Cs RHO, and Li,NH4 RHO. The 
variables γ, B3, B5, B7, nsch, g, and θ are the fitting parameters of Eq. 1. The variables A0, A1, A2, 
A3, A4, A5, A6, and A7 are the fitting parameters of Eq. 2. The variables m, ΘD, n1, ΘE1, n2, and ΘE2 

are the fitting parameters of Eq. 3. The high T fit for Na,Cs RHO was calculated using data up to 
~170 K. For T > 170 K, the fit is an estimation of the lattice heat capacity excluding the excess 
heat capacity due to the transition.  
 Parameter Na,Cs RHO Cd,Cs RHO Li,NH4 RHO 

L
ow

 T
 F

it
s 

γ / (J∙K−2·mol−1) 1.3797∙10−4 1.6879∙10−4 4.2866∙10−4 
B3 / (J∙K−4·mol−1) 2.9139∙10−4 4.0438∙10−4 1.2683∙10−4 
B5 / (J∙K−6·mol−1) −2.4632∙10−6 −5.8923∙10−6 1.4586∙10−6 
B7 / (J∙K−8·mol−1) 9.8673∙10−9 2.2012∙10−8 −6.5612∙10−9 
Bgap / (J∙K−2·mol−1) 0.34028 0.59636 1.5153∙10−3 
n 1 1 1 
δ / K 23.087 25.100 2.9987 
%RMS 1.89 5.15 2.93 
Range / K 1.84–8.81 1.84–7.07 1.93–8.31 

M
id

 T
 F

it
s 

A0 / (J∙K−1·mol−1) −0.061908 −0.13331 0.077391 
A1 / (J∙K−2·mol−1) 0.0468282 0.083459 −0.037867 
A2 / (J∙K−3·mol−1) −0.015921 −0.023555 7.1894∙10−3 
A3 / (J∙K−4·mol−1) 2.8718∙10−3 3.8172∙10−3 −5.5003∙10−4 
A4 / (J∙K−5·mol−1) −1.6158∙10−4 −2.2285∙10−4 5.4125∙10−5 
A5 / (J∙K−6·mol−1) 4.8908∙10−6 6.9817∙10−6 −2.3067∙10−6 
A6 / (J∙K−7·mol−1) −8.4305∙10−8 −1.2284∙10−7 4.8828∙10−8 
A7 / (J∙K−8·mol−1) 7.7416∙10−10 1.1366∙10−9 −5.1366∙10−10 
A8 / (J∙K−9·mol−1) −2.9308∙10−12 −4.2929∙10−12 2.1461∙10−12 
%RMS 0.793 1.73 0.918 
Range / K 8.81–49.63 7.07–51.38 8.31–47.43 

H
ig

h 
T

 F
it

sm / mol 0.8701 0.7655 0.86698 
ΘD / K 178.80 168.10 214.99 
n1 / mol 1.2953 1.4609 1.4284 



ΘE,1 / K 398.96 408.83 448.55 
n2 / mol 3.5655 3.3663 3.6615 
ΘE,2 / K 1094.3 1211.5 1210.5 
%RMS 0.255 0.790 0.246 
Range / K 49.63–171.58  51.38–302.85 47.43–302.78 

 

 



Table 8. Standard thermodynamic functions of Na,Cs RHO with respect to temperature (T). 
The thermodynamic functions include molar heat capacity at constant pressure at 0.1 MPa (Cp,m), 
molar entropy (ΔT ̥Sm ͦ), molar enthalpy (ΔT ̥Hm ͦ), and Gibbs-energy based Massieu potential (Φm). 
These values include the excess heat capacity above 170 K. All calculated thermodynamic values 
have an estimated standard uncertainty of about 5% below 10 K and 1% above 10 K. See Table 3 
for pressure uncertainty. 

T/K Cp,m/(J∙K−1∙mol−1) ΔT
0Sm ͦ/(J∙K−1∙mol−1) ΔT

0Hm ͦ/(kJ∙mol−1)  Φmͦ/(J∙K−1∙mol−1) 
0 0 0 0 0 
1 4.269∙10−4 2.346∙10−4 1.414∙10−7 9.319∙10−5 
2 2.536∙10−3 1.038∙10−3 1.416∙10−6 3.297∙10−4 
3 8.169∙10−3 2.969∙10−3 6.364∙10−6 8.474∙10−4 
4 0.02108 6.848∙10−3 2.015∙10−5 1.810∙10−3 
5 0.04699 0.01404 5.287∙10−5 3.468∙10−3 
6 0.09091 0.02619 1.202∙10−4 6.163∙10−3 
7 0.15565 0.04479 2.417∙10−4 0.01027 
8 0.24218 0.07098 4.387∙10−4 0.01614 
9 0.35095 0.10556 7.334∙10−4 0.02407 
10 0.48253 0.14915 1.148∙10−3 0.03432 
15 1.4493 0.51149 5.779∙10−3 0.12624 
20 2.7995 1.1063 0.01628 0.29239 
25 4.3719 1.8969 0.03414 0.53133 
30 6.0724 2.8428 0.06021 0.83584 
35 7.8458 3.9114 0.09499 1.1976 
40 9.6344 5.0761 0.13869 1.6087 
45 11.375 6.3121 0.19125 2.0621 
50 13.041 7.5973 0.25231 2.5510 
60 16.311 10.265 0.39913 3.6129 
70 19.538 13.022 0.57841 4.7593 
80 22.702 15.839 0.78968 5.9677 
90 25.752 18.690 1.0321 7.2226 
100 28.660 21.555 1.3042 8.5126 
110 31.439 24.418 1.6048 9.8284 
120 34.120 27.269 1.9327 11.163 
130 36.744 30.104 2.2870 12.511 
140 39.348 32.922 2.6675 13.869 
150 41.956 35.726 3.0740 15.232 
160 44.583 38.517 3.5067 16.600 
170 47.233 41.300 3.9658 17.972 
180 50.129 44.080 4.4523 19.345 
190 53.339 46.875 4.9693 20.719 
200 56.725 49.697 5.5196 22.098 
210 59.976 52.544 6.1034 23.479 
220 62.879 55.402 6.7180 24.865 
230 65.475 58.256 7.3599 26.254 
240 67.923 61.094 8.0270 27.647 
250 70.283 63.915 8.7181 29.040 
260 72.480 66.715 9.4322 30.436 
270 74.502 69.489 10.167 31.831 
273.15 75.120 70.356 10.403 32.270 
280 76.443 72.233 10.922 33.224 



290 78.222 74.948 11.695 34.616 
298.15 79.546 77.135 12.338 35.749 
300 79.836 77.628 12.486 36.005 

 
Table 9. Standard thermodynamic functions of Cd,Cs RHO with respect to temperature (T). The 
thermodynamic functions include molar heat capacity at constant pressure  at 0.1 MPa (Cp,m), 
molar entropy (ΔT ̥Sm ͦ), molar enthalpy (ΔT ̥Hm ͦ), and Gibbs-energy based Massieu potential (Φm). 
All calculated thermodynamic values have an estimated standard uncertainty of about 5% below 
10 K and 1% above 10 K. See Table 3 for pressure uncertainty. 
T/K Cp,m/(J∙K−1∙mol−1) ΔT

0Sm ͦ/(J∙K−1∙mol−1) ΔT
0Hm ͦ/(kJ∙mol−1)  Φmͦ/(J∙K−1∙mol−1) 

0 0 0 0 0 
1 5.673∙10−4 3.024∙10−4 1.845∙10−7 1.179∙10−4 
2 3.391∙10−3 1.379∙10−3 1.894∙10−6 4.322∙10−4 
3 0.01046 3.907∙10−3 8.362∙10−6 1.120∙10−3 
4 0.02537 8.703∙10−3 2.539∙10−5 2.357∙10−3 
5 0.05439 0.01716 6.382∙10−5 4.396∙10−3 
6 0.10326 0.03106 1.408∙10−4 7.594∙10−3 
7 0.17469 0.05205 2.779∙10−4 0.01235 
8 0.26738 0.08119 4.971∙10−4 0.01905 
9 0.38277 0.11912 8.203∙10−4 0.02798 
10 0.52081 0.16639 1.270∙10−3 0.03937 
15 1.5058 0.54889 6.153∙10−3 0.13872 
20 2.8204 1.1567 0.01687 0.31301 
25 4.2975 1.9426 0.03462 0.55777 
30 5.8745 2.8642 0.06001 0.86371 
 35 7.5262 3.8930 0.09349 1.2218 
40 9.1935 5.0072 0.13530 1.6246 
45 10.780 6.1829 0.18529 2.0653 
50 12.225 7.3946 0.24286 2.5375 
60 15.149 9.8792 0.37958 3.5529 
70 18.185 12.441 0.54617 4.6388 
80 21.280 15.071 0.74349 5.7778 
90 24.338 17.755 0.97165 6.9591 
100 27.278 20.473 1.2298 8.1744 
110 30.063 23.205 1.5167 9.4166 
120 32.693 25.934 1.8306 10.679 
130 35.195 28.651 2.1701 11.957 
140 37.604 31.348 2.5342 13.246 
150 39.957 34.022 2.9220 14.542 
160 42.286 36.676 3.3332 15.843 
170 44.614 39.309 3.7677 17.146 
180 46.955 41.925 4.2256 18.450 
190 49.317 44.527 4.7069 19.754 
200 51.700 47.117 5.2120 21.057 
210 54.100 49.698 5.7410 22.360 
220 56.511 52.270 6.2940 23.661 
230 58.924 54.835 6.8712 24.961 
240 61.328 57.394 7.4725 26.259 
250 63.714 59.946 8.0977 27.555 
260 66.074 62.491 8.7467 28.850 



270 68.399 65.028 9.4191 30.143 
273.15 69.123 65.826 9.6357 30.550 
280 70.682 67.557 10.114 31.434 
290 72.917 70.077 10.833 32.723 
298.15 74.698 72.122 11.434 33.772 
300 75.098 72.586 11.573 34.010 

Table 10. Standard thermodynamic functions of Li,NH4 RHO with respect to temperature 
(T). The thermodynamic functions include molar heat capacity at constant pressure at 0.1 MPa 
(Cp,m), molar entropy (ΔT ̥Sm ͦ), molar enthalpy (ΔT ̥Hm ͦ), and Gibbs-energy based Massieu 
potential (Φm). All calculated thermodynamic values have an estimated standard uncertainty of 
about 5% below 10 K and 1% above 10 K. See Table 3 for pressure uncertainty. 
T/K Cp,m/(J∙K−1∙mol−1) ΔT

0Sm ͦ/(J∙K−1∙mol−1) ΔT
0Hm ͦ/(kJ∙mol−1)  Φmͦ/(J∙K−1∙mol−1) 

0 0 0 0 0 
1 6.325∙10−4 4.874∙10−4 2.598∙10−7 2.275∙10−4 
2 2.594∙10−3 1.426∙10−3 1.724∙10−6 5.644∙10−4 
3 6.724∙10−3 3.172∙10−3 6.166∙10−6 1.116∙10−3 
4 0.01408 6.020∙10−3 1.624∙10−5 1.960∙10−3 
5 0.02620 0.01036 3.591∙10−5 3.177∙10−3 
6 0.04499 0.01668 7.087∙10−5 4.870∙10−3 
7 0.07253 0.02556 1.288∙10−4 7.157∙10−3 
8 0.11074 0.03761 2.195∙10−4 0.01017 
9 0.16045 0.05341 3.541∙10−4 0.01406 
10 0.22212 0.07340 5.444∙10−4 0.01896 
15 0.73299 0.24827 2.786∙10−3 0.06254 
20 1.5966 0.56925 8.468∙10−3 0.14586 
25 2.7593 1.0458 0.01925 0.27564 
30 4.1196 1.6669 0.03639 0.45388 
35 5.5894 2.4112 0.06063 0.67900 
40 7.1255 3.2572 0.09239 0.94745 
45 8.7135 4.1878 0.13197 1.2551 
50 10.303 5.1886 0.17954 1.5979 
60 13.400 7.3414 0.29809 2.3733 
70 16.497 9.6393 0.44755 3.2457 
80 19.609 12.045 0.62808 4.1943 
90 22.691 14.533 0.83963 5.2042 
100 25.688 17.080 1.0816 6.2641 
110 28.571 19.665 1.3530 7.3646 
120 31.338 22.270 1.6526 8.4981 
130 34.008 24.885 1.9794 9.6580 
140 36.610 27.500 2.3326 10.839 
150 39.176 30.114 2.7115 12.037 
160 41.733 32.724 3.1161 13.248 
170 44.300 35.331 3.5462 14.471 
180 46.889 37.936 4.0021 15.702 
190 49.505 40.541 4.4841 16.941 
200 52.146 43.147 4.9923 18.186 
210 54.806 45.756 5.5271 19.437 
220 57.477 48.367 6.0885 20.692 
230 60.147 50.981 6.6766 21.952 
240 62.807 53.597 7.2914 23.216 



250 65.446 56.215 7.9327 24.484 
260 68.053 58.832 8.6002 25.755 
270 70.620 61.449 9.2936 27.028 
273.15 71.419 62.273 9.5173 27.430 
280 73.138 64.063 10.012 28.304 
290 75.602 66.673 10.756 29.582 
298.15 77.566 68.795 11.380 30.625 
300 78.006 69.276 11.524 30.862 
 

Below 10 K, the heat capacity is represented by  

��,� = �� + 
��� + 
��� + 

�
 + 
������
�

�

�   (1) 

where γ, B3, B5, B7, Bgap, �, and n are constants obtained from fitting the data, and R is the 

universal gas constant. The B3T3, B5T5, and B7T7 terms represent the lattice contribution to the 

heat capacity [28; 32; 33; 34]. A linear term, γT, is usually seen in conductors to represent 

electronic heat capacity [33]. However, these materials are insulators, so the need for a linear 

term most likely arises from impurities in the lattice or lattice vacancies [35]. The last term in 

Eq. 1 is called a gap term and models the contribution of low-energy phonon modes associated 

with flexibility [36]. Bgap represents the bands of excess low-energy modes, δ is proportional to 

the size of the gap, and n is the dimensionality of the gap (n = 1 in this case) [36]. An n = 1 gap 

term is expected when fitting zeolite heat capacities [36], and Eq. 1 has been used previously to 

fit the heat capacity of Na-A and Zn-A zeolite samples in this temperature region [31]. 

The medium temperature region was fit to an 8th order orthogonal polynomial, based on 

an algorithm from the Westrum group [37]. This function does not have a theoretical basis but is 

used to provide a smooth overlap between the low and high temperature functions: 

��,� = ∑ �����
���  (2) 

The polynomial coefficient values, Ai, are also given in Table 7.  



Above about 40 K, the lattice contribution to the heat capacity can typically be described by 

smooth, theoretically-based Debye and Einstein functions [30]. The Cd,Cs RHO and Li,NH4 

RHO samples were both fit according to the equation, 

��,� = � ∙ � Θ" �⁄ $ + %& ∙ ' Θ(& �⁄ $ + %) ∙ ' Θ() �⁄ $ (3) 

where D(ΘD/T) is a Debye function with a characteristic temperature of ΘD, E(ΘE1/T) and 

E(ΘE2/T) are Einstein functions with characteristic temperatures of ΘE1 and ΘE2, respectively, 

and m, n1, and n2 represent the number of Debye or Einstein oscillators corresponding to each 

characteristic temperature [33].  

While this fit provided acceptable deviations for the Cd,Cs RHO and Li,NH4 RHO samples 

throughout the entire temperature range, the Na,Cs RHO sample exhibits a heat capacity 

transition from 180 to 300 K that could not be fit adequately using this or any theoretical 

function. This transition was observed as systematic deviations from Eq. 3 above 180 K (see 

Figure 4), so Eq. 3 was used to fit the Na,Cs RHO data only from ~40 to 170 K. While the data 

from 170–300 K could also be used to generate a lattice heat capacity, extrapolating this fit down 

to the mid temperature range did not line up well with the measured data. The fit provided in 

Table 7 lines up well with the data at 300 K, even though this point was excluded during fitting. 

This fit represents only the base lattice contribution to the heat capacity (excluding any excess 

heat capacity). Extrapolating this fit up to 300 K allows us to subtract an estimate of the lattice 

heat capacity and calculate the enthalpy and entropy of the transition using a cubic spline 

through the deviations (shown as a line in Figure 4). The enthalpy of the transition is 0.197 

kJ⋅mol−1, and the entropy of the transition is 0.838 J⋅mol−1⋅K−1. (Note that these values are 

relatively small for a structural transition.) Possible sources of the transition include lattice 

expansion/structural transition and water/cation rearrangement inside the zeolite cages. Because 



it is nontrivial to separate the transition heat capacity, the thermodynamic functions given in 

Table 8 were calculated using a cubic spline through the measured data above 170 K. The solid 

line through the Na,Cs RHO data points in Figure 3 includes these values from the spline, and 

was integrated along for the thermodynamic functions. The dashed line in Figure 3 is that of the 

lattice fit provided in Table 7. 

 
Figure 4. Absolute deviation of the measured heat capacity (Cp) from Eq. 3 (Cfit) from 50–300K. 
The line included here is a cubic spline of the deviations used to calculate the enthalpy and 
entropy of the transition. 
 
 

4.2 The Transition above 170 K for Na,Cs RHO 

 The first possible source of this transition is structural changes in the Na,Cs RHO sample 

that are not present in the other samples. For flexible materials like zeolite RHO, transitions 

caused by excess heat capacity can indicate lattice changes such as structural transitions [38], 



increased lattice flexibility [33], and gate opening [39]. Although the dehydrated RHO 

framework can undergo a lattice change as temperature increases [17], this transition is only 

observed in the Na,Cs RHO sample, so the RHO framework alone is not responsible for the 

transition.  

A more likely explanation of the presence of the transition above 170 K in only the Na,Cs 

RHO data is differences in water content between the samples. The Na,Cs RHO sample has 

significantly more water (0.528 mol H2O/mol zeolite) compared to both the Cd,Cs and Li,NH4 

RHO zeolites (0.315 and 0.323 mol H2O/mol zeolite, respectively). Besides increasing the heat 

capacity over the entire temperature range (see Figure 3), the excess water likely undergoes a 

melting-type transition above 170 K, as has been seen in many other zeolites and similar 

hydrated samples [40]. This is the most probable explanation of the transition. Dividing the 

entropy of the transition (0.080 J⋅mol−1⋅K−1) by the entropy of fusion for water at 220 K, we 

calculate that 0.029 moles of H2O (of the 0.561 moles in the sample) are labile and contribute to 

this transition.  

A higher water content could contribute excess heat capacity for other reasons as well. For 

instance, water can interact with the zeolite lattice in unpredictable ways [41; 42]. In RHO 

zeolites, higher hydration levels lead to distortion in the D8R rings (see Figure 1), which are the 

most labile part of the structure [43; 44]. Water rearrangement would accompany any such 

changes in structure, and this could contribute to the transition as well. Besides water molecules, 

cations also reside in the cages and would be affected by this change in symmetry [23; 24]. 

Although cations can move between cation sites when surrounded by guest/sorbate molecules 

[39], the energy required for this movement is likely too high for this temperature region. 



Therefore, local distortion of the D8R rings and accompanying water rearrangement are possible 

sources of the transition observed in the Na,Cs RHO sample due to its higher water content.   

5. Conclusion 

     RHO zeolites are widely used for separation and catalysis because of their flexible 

frameworks; extra-framework cations and hydration levels can influence this framework. We 

report the heat capacity of partially hydrated Na,Cs RHO, Cd,Cs RHO, and Li,NH4 RHO zeolites 

from 1.8 to 300 K to understand how intermediate hydration levels affect these samples. The 

Na,Cs RHO heat capacity exhibited a transition above 170 K that was not seen in the Cd,Cs 

RHO and Li,NH4 heat capacities. Since this sample has the highest water content, we attribute 

this transition to a melting-type transition of labile water in the Na,Cs RHO sample. A possible 

distortion of the D8R rings because of the higher water content and melting would also 

contribute to the peak. Future work will include measuring the heat capacity of these samples 

fully dehydrated and fully hydrated to further separate water and lattice effects on the heat 

capacity.  
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