
Supplementary Discussion 

Definitions of compounds 
Fe2Cl2(bbta), 1 (H2bbta = 1H,5H-benzo(1,2-d:4,5-d¢)bistriazole) 
Fe2Cl2(btdd), 2 (H2btdd = bis(1H-1,2,3-triazolo[4,5-b],[4¢,5¢-i])dibenzo[1,4]dioxin) 

Structure solution and Rietveld refinement of Fe2Cl2(bbta) 
The previously reported crystal structure of the isostructural Mn2Cl2(bbta)1, with Mn atoms 
replaced by Fe atoms, was used as a starting structural model for the Rietveld refinement. Prior 
to the refinement, precise unit cell parameters were obtained by Le Bail fitting implemented in 
TOPAS-Academic2. In the initial stages of the refinement, C–O, C–N and C–C distances were 
restricted with “soft” constraints, and the bbta2– ligand was constrained to be flat. Single refined 
isotropic thermal parameters were assigned to the Fe and Cl atoms, together with one single 
isotropic thermal parameter for all of the atoms of the bbta2– ligand. H atoms were placed on 
calculated positions. Thermal parameters, and sample and instrument parameters were fully 
refined together with the background parameters. Preferred orientation was detected and 
corrected with the March-Dollase formulation3. The calculated diffraction pattern for the final 
structural model of Fe2Cl2(bbta) is in excellent agreement with the experimental diffraction 
pattern as seen in the Rietveld plot in Figure S1 and crystallographic details in Table S3.   

Structure solution and Rietveld refinement of CO-dosed Fe2Cl2(bbta) 
Precise unit cell parameters of the CO-dosed Fe2Cl2(bbta) were obtained by Le Bail fitting. 
Using the refined structure of Fe2Cl2(bbta) as a starting model, a Fourier difference map was 
calculated after a Rietveld refinement. Excess electron density was observed above the Fe 
centers at a distance expected for adsorbed CO. Additionally, excess electron density was 
observed directly above the Fe, suggesting that the Fe centers move slightly out of the equatorial 
ligand plane after CO dosing.  

During of the refinement, the C–O, C–C, and C–N bond distances were restricted with “soft” 
constraints, and the bbta2– ligand was constrained to be flat. Single refined isotropic thermal 
parameters were assigned to the Fe atom, the Cl atom, the C atom of CO, and the O atom of CO. 
A single isotropic thermal parameter was assigned to all atoms of the bbta2– ligand. H atoms 
were placed on calculated positions. In the final stages of the refinement, the CO occupancy and 
thermal and unit cell parameters were fully refined with no constraints, convoluted with the 
sample and instrument parameters and Chebyshev background polynomials. As with the 
activated Fe2Cl2(bbta) sample, the diffraction data required a preferred orientation correction in 
the March-Dollase formulation3. The calculated diffraction pattern for the final structural model 
of CO-dosed Fe2Cl2(bbta) is in excellent agreement with the experimental diffraction pattern 
(Rietveld plot in Figure S2 and figures-of-merit in Table S4).  
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Rietveld refinement of Fe2Cl2(bbta) Cycling Data 
In situ powder X-ray diffraction were performed at APS Beamline 17-BM while a sample of 
Fe2Cl2(bbta) sealed under 300 mbar of CO gas was cycled between the temperatures 273 K and 
353 K.  The sample was measured every minute for four cycles, with rates of change in 
temperature varying between 3 K/min and 6 K/min.  Depending on the temperature during the 
course of the experiment, the sample switched between two distinct phases whose crystal 
structures are analogous to those refined for Fe2Cl2(bbta) (at high temperatures) and CO-dosed 
Fe2Cl2(bbta) (at low temperatures).  

In order to monitor the quantitative phase change between the two crystal structures as a function 
of temperature, Rietveld refinements were performed on diffraction data collected during the 
cycling experiment.  In these two-phase refinements, all atomic coordinates of the structural 
models of low-spin and high-spin phases (Fe2Cl2(bbta) and CO-dosed Fe2Cl2(bbta), respectively) 
were fixed. The sample and instrumental parameters, together with the Chebyshev background 
polynomials, the scale factors, and the weight fractions of the low-spin and high-spin phases 
were refined for each pattern. To confirm the validity of the refinements, Rwp, unit cell volumes, 
and unit cell volume errors for each pattern were extracted and plotted (Figures S4-S5).  

Structure solution and Rietveld refinement of Fe2Cl2(btdd) 
While crystalline, the powder X-ray diffraction pattern of Fe2Cl2(btdd) does not contain enough 
high-angle data to allow for ab initio methods of crystal structure solution. Therefore, the starting 
model was based on the refined crystal structure of Fe2Cl2(bbta). The symmetry of the initial 
Fe2Cl2(bbta) model was converted to P1, and then, keeping the iron coordination sphere constant, 
the linker was extended from the original bbta2– to btdd2– in the program Materials Studio4. The 
structural model was then optimized using the Forcite module of Materials Studio. The resulting 
model was converted to the correct space group of R-3m by the ADDSYM module of PLATON5 
and was then used to perform a Rietveld refinement of the activated Fe2Cl2(btdd) powder pattern 
in TOPAS-Academic.   

Precise unit cell parameters of Fe2Cl2(btdd) were first obtained by Le Bail fitting. In the initial 
stages of the refinement the btdd2– ligand itself was not refined, and the Fe and Cl atoms 
positions were varied freely, together with the isotropic thermal parameters for the Fe and Cl 
atoms and a single isotropic thermal parameter assigned to all atoms of the btdd2– ligand.  Once 
the positions of the Fe and Cl atoms were determined, soft constraints were placed on all C–C, 
C–N, and C–O bond distances and angles and the atomic positions (with the exception of those 
for H). Thermal parameters, and sample and instrument parameters were fully refined together 
with the background parameters. The resulting calculated diffraction pattern for the final 
structural model of Fe2Cl2(btdd) is in excellent agreement with the experimental diffraction 
pattern (Rietveld plot shown on Figure S7 and figures-of-merit given in Table S5).   
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While the constraints on C–C, C–N, and C–O bond distances and angles could not be removed 
without resulting in chemically unreasonable ligand bond distances, an unconstrained refinement 
did not significantly alter the overall structure of the framework, confirming that the structural 
model obtained is a reasonable approximation of the average crystal structure of the compound.  

Structure solution and Rietveld refinement of CO-dosed Fe2Cl2(btdd) 
Precise unit cell parameters of the CO-dosed Fe2Cl2(btdd) were first obtained by Le Bail fitting.  
Using the refined structure of Fe2Cl2(btdd) as a starting model, a Fourier difference map was 
calculated after a Rietveld refinement of the CO-dosed Fe2Cl2(btdd). Excess electron density was 
clearly observed above the Fe centers at a distance expected for adsorbed CO.  The difference 
map was used as an initial guide for the placement of the C and O atoms of the adsorbed CO 
molecule before being optimized in later refinements.  

The Fe and Cl atoms were allowed to refine freely, with separate isotropic thermal parameters 
assigned to the Fe atom, the Cl atom, the C atom of CO, and the O atom of CO. A separate 
isotropic thermal parameter was assigned to all atoms of the btdd2– ligand and refined, and the 
atom positions of the ligand were refined with “soft” constraints. Thermal parameters, and 
sample and instrument parameters were fully refined together with the background parameters.  
The calculated diffraction pattern for the final structural model of CO-dosed Fe2Cl2(btdd) is in 
excellent agreement with the experimental diffraction pattern (Rietveld plot shown on Figure S8 
and figures-of-merit given in Table S6).  Additionally, the structural model obtained is consistent 
with the crystal structure of CO-dosed Fe2Cl2(bbta). 

Selectivity for CO adsorption 
Selectivity for CO over H2 and N2 are presented as a simple selectivity parameter (S) in 1 by 
comparing the amount adsorbed at each gas (q) at a given pressure (p) using Eqn 1 in each of the 
single component isotherms, with two gases a and b. The values for q were calculated by using 
the fit provided by the piecewise Langmuir-Freundlich equation (for CO) or single-site Langmuir 
equation (for H2 and N2).  

(1)      𝑆 = 	 $% &%
$' &'

 

While these values are indicative of a very selective separation, S is not necessarily the most 
accurate method, as the material after dosing with CO is a different material. Unfortunately, 
models that utilize competitive binding such as Ideal Adsorbed Solution Theory (IAST)6 cannot 
be used here due to the phase change. In general, these adjusted values determined by IAST are 
significantly greater, meaning the numbers reported in this study should serve as a lower bound 
for adsorption selectivity. This presents an intriguing area for further study. 
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Isotherm fitting and isosteric heat of adsorption calculations 
In order to calculate isosteric heats of adsorption, Qst, as a function of CO loading, adsorption 
data for 1 and 2 was fit with a mathematical model. Due to the sharp step in many of the CO 
adsorption isotherms, a piecewise function (Eqn 2)7 was employed to describe both the pre-step 
and post-step CO adsorption, n, at each temperature. Specifically, when the pressure, p, is less 
than the step pressure, pstep, at a given temperature, T, the isotherm is modeled using a single-site 
Langmuir-Freundlich equation where R is the ideal gas constant in J mol–1 K–1, nsat is the 
saturation capacity in mmol/g, S is the integral entropy of adsorption at saturation in units of R, 
H is the differential enthalpy of adsorption in kJ/mol, and v is the Freundlich parameter. When 
the p is greater than pstep, the isotherm is modeled using a dual-site Langmuir-Freundlich 
equation, with two adsorption sites a and b, for which p has been offset by pstep. The temperature 
dependence of pstep is described using the Clausius-Clapeyron relation (Eqn 3). Here, pstep is a 
function of the step pressure at an initial temperature, pstep,T0, the initial temperature T0, and the 
enthalpy of the phase transition that is associated with the step, Hstep. The stepped CO adsorption 
isotherms of 1 and 2 collected at 20, 25, and 30 °C are fit simultaneously with one set of 
parameters for each sample. We note that there is a slight discontinuity when p is just above pstep 
and n is less than n(pstep), but this does not significantly affect the isosteric heat of adsorption 
calculations. All parameters are listed in Table S7. 
 

(2) 𝑛 𝑝, 𝑇 =

,-%.,/01/023/ 45&6/

7801/023/ 45&6/

,-%.,9%019%0239% 45(&;&-.<=)69%

78019%0239% 45(&;&-.<=)69%
+ ,-%.,9'019'0239' 45(&;&-.<=)69'

78019'0239' 45(&;&-.<=)69'

 

(3)             𝑝@ABC 𝑇 = 	𝑝@ABC,DE𝑒
3-.<=
4

/
5;

/
5G  

 
The isosteric heats of adsorption (Qst) can be calculated by solving Eqn 2 for explicit values of n 
at a minimum of 3 temperatures, in this case 20, 25, and 30 °C. The isosteric heats of adsorption 
as a function of the amount of CO adsorbed can then be determined using the integrated form of 
the Clausius-Clapeyron equation (Eqn 4) by calculating the slope of ln(p) vs 1/T for each 
loading. 
 
(4)            (ln 𝑝), =

J-.
K
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L
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Isotherms for H2, N2, and CO2 were fit using standard Langmuir adsorption models shown in 
Eqn 5, from which Eqn 2 was derived, and in the case of CO2 isotherms collected at 25, 35, and 
45 °C were used to calculate isosteric heats of adsorption using Eqn 4. Additionally, for H2 and 
N2, nsat was constrained to be 15 mmol/g, consistent with the saturation capacity as determined 
through the Langmuir surface area to accurately reflect selectivity values calculated from low-
pressure isotherms. As shown in previous examples8,9, this saturation capacity has a large effect 
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on the selectivity values observed. All parameters are listed in Table S8. Note that for the 
calculated CO2 parameters, the extremely linear isotherms were difficult to accurately fit with 
standard Langmuir isotherms, even when adding multiple, different adsorption sites. A possible 
explanation for this is the relatively weak interaction with the open, high-spin FeII site is similar 
to the strength of interaction elsewhere in the framework, such as on the pore walls, creating an 
arbitrarily large nsat. However, this was not explored further. As such, the values are 
representative of the best mathematical fit for the data in order to extract useful information and 
not necessarily indicative of physically realizable parameters.  

(5)  𝑛 = 	 ,-%.N&
78N&

 

(6) 𝑏 = 	𝑒;P𝑒
3
45

Regeneration energy calculations 
Regeneration energy values (E) of 1 were calculated from estimations of the latent and sensible 
heat contributions per kg of CO captured for a pure temperature swing adsorption process (no 
vacuum or inert gas purge), as shown in Eqn 7. Latent heat contributions were derived from the 
aforementioned calculated isosteric heats of adsorptions (Qst) multiplied by the amount of CO 
released (q, in this case the working capacity). Sensible heat contributions were determined using 
heat capacities (Cp) determined by differential scanning calorimetry, and multiplied by 
temperature required for regeneration (ΔT). The regeneration energy was normalized per kg of 
CO captured by multiplying the resultant value by the mass of sample (m) needed to produce 1 
kg CO, calculated using the working capacity. 

(7)            𝐸 = 𝑚(–𝑄@A𝑞 + 𝐶C∆𝑇) 

For regeneration temperatures, the desorption step pressure was extrapolated by using the 
Clausius-Clapeyron relation in Eqn 3, using the desorption step pressure as pstep,0 and the 
enthalpy associated with the phase transition, Hstep, derived from the isosteric heat of adsorption. 

Gas adsorption in Ni2(dobdc) and Fe2(dobdc) 
Working capacity measurements for Ni2(dobdc) and Fe2(dobdc) were derived using 
thermodynamic parameters calculated from multiple temperature CO adsorption isotherms 
previously reported8.  

Infrared spectroscopy 
Samples of 1 were exposed to various pressures of CO at 25 °C. A peak at 2157 cm–1 appears 
initially at pressures below 150 mbar, blue-shifted with respect to free CO. This feature is 
consistent previously reported examples that feature high-spin FeII–CO interactions8. Full 
conversion to low-spin FeII is expected upon raising the pressure past 150 mbar, and this peak is 
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expected to lose intensity. However, instead it grows in intensity until 350 mbar and then begins 
to gradually lose intensity. This could be because conversion to low-spin FeII is not complete, 
and as the gradual decrease in intensity suggests, the peak would eventually lose more intensity 
upon further increases in pressure. Incomplete activation before data collection could also cause 
domains of iron sites that are unable to transition to low-spin and that remain high-spin, 
presenting another potential source of error. Lastly, the heat provided by the IR beam might 
provide a slight amount of local heating, pushing the step pressure past the dosing pressure in a 
small amount of the sample, which would be expected to have the observed stretching frequency. 
Due to experimental limitations, these theories were not analyzed further. We acknowledge, 
however, that this could also be because the peak does not correspond to high-spin FeII–CO, and 
rather is CO bound to an impurity that was not detected by other spectroscopic methods or 
simply physisorbed CO on the framework.  
 
The appearance of two, slightly different low-spin FeII–CO interactions is attributed to slight 
disorder of the CO molecules at 25 °C. This is visible in the large thermal parameter observed in 
the powder X-ray diffraction (Table S4). Additionally, incomplete activation or ambient solvent 
molecules that interfere during data collection may have contributed to the slightly different peak 
positions.  
 
The interaction with CO is fully reversible at 25 °C. Figure S18 shows several spectra collected 
upon a progressive decrease of the CO equilibrium pressure. In particular, in the 600-200 mbar 
pressure range, all bands due to the FeII–CO adducts (both high and low-spin), appear 
unchanged. When the pressure is lowered past 200 mbar (see green spectrum in Figure S18), 
both signals from low-spin species (bands at 2048 and 2039 cm–1) start to decrease significantly 
in intensity, whereas the component associated to the high spin adducts (2157 cm–1) does not 
change. Finally, when the CO equilibrium pressure reaches 50 mbar (see orange spectrum in 
Figure S18) and the 2048 and 2039 cm–1 components have almost disappeared, the band at 2157 
cm–1 states to decrease in intensity. It is clear that the reversibility of both low and high-spin FeII 
IR components is not associated to the strength of the CO–FeII interactions but instead to the CO 
desorption behavior of this material. 
 
Mössbauer spectroscopy 
The 100 K spectra collected for the activated Fe2Cl2(bbta) shows two different iron sites (Figure 
S19). We attribute this to ambient solvent occupying the open metal site during sample 
preparation or slight degrees of incomplete activation. Consistent with this, the respective areas 
of these two metal sites are present in different ratios in different preparations of the sample, 
even with using the same material. Additionally, preparation of the CO-dosed sample shows just 
one iron site, suggesting that weak solvent interactions are displaced by the carbon monoxide at 
low pressures. 
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Magnetic susceptibility 
CO-dosed Fe2Cl2(bbta) displays a χMT at 300 K of 1.2 emu·K/mol, or 0.6 emu·K/mol Fe, while it 
is expected to be closer to 0 emu·K/mol. This observed residual magnetic moment is attributed to 
incomplete saturation of the iron sites during the course of the experiment, as this represents 17% 
of the χMT value at 300 K for the all high-spin Fe2Cl2(bbta) (6.9 emu·K/mol). This could be due 
to gas diffusion difficulties, as the powder to be dosed was compressed significantly and then 
immobilized with quartz wool to prevent torqueing during the measurement, instead of being a 
loose powder as is typically used during gas adsorption measurements. Additionally, ambient 
solvent may have occupied the iron sites during the preparation of the sample, which may also 
contribute to high-spin FeII sites. As the data broadly confirms what is expected, this was not 
explored further. 
 
Error Calculation 
All errors associated with fitting the collected data are reported as a standard error. Bond 
distance errors in the solid state structures are reported as an estimated standard deviation (esd) 
of the final digits. 
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Supplementary Tables 
 
Table S1 | Unit cell parameters from powder X-ray diffraction. 
 Temperature Space Group a (Å) c (Å) V (Å3) 
Fe2Cl2(bbta) 295 K R–3m 25.1565(12) 8.2321(4) 4511.7(5) 
CO•Fe2Cl2(bbta) 295 K R–3m 23.9689(8) 8.0046(3) 3982.6(3) 

Fe2Cl2(btdd) 298 K R–3m 39.166(9) 8.1664(19) 10849(6) 
CO•Fe2Cl2(btdd) 298 K R–3m 38.082(5) 7.9951(9) 10041(3) 
 
Table S2 | Selected bond distances. 

 Fe2Cl2(bbta) CO•Fe2Cl2(bbta) Fe2Cl2(btdd) CO•Fe2Cl2(btdd) 
Fe–N1 (Å) 2.110(15) 1.972(5) 2.06(5) 2.00(3)  
Fe–N2 (Å) 2.11(2) 1.987(9) 2.22(6) 2.11(6) 
Fe–Cl (Å) 2.385(6) 2.259(4) 2.527(16) 2.409(10) 
Fe–CO (Å) – 1.76 (4) – 1.84 (6) 
C–O (Å) – 1.18(4) – 1.17(6) 
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Table S3 | Rietveld Refinement of Fe2Cl2(bbta). Values in parenthesis indicate one standard 
deviation from the parameter value. Temperature = 295 K, space group R–3m, a = 25.1565(12) 
Å, c = 8.2321(4) Å. Figures-of-merit (as defined by TOPAS): Rwp = 8.11%, Rp = 6.89%, Rbragg = 
2.39%, GoF = 1.54. 
atom x y z multiplicity occupancy Uiso (Å2) 
Fe 0.28877(19) 0.28877(19) 0 18 1 0.0534(18) 
Cl 1/3 0.2438(4) 1/6 18 1 0.083(4)a

N1 
0.2559(9) 0.3226(7) 

0.3092 
(18) 

36 1 0.044(4)a 

N2 0.2940(10) 1/3 1/3 18 1 0.044(4)a 
C1 0.2100(8) 0.3238(5) 0.2516(8) 36 1 0.044(4)a 
C2 0.1535(11) 0.307(1) 0.1730(17) 18 1 0.044(4)a 
H1 0.143 0.287 0.057 18 1 0.044(4)a 
aThe thermal parameters for all of atoms of the bbta2– ligand were constrained to be equivalent. 

Table S4 | Rietveld Refinement of CO•Fe2Cl2(bbta). Values in parenthesis indicate one standard 
deviation from the parameter value. Temperature = 295 K, space group R–3m, a = 23.9689(8) Å, 
c = 8.0046(3) Å. Figures-of-merit (as defined by TOPAS): Rwp = 7.43%, Rp = 5.85%, Rbragg = 
1.70%, GoF = 1.34. 
atom x y z multiplicity occupancy Uiso (Å2) 
Fe 0.28374(18) 0.28374(18) 0 18 1 0.0205(14) 
Cl 1/3 0.2458(2) 1/6 18 1 0.030(2) 
N1 0.2599(3) 0.3136(2) 0.2029(6) 36 1 0.010(3)a

N2 0.2999(3) 1/3 1/3 18 1 0.010(3)a 
C1 0.2090(8) 0.3205(6) 0.2522(6) 36 1 0.010(3)a 
C2 0.1530(9) 0.3059(8) 0.170(2) 18 1 0.010(3)a 
H1 0.142 0.284 0.047 18 1 0.010(3)a 
C 0.2097(14) 0.2097(14) 0 18 0.843(19) 0.0127(11) 
O 0.1604(7) 0.1604(7) 0 18 0.843(19) 0.0367(8) 
aThe thermal parameters for all of atoms of the bbta2– ligand were constrained to be equivalent. 
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Table S5 | Rietveld refinement of Fe2Cl2(btdd). Values in parenthesis indicate one standard 
deviation from the parameter value. Temperature = 298 K, space group R–3m, a = 39.166(9) Å, 
c = 8.1664(19) Å. Figures-of-merit (as defined by TOPAS): Rwp = 4.83%, Rp = 3.27%, RBragg = 
2.31%, GoF = 3.80. 
atom x y z multiplicity occupancy Uiso (Å2) 
Fe 0.29850(15) 0.2985(3) 1/2 18 1 0.096(5) 
Cl 0.2707(6) 1/3 1/3 18 1 0.127(11)
N1 0.3215(13) 0.287(2) 0.295(6) 36 1 0.108(9)a 
N2 1/3 0.312(2) 1/6 18 1 0.108(9)a 
C1 0.326(3) 0.256(4) 0.247(7) 36 1 0.108(9)a 
C2 0.3181(18) 0.221(3) 0.328(8) 36 1 0.108(9)a 
C3 0.326(3) 0.192(5) 0.248(9) 36 1 0.108(9)a 
O1 0.3181(16) 0.159(3) 0.326(7) 36 1 0.108(9)a 
H1 0.3064 0.215 0.452 36 1 0.108(9)a 
aThe thermal parameters for all of atoms of the btdd2– ligand were constrained to be equivalent. 

Table S6 | Rietveld refinement of CO•Fe2Cl2(btdd). Values in parenthesis indicate one standard 
deviation from the parameter value. Temperature = 298 K, space group R–3m, a = 38.082(5) Å, 
c = 7.9951(9) Å. Figures-of-merit (as defined by TOPAS): Rwp = 4.30%, Rp = 3.18%, RBragg = 
1.61%, GoF = 3.43. 
atom x y z multiplicity occupancy Uiso (Å2) 
Fe 0.2993(3) 0.2993(3) 1/2 18 1 0.082(5) 
Cl 0.2726(4) 1/3 1/3 18 1 0.087(7) 
N1 0.3200(9) 0.2866(7) 0.293(4) 36 1 0.075(6)a

N2 1/3 0.3120(15) 1/6 18 1 0.075(6)a 
C1 0.3250(16) 0.2554(11) 0.246(4) 36 1 0.075(6)a 
C2 0.3161(12) 0.2200(9) 0.331(6) 36 1 0.075(6)a 
C3 0.3247(15) 0.1922(10) 0.249(4) 36 1 0.075(6)a 
O1 0.3164(9) 0.1582(10) 0.329(5) 36 1 0.075(6)a 
H1 0.303 0.214 0.456 36 1 0.075(6)a 
C 0.2511(14) 0.2511(14) 1/2 18 1 0.03(2) 
O 0.2204(4) 0.2204(4) 1/2 18 1 0.13(3) 
aThe thermal parameters for all of atoms of the btdd2– ligand were constrained to be equivalent. 
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Table S7 | Langmuir and BET surface areas of Fe2Cl2(bbta) (1) and Fe2Cl2(btdd) (2). For 
Fe2Cl2(btdd), the pressure region chosen is consistent with analogous frameworks10.  

Compound 
SALangmuir

(m2/g) 
SABET 
(m2/g) 

slope y-int
Plow 
(bar) 

Phigh 
(bar) 

qsat

(mmol/g) 
C 

1 1342 1055 9.25E–2 3.11E–6 1.03E–3 1.45E–2 10.8 29693 
2 3541 1897 5.13E–2 1.02E–4 7.78E–4 5.39E–2 19.5 503 

Table S8 | CO adsorption parameters in Fe2Cl2(bbta) and Fe2Cl2(btdd) for the piecewise 
Langmuir-Freundlich equation (Eqns 2 and 3) 

Fe2Cl2(bbta) Fe2Cl2(btdd) 
nsat,1 (mmol/g) 6.91 7.01 
H1 (–kJ/mol) 38.7 26.9 
S1 (–R) 16.1 12.6 
v1 1.07 0.986 
nsat,2a (mmol/g) 2.91 1.68 
H2a (–kJ/mol) 19.9 5.24*10–2 
S2a (–R) 5.69 9.07*10–5 
v2a 0.599 0.714 
nsat,2b (mmol/g) 3.13 2.77 
H2b (–kJ/mol) 260 149 
S2b (–R) 92.6 52.9 
v2b 3.64 2.79 
Hstep (–kJ/mol) 65.4 66.3 
pstep,T0 (bar) 0.163 0.443 
T0 (K) 298.15 298.15 

Table S9 | CO2, H2, and N2 adsorption parameters in Fe2Cl2(bbta) for the single site Langmuir 
equation (Eqns 5 and 6). Note that the values are representative of the best mathematical fit for 
the data in order to extract useful information and not necessarily indicative of physically 
realizable parameters.  

H2 N2 CO2 
nsat (mmol/g) 15.0 15.0 69.4 
b 0.00584 0.0162 - 
E (–kJ/mol) - - 23.2 
S (–R) - - 11.9 
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Table S10 | Mössbauer parameters for Fe2Cl2(bbta) and CO-dosed Fe2Cl2(bbta) collected at 100 
K. Note that for activated Fe2Cl2(bbta), the doublets were fit with asymmetric Γ parameters, as
seen in other FeII square pyramidal metal–organic frameworks11. However, in this case these
values were calculated to be symmetrical within error.

Sample δ (mm/s) ΔEQ (mm/s) ΓL ΓR Area (%) 

Fe2Cl2BBTA - 
activated 

1.084(2) 1.928(6) 0.408(11) 0.383(11) 69(2) 

1.088(4) 2.808(16) 0.390(23) 0.391(21) 31(2) 

Fe2Cl2BBTA- 
CO-dosed 

0.364(2) 0.989(4) 0.310(6) 0.310(6) - 
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Supplementary Figures 

Figure S1 | Rietveld refinement of Fe2Cl2(bbta) under vacuum at 295 K from 1.8º to 19.5º. Blue 
and red lines represent the observed and calculated diffraction patterns, respectively. The gray 
line represents the difference between observed and calculated patterns, and the black tick marks 
indicate calculated Bragg peak positions. The inset shows the high angle region at a magnified 
scale. Figures-of-merit (as defined by TOPAS Rwp = 8.11%, Rp = 6.89%, Rbragg = 2.39%, GoF = 
1.54. The wavelength was 0.458996 Å. 
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Figure S2 | Rietveld refinement of Fe2Cl2(bbta) dosed with CO at 295 K from 1.8º to 19.5º. Blue 
and red lines represent the observed and calculated diffraction patterns, respectively. The gray 
line represents the difference between observed and calculated patterns, and the black tick marks 
indicate calculated Bragg peak positions. The inset shows the high angle region at a magnified 
scale. Figures-of-merit (as defined by TOPAS): Rwp = 7.43%, Rp = 5.85%, Rbragg = 1.70%, GoF = 
1.34. The wavelength was 0.458996 Å. 
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Figure S3 | Powder diffraction patterns for Fe2Cl2(bbta) under vacuum (blue) and Fe2Cl2(bbta) 
dosed with CO (green) are overlaid. Diffraction patterns were collected 295 K using a 
wavelength of 0.458996 Å. 
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Figure S4 | Rwp values from each Rietveld refinement utilized in Fe2Cl2(bbta) temperature 
cycling data, with data displayed in the order of measurement as temperature was cycled from 
high temperatures to low temperatures back to high temperatures within each cycle. Red, orange, 
green, and blue colors represent patterns from the first, second, third, and fourth cycles. 
Refinements with higher values for Rwp typically corresponded to patterns where the majority of 
the pattern was primarily one phase, making it difficult to get accurate strain and scaling 
parameters for the phase of lesser abundance. As a result, the higher Rwp values correspond to 
patterns in the beginning, middle, and end of each cycle (when small to nonexistent amounts of 
the low-spin, high-spin, and low-spin phases are present, respectively).  

Figure S5 | Cell volumes extracted from each Rietveld refinement utilized in Fe2Cl2(bbta) 
cycling data, displayed in order of measurement.  Red symbols correspond to cell volumes 
determined by fitting the high spin Fe2Cl2(bbta) structural model, whereas the blue symbols 
correspond to those determined by fitting the low spin Fe2Cl2(bbta) structural model.  Symbols 
with larger error bars are associated with refinement of patterns with <10% of that particular 
phase, which despite the error in the refined values still yielded reasonable values. As a result, 
these phases were included in the refinement.  
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Figure S6 | Low-spin phase weight fraction extracted from each Rietveld refinement utilized in 
Fe2Cl2(bbta) cycling data, displayed versus average measurement temperature. Points connected 
by dotted lines were taken sequentially, going from low temperature to high temperature 
(following the higher curve) and high temperature to low temperature (following the lower 
curve) at a rate of 3 K/min (black circles) and 6 K/min (grey circles), with a diffraction pattern 
collected every minute.  Error bars are plotted, but are within the symbols.  As a result of 
differing scan speeds during different cycles, measurements taken at higher temperature cycling 
rates (grey circles) likely have greater error in their temperature values, visible in the scatter of 
the points visible in the plot.  
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Figure S7 | Rietveld refinement of Fe2Cl2(btdd) under vacuum at 298 K from 1.4º to 27º. Blue 
and red lines represent the observed and calculated diffraction patterns, respectively. The gray 
line represents the difference between observed and calculated patterns, and the black tick marks 
indicate calculated Bragg peak positions. The inset shows the high angle region at a magnified 
scale. Figures-of-merit (as defined by TOPAS): Rwp = 4.83%, Rp = 3.27%, RBragg = 2.31%, GoF = 
3.80. The wavelength was 0.727680 Å. 
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Figure S8 | Rietveld refinement of Fe2Cl2(btdd) dosed with CO at 298 K from 1.4º to 27º. Blue 
and red lines represent the observed and calculated diffraction patterns, respectively. The gray 
line represents the difference between observed and calculated patterns, and the black tick marks 
indicate calculated Bragg peak positions. The inset shows the high angle region at a magnified 
scale. Figures-of-merit (as defined by TOPAS): Rwp = 4.30%, Rp = 3.18%, RBragg = 1.61%, GoF = 
3.43. The wavelength was 0.727680 Å. 
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Figure S9 | Powder diffraction patterns for Fe2Cl2(btdd) under vacuum (blue) and Fe2Cl2(btdd) 
dosed with CO (green) are overlaid. Diffraction patterns were collected at 298 K using a 
wavelength of 0.72768 Å. 
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Figure S10 | N2 adsorption isotherms collected at 77 K for Fe2Cl2(bbta) (blue) and Fe2Cl2(btdd) 
(black). 
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Figure S11 | CO adsorption (closed circles) and desorption (open circles) isotherms for 
Fe2Cl2(bbta) collected at various temperatures. Top (left to right): 15, 20, 25 °C. Bottom (left to 
right): 30, 35 °C. 
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Figure S12 | CO adsorption (closed circles) and desorption (open circles) isotherms for 
Fe2Cl2(btdd) collected at various temperatures. Top (left to right): 15, 20, 25 °C. Bottom: 30 °C. 
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Figure S13 | CO adsorption isotherms for Fe2Cl2(bbta) (left) and Fe2Cl2(btdd) (right), collected 
at 20 (blue circles), 25 (green circles), and 30 °C (red circles), with black lines corresponding to 
a fit to a piecewise Langmuir-Freundlich equation (Eqn 2) with the parameters listed in Table S8.  
 

 
Figure S14 | Isosteric heats of CO adsorption (–Qst) calculated using the Clausius-Clapeyron 
relation for Fe2Cl2(bbta) (left) and Fe2Cl2(btdd) (right), with error bars shown in black. 
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Figure S15 | CO2 (green circles), N2 (blue circles), and H2 (purple circles) adsorption isotherms 
for Fe2Cl2(bbta) collected at 25 °C for H2 and N2, and (from light to dark) 25, 35, and 45 °C for 
CO2, with black lines corresponding to a fit to a single-site Langmuir Equation (Eqn 5) with the 
parameters listed in Table S9. 
 

 
Figure S16 | CO cycling experiments conducted in Fe2Cl2(bbta) at 25 °C, with full CO 
adsorption isotherms collected during cycle 1, cycle 5, and every subsequent 5 cycles, shown 
here. For all other cycles, adsorption occurred at 1 bar for 30 min, while desorption occurred 
under dynamic vacuum for 1 hour. 

0.0 0.2 0.4 0.6 0.8 1.0

0

1

2

3

4

5
G

as
 a

ds
or

be
d 

(m
m

ol
/g

)

P (bar)

WWW.NATURE.COM/NATURE | 25

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature23674



Figure S17 | Hill analysis of CO adsorption isotherms collected at 25 °C in Fe2Cl2(bbta) (left) 
and Fe2Cl2(btdd) (right).  

Figure S18 | Infrared data collected during desorption of CO in Fe2Cl2(bbta) at 25 °C 
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Figure S19 | Mössbauer spectra collected at 100 K for Fe2Cl2(bbta) (top) and CO-dosed 
Fe2Cl2(bbta) (bottom). In both spectra, the experimental data is shown in grey plusses, with blue 
doublets corresponding to high-spin FeII species and red doublets corresponding to low-spin FeII 
species. In the Fe2Cl2(bbta) spectra, the total fit is shown in black. Parameters for all spectra are 
shown in Table S10. 
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Figure S20 | D.c. magnetic susceptibility times temperature data collected for Fe2Cl2(bbta) 
(blue) and CO-dosed Fe2Cl2(bbta) (red) collected at 1 T.  

Figure S21 | Specific heat as a function of temperature for Fe2Cl2(bbta). 
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