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Cooperative binding, whereby an initial binding event facilitates the 
uptake of additional substrate molecules, is common in biological 
systems such as haemoglobin1,2. It was recently shown that porous 
solids that exhibit cooperative binding have substantial energetic 
benefits over traditional adsorbents3, but few guidelines currently 
exist for the design of such materials. In principle, metal–organic 
frameworks that contain coordinatively unsaturated metal centres 
could act as both selective4–7 and cooperative adsorbents if guest 
binding at one site were to trigger an electronic transformation 
that subsequently altered the binding properties at neighbouring 
metal sites8–10. Here we illustrate this concept through the selective 
adsorption of carbon monoxide (CO) in a series of metal–organic 
frameworks featuring coordinatively unsaturated iron(ii) sites. 
Functioning via a mechanism by which neighbouring iron(ii) sites 
undergo a spin-state transition above a threshold CO pressure, 
these materials exhibit large CO separation capacities with only 
small changes in temperature. The very low regeneration energies 
that result may enable more efficient Fischer–Tropsch conversions 
and extraction of CO from industrial waste feeds, which currently 
underutilize this versatile carbon synthon11. The electronic basis 
for the cooperative adsorption demonstrated here could provide 
a general strategy for designing efficient and selective adsorbents 
suitable for various separations.

Metal–organic frameworks are highly porous, chemically tunable 
solids that have been investigated as selective adsorbents for gas sepa-
ration applications12–14. These systems typically exhibit classical, type I 
adsorption isotherms (Fig. 1a). However, a trade-off between selectivity 
and working capacity is encountered, as steeper isotherms are generally  
associated with greater selectivity but consequently require harsher 
regeneration conditions. A more energetically favourable separation 
method involves cooperative adsorption, wherein little adsorption 
is observed until a sharp rise, or step, occurs, where the majority of 
gas is adsorbed over a narrow pressure region (Fig. 1b). Owing to the 
 temperature dependence of the step pressure, such adsorbents combine 
high working capacities with modest temperature swings, as moving 
the step between the adsorption and desorption pressures recovers large 
quantities of adsorbed gas.

Although step-shaped isotherms are well established, the vast majority  
occur in pressure-responsive flexible frameworks15,16 or arise when 
adsorbate–adsorbate interactions become important17. Although  useful 
for other applications, the responsive nature of these systems does not 
contribute substantially to selective gas adsorption. Thus far, the only 
reported mechanism for selective cooperative adsorption in rigid 
metal–organic frameworks involves rearrangement of amines to form 
ammonium carbamate chains upon CO2 adsorption3. However, this 
mechanism is specific to CO2, and designing cooperative  adsorbents 
for other industrially relevant gases requires a different strategy.

In nature, cooperative binding is accomplished by transition  metals 
in enzymes, with an initial binding event inducing an electronic 
response at the active site and a corresponding structural change 
throughout the system. This promotes subsequent substrate binding 
at neighbouring active sites, as observed with O2 or CO uptake in  
haemoglobin1,2. Metal–organic frameworks that feature coordinatively 
unsaturated metal sites have been studied for applications involving 
selective gaseous substrate binding4–7, but these adsorption sites are 
often treated as isolated centres that operate independently from one 
another. With an appropriate design, the electronic properties of a 
transition metal situated within an extended network can influence 
the binding properties of neighbouring metal sites8–10. By combining 
these strategies, a framework that contains coordinatively unsaturated 
metal sites that are closely linked, such that electronic properties change 
in a concerted fashion upon gas binding, might be expected to behave 
as a cooperative and selective adsorbent, mimicking the cooperative 
electronic and subsequent structural transitions observed in biological 
systems.

We selected carbon monoxide (CO) as a sorbate to test this hypoth-
esis because, as the quintessential strong-field ligand, its coordination 
induces spin transitions in otherwise high-spin molecular species18. 
Spin transitions are highly dependent on the proximity of neighbouring  
spin transition centres8,9, and provide an appropriate electronic trans-
formation for potential cooperative adsorption. In addition, indus-
trial CO separations are widely implemented, and a selective and 
easily regenerable CO adsorbent would be immediately applicable11. 
A  triazolate-based metal–organic framework was recently reported 
with iron(ii) centres that selectively convert from a high-spin to a low-
spin electron configuration upon CO coordination19. However, no 
cooperative phase transition was observed owing to the large  distance 
between the tetranuclear iron nodes. We envisioned that a  structure 
wherein iron(ii) sites with a similar coordination  environment were 
linked into chains would create a favourable environment for a 
 cooperative spin transition upon CO adsorption. Here we report two 
such metal–organic frameworks, Fe2Cl2(bbta) (1; H2bbta =  1H,5H-
benzo(1,2-d:4,5-d′ ) bistriazole) and Fe2Cl2(btdd) (2; H2btdd =  bis(1H-
1,2,3-triazolo[4,5-b],[4′ ,5′ -i])dibenzo[1,4]dioxin), which indeed adsorb 
CO through a cooperative spin transition mechanism. This mechanism 
results in highly efficient CO separations and demonstrates that rational 
design of cooperative adsorbents can be achieved by  controlling the 
electronic properties at open metal sites.

We synthesized microcrystalline powders of 1 and 2, and  powder 
X-ray diffraction data show both materials to be isostructural to 
previously reported analogues20–22. In the desolvated forms of these 
compounds, helical chains of square pyramidal iron(ii) centres, each 
ligated by three triazolates and two chlorides, are linked into a highly 
porous three-dimensional framework that features a hexagonal array 
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of one-dimensional channels (Fig. 2). Neighbouring iron sites along 
the chains are 3.361(5) Å apart in 1 and 3.602(7) Å apart in 2, and 
are tightly interconnected, with each chloride and triazolate moiety 
bridging two and three separate iron sites, respectively.

The structure of the iron(ii)–triazolate chains in 1 suggests that the 
coordination environment of one metal site will be highly sensitive 
to electronically induced structural changes at adjacent sites. Indeed, 
the CO adsorption isotherm of 1 collected at 25 °C has a prominent 
step, with a sharp rise occurring at 170 mbar (Fig. 1c). Analysis of the 
 isotherm data resulted in a Hill coefficient of 10.7 during the  transition, 
suggesting a high degree of cooperativity (Supplementary Fig. 17). The 
bound CO is readily released in a similar step-shaped isotherm upon 
decreasing CO pressure, with a hysteresis width of approximately 

120 mbar (Supplementary Fig. 11), and complete regeneration of the 
material is observed over successive adsorption/desorption cycles 
(Supplementary Fig. 15).

To investigate the mechanism for the unusual adsorption of CO, we 
analysed powder X-ray diffraction data for activated and CO-dosed 
samples of 1. Unlike most materials that have step-shaped isotherms, 
in which unit cell expansions are observed upon gas loading owing to 
a gate-opening mechanism15,16, adsorption of CO causes substantial 
structural contractions in 1 (Fig. 3). Whereas the activated material has 
Fe–N and Fe–Cl bond lengths of 2.11(2) Å and 2.385(6) Å, respectively, 
the CO-bound material (1·2CO) has contracted Fe–N and Fe–Cl bond 
distances of 1.972(5) Å and 2.259(4) Å, respectively. These changes 
in bond length are consistent with a conversion from high-spin to 
low-spin iron(ii)18,23. The assignment of low-spin iron(ii) in 1·2CO is 
further supported by a Fe–CCO bond length of 1.76(4) Å and a nearly 
linear Fe–C–O bond angle18.

Remarkably, in situ powder X-ray diffraction studies performed on 
1 revealed no detectable intermediates between the high- and low-
spin phases, suggesting that the spin transition, once triggered, occurs 
simultaneously and cooperatively throughout an entire  crystallite.  
A sample of 1 sealed under 300 mbar of CO was subjected to repeated 
heating and cooling cycles (Fig. 3b). Above 52 °C, even in the  presence 
of CO, we observed a single phase corresponding to all high-spin 
iron(ii). Cooling resulted in the appearance of a distinct new phase with 
a smaller unit-cell volume, corresponding to the low-spin, CO-bound 
iron phase. By 25 °C, the conversion to low-spin was complete, as 
expected from the adsorption data.

Mössbauer spectra and d.c. magnetic susceptibility measure-
ments corroborate the iron(ii) spin transition from high to low spin 
(S =  2 to S =  0). The Mössbauer spectrum of 1 obtained at 100 K 
showed one dominant iron site (Supplementary Fig. 19), with an 
isomer shift of δ =  1.084(2) mm s−1 and a quadrupole splitting of 
Δ EQ =  1.928(6) mm s−1, typical of square pyramidal high-spin 
iron(ii) species18,23. Upon ex situ dosing of CO, data collection at 
100 K revealed a different species, with δ =  0.364(2) mm s−1 and  
Δ EQ =  0.989(4) mm s−1, consistent with low-spin iron(ii). Before 
 dosing with CO, we determined the molar magnetic susceptibility 
(χM) times temperature (T), χMT, at 300 K to be 3.45 emu K per mol 
Fe, consistent with all high-spin iron(ii). After dosing with CO, this 
value was greatly diminished, reaching only 0.6 emu K per mol Fe at 
300 K (Supplementary Fig. 20). This result again corroborates the spin 
transition from S =  2 to S =  0, with the slight residual magnetic moment 
attributed to incomplete saturation of CO during the experiment.

Infrared spectroscopy was used to probe the nature of the adsorbed 
CO in 1 at all pressures, including before the adsorption step (Fig. 3c).  
Below 150 mbar, weakly bound CO with a stretching frequency of 
νCO =  2,157 cm−1 was observed. Compared to free CO, for which 
νCO =  2,143 cm−1, this blueshifted resonance is attributed to high-
spin iron(ii)–CO adducts24. Upon increasing the pressure past the 
expected step pressure of 170 mbar, new peaks appear at 2,048 cm−1 
and 2,039 cm−1, which closely match previously reported values for 
low-spin iron(ii)–CO species19. These peaks quickly increase in 
 intensity with increasing CO pressure, suggesting that the majority of 
the adsorbed CO is bound to low-spin iron(ii) after the step.

Combining the structural, magnetic and spectroscopic studies, we 
propose the following mechanism for the step-shaped CO adsorption 
isotherm. The proximity and interconnectedness of the iron(ii) sites 
in 1 creates a barrier to the structural rearrangements that are required 
for the spin-state conversion of a single iron centre. Therefore, at low 
 pressures of CO, the spin state of an individual iron site cannot  convert 
and remains high-spin. However, once a threshold pressure of CO is 
reached, the transition becomes favourable, at which point all of the 
iron sites in a crystallite simultaneously convert to the low-spin state. 
This behaviour is reminiscent of the pressure-induced phase trans-
formations that are observed in flexible materials15,16, but involves a 
specific adsorbate-induced electronic response at an open metal site. 
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Figure 1 | Idealized adsorption isotherms and the cooperative spin 
transition mechanism. a, b, Comparison of working capacities for idealized 
gas adsorption isotherms of classical (a) and cooperative (b) adsorbents, 
highlighting the increased working capacity for a cooperative adsorbent 
using a smaller temperature swing (Tlow to Tmed instead of Tlow to Thigh, 
for the same Pads and Pdes). Pads and Pdes are the adsorption and desorption 
pressures; Tlow, Tmed and Thigh are representative low, medium and high 
temperatures. c, Schematic of the cooperative spin transition mechanism. 
At a CO partial pressure pCO below the step region of the isotherm, a phase 
consisting of all high-spin iron(ii) (orange spheres) is observed. As the 
pressure is increased through the step pressure, some high-spin iron(ii) is 
converted to low-spin iron(ii) (purple spheres). With further increases in 
CO pressure, beyond the step pressure, full conversion to a low-spin phase is 
observed. The relevant regions are indicated on the CO adsorption isotherm 
of 1 obtained at 25 °C as a function of pressure, P. Grey, green, orange, 
purple, blue and red spheres represent C, Cl, high-spin iron(ii), low-spin 
iron(ii), N and O atoms, respectively; H atoms are omitted for clarity.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



0 0  M o n t h  2 0 1 7  |  V o L  0 0 0  |  n A t U R E  |  3

Letter reSeArCH

This design allows 1 to behave similarly to responsive adsorbents in 
biological systems.

Having confirmed the cooperative nature of the spin transition 
and CO adsorption, we compared the working capacities, regener-
ation energies and selectivities of 1 with other leading materials for 
CO separations. In an industrial context, CO is an intermediate in the 
conversion of natural gas, biomass and other carbon feedstocks into 
valuable products, typically through the Fischer–Tropsch process11. 
However, adjusting the H2:CO ratio in syngas produced from various 
sources and for every product is energetically costly. Other sources of 
CO, such as that produced during steel production or coal gasification, 

are contaminated with N2, CO2 and hydrocarbons. These vast resources 
are usually wasted, and in many instances are burned, accounting for 
a large portion of the 2.5 Gt of CO2 produced annually from iron and 
steel production25. Current CO separations generally use energetically 
costly cryogenic distillation, and liquid- or membrane-based adsorp-
tion processes have not been widely implemented26. Porous materials, 
including metal–organic frameworks, have been investigated for CO 
separations, but face selectivity issues or need improvements in working 
capacity19,24,27,28.

Adsorption isotherms obtained at multiple temperatures show that the 
step pressure of 1 has a pronounced temperature dependence (Fig. 4a).  
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Figure 2 | Solid state structures. a, b, Portions of the structures of 1 (a) 
and 2 (b) determined from analysis of powder X-ray diffraction data, 
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with the proximity of adjacent iron centres highlighted. The number in 
parentheses is the estimated standard deviation in the final digit of the  
Fe–Fe distance. d, e, Structures of the linker precursors H2bbta for 1 (d) 
and H2btdd for 2 (e). Grey, green, orange, blue and red spheres represent 
C, Cl, Fe, N and O atoms, respectively; H atoms are omitted for clarity.
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Figure 3 | Characterization of the spin transition mechanism. a, Portions 
of the structures of 1 (upper) and 1·2CO (lower), with selected bond 
lengths indicated. Grey, green, orange, blue and red spheres represent 
C, Cl, Fe, N and O atoms, respectively; H atoms are omitted for clarity. 
Numbers in parentheses are the estimated standard deviation in the 
final digit of each number. b, Powder X-ray diffraction data for 1 under 
300 mbar of CO obtained at various temperatures (as indicated) with a 

wavelength of 0.72768 Å. Peaks corresponding to the high-spin phase are 
shaded in red and peaks corresponding to the low-spin, CO-bound phase 
are shaded in blue. The spectra are offset for clarity. c, Infrared spectra of 
1 obtained at 25 °C at various partial pressures of CO (pCO). All spectra 
are shown as the difference with respect to the spectrum of the activated 
sample, with the gas-phase CO spectra subtracted.
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A change in temperature of only 5 °C (25 °C to 30 °C) results in an 
80-mbar increase in step pressure (Supplementary Fig. 11), and similar 
shifts occur in the desorption isotherms. Standard temperature swing 
adsorption processes should recover nearly all of the CO adsorbed 
without the need for a purge gas if the desorption step pressure is 
above 1 bar, which occurs near 60 °C in 1. As an example of a  working 
process, adsorption at 200 mbar and 20 °C and desorption at 1 bar 
and 60 °C (a temperature swing of only 40 °C) corresponds to a CO 
removal capacity of 11.4 wt%. This is a much greater working capacity 
than has been achieved using the best non-cooperative adsorbents, 
which are estimated to require temperature swings in excess of 100 °C 
to achieve comparable working capacities24 (Fig. 4b). Notably, unlike 
classical adsorbents, 1 only requires the step position to be lower than 
the CO partial pressure to achieve these high working capacities, so 
higher adsorption temperatures can be used in gas mixtures with higher  
partial pressures of CO.

The cooperative adsorption mechanism enables highly efficient 
regeneration of the adsorbent. Using differential scanning calorimetry  
data to calculate the heat capacities of 1 (Supplementary Fig. 21) and 
the Clausius–Clapeyron relation to calculate the isosteric heats of 
CO adsorption (− 66 kJ mol−1; Supplementary Fig. 14), regeneration 
energies as low as 2.66 MJ per kg CO were obtained, with adsorption 
at 20 °C at 200 mbar and desorption at 60 °C and 1 bar, and without 
using any purge gas. For comparison, the COSORB process, a leading 
alternative to cryogenic distillation, requires up to 8.31 MJ per kg CO 
for regeneration29.

To test the selectivity of 1 in CO separation applications, we 
 measured the pure-component adsorption isotherms of other gases. 
At 25 °C, 1 adsorbs much less H2 and N2 than CO (Fig. 4c). We 
 calculated the molar selectivity from the pure-component isotherms 

to be 232 for a 1:3 CO:H2 ratio at 25 °C and 1.0 bar of total pressure, 
with  similarly high selectivities obtained for CO/N2 mixtures (Fig. 4d). 
These high  selectivity values demonstrate the utility of 1 for poten-
tial CO  separations. Unlike most CO adsorbents that feature exposed 
metal sites, the spin-state transition mechanism enables 1 to bind CO 
selectively over more polarizable gas molecules19 such as CO2. For all 
pressures above the step pressure, 1 adsorbed more CO than CO2 and 
demonstrated a stronger binding enthalpy of − 66 kJ mol−1 compared to 
− 23 kJ mol−1 for CO2, indicating the potential for selective CO adsorp-
tion even in the presence of typically more strongly adsorbing species.

Because spin transitions are highly sensitive to changes in the 
ligand field of the transition metal23 and even to subtle outer-sphere 
changes30, we hypothesized that simple electronic modifications to the 
linker could result in substantial changes in the adsorption properties. 
Therefore, we replaced bbta2− with btdd2− to form the isotypic metal–
organic framework 2 (Fig. 2b). This new linker results in subtle elec-
tronic differences in the iron environment owing to its ether moieties. 
Analogous to those observed in 1, adsorption isotherms of CO in 2  
display sharp steps, indicating a similar adsorption mechanism (Fig. 4e).  
However, the step position at each temperature shifted considerably, 
from 170 mbar in 1 to 500 mbar in 2 at 25 °C. Other synthetic modifi-
cations to the triazolate ligand or to the bridging halide could be used 
to create systems with different step positions. Such tunability provides 
a means of customizing materials within this class of cooperative adsor-
bents, because the position of the adsorption step can be optimized for 
a given CO separation, dictated by the temperature and partial pressure 
of CO in a gas mixture. Moreover, by using this tunability to further 
strengthen the ligand field at the iron(ii) centres, it should be possible 
to realize analogous frameworks that exhibit cooperative adsorption 
of other key industrial gas molecules, including acetylene, ethylene, 
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Figure 4 | Gas adsorption isotherms, working capacities, and molar 
selectivity values. a, Adsorption isotherms of CO obtained for 1 at selected 
temperatures. b, Comparison of CO separation working capacities for 
1 with those calculated for the classical CO adsorbents Fe2(dobdc) and 
Ni2(dobdc) (dobdc4− =  2,5-dioxido-1,4-benzenedicarboxylate), with 
adsorption at 0.2 bar and 20 °C and desorption at 1.0 bar and the specified 
regeneration temperatures. c, Single-component adsorption isotherms 

of CO, CO2, N2 and H2 for 1 obtained at 25 °C. d, Molar selectivity for 
mixtures of CO and selected gases (N2 or H2) at varying concentrations for 
25 °C and 1.0 bar of total pressure in 1, with the step position occurring at 
a CO mole fraction of approximately 0.2. e, Adsorption isotherms of CO 
obtained for 2 at selected temperatures, highlighting the differences in the 
adsorption properties compared to 1 (a), caused by the different ligand 
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propylene and possibly even dinitrogen. The cooperative spin transi-
tion mechanism provides a potentially powerful method for tuning an 
adsorbent to separate molecules efficiently, and could revolutionize 
the means by which energy-intensive gas separations are performed.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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General synthesis and characterization methods. All synthetic procedures were 
performed under an Ar atmosphere using standard Schlenk techniques or in 
an N2-filled VAC Atmospheres glove box. The compound FeCl2 was purchased 
from Sigma-Aldrich and used as received. Methanol was purchased from EMD 
Millipore Corporation as DriSolv grade, dried over 3-Å molecular sieves, and 
sparged with Ar before use. N,N-dimethylformamide (DMF) was purchased from 
EMD Millipore Corporation as OmniSolv-grade, sparged with Ar, and dried with 
an alumina column before use. The linkers H2bbta (ref. 20) and H2btdd (ref. 31) 
were prepared according to previously reported procedures. Ultrahigh-purity-
grade (99.999%) He, N2, H2 and CO2, and research-purity-grade (99.99%) CO 
were used for all gas adsorption measurements and dosing. Elemental analyses for 
C, H and N were performed at the Microanalytical Laboratory at the University 
of California, Berkeley.
Synthesis of Fe2Cl2(bbta) (1). A solution of FeCl2 (200 mg, 1.58 mmol) and H2bbta 
(125 mg, 0.781 mmol) in a mixture of DMF (40 ml) and methanol (10 ml) was added 
to a Schlenk flash charged with a magnetic stir bar. The solution was stirred at 
100 °C for 24 h. The resulting orange powder was collected by filtration, and soaked 
in 10 ml of DMF at 120 °C for 12 h. The solid was then collected by  filtration, and 
soaked in another 10 ml of DMF at 120 °C for 12 h. This process was repeated five 
times so that the total time washing with DMF was 3 days. The solid was then 
 collected by filtration, and soaked in 10 ml of methanol at 60 °C for 12 h. The solid 
was collected by filtration, and soaked in another 10 ml of methanol at 60 °C for 12 h. 
This process was repeated five times so that the total time washing with  methanol 
was 3 days. The resulting orange solid was collected by filtration, and heated at a 
rate of 0.2 °C min−1 and held at 180 °C under dynamic vacuum for 7 days, affording 
200 mg (75%) of product as a yellow powder. Analysis for C6H2Cl2Fe2N6: calculated: 
C, 21.15; H, 0.59; N, 24.67; found: C, 20.69; H, 0.61; N, 24.90.
Synthesis of Fe2Cl2(btdd) (2). A solution of FeCl2 (200 mg, 1.58 mmol) and 
H2btdd (100 mg, 0.376 mmol) in a mixture of DMF (20 ml) and methanol (20 ml) 
was added to a Schlenk flash charged with a magnetic stir bar. The  solution 
was stirred at 100 °C for 4 days. The resulting brown powder was collected by 
 filtration, and soaked in 10 ml of DMF at 120 °C for 8 h. The supernatant  solution 
was decanted, and 10 ml of DMF was added. This process was repeated once 
more so that the total time washing with DMF at 120 °C was 1 day. The superna-
tant  solution was decanted, and the solid was soaked in 10 ml of DMF at 140 °C for 
8 h. The supernatant solution was decanted, and 10 ml of DMF was added. This 
 process was repeated once more so that the total time washing with DMF at 140 °C 
was 1 day. The solid was collected by filtration, and soaked in 10 ml of methanol 
at 60 °C for 8 h. The supernatant solution was decanted, and 10 ml of methanol  
was added. This  process was repeated five times so that the total time washing with 
methanol was 2 days. The resulting brown solid was collected by filtration, and 
heated at a rate of 0.2 °C min−1 and held at 100 °C under dynamic vacuum for 36 h, 
 affording 140 mg (83%) of product as a brown powder. Analysis for C12H4Cl2Fe2N6O2: 
 calculated: C, 32.26; H, 0.90; N, 18.81; found: C, 32.51; H, 1.02; N, 18.61.
Gas-adsorption measurements. Gas-adsorption isotherms for pressures of 0–1 
bar were measured using a volumetric method using a Micromeritics ASAP2020 
or Micromeritics 3Flex gas adsorption analyser. A typical sample of about 100 mg 
of metal–organic framework was transferred in an N2-filled glovebox to a 
 pre-weighed analysis tube, which was capped with a Micromeretics TranSeal and 
evacuated by heating to a specified temperature with a ramp rate of 0.2 °C min−1 
under dynamic vacuum until an outgas rate of less than 3 μ bar min−1 was 
achieved. The evacuated analysis tube containing the degassed sample was then 
carefully transferred to an electronic balance and weighed again to determine the 
mass of sample. The tube was then transferred back to the analysis port of the 
gas adsorption instrument. The outgas rate was again confirmed to be less than  
3 μ bar min−1. For all isotherms, warm and cold free-space correction  measurements 
were performed using ultrahigh-purity He gas. Isotherms  collected at 15–45 °C 
were measured in water baths using a Julabo F32 water circulator, whereas N2 
 isotherms collected at 77 K were measured in liquid-nitrogen baths. Oil-free 
 vacuum pumps and oil-free pressure regulators were used for all  measurements 
to prevent contamination of the samples during the evacuation process or of the 
feed gases during the isotherm measurements. Langmuir surface areas were deter-
mined from N2 adsorption data collected at 77 K using Micromeritics software.
Powder X-ray diffraction. Microcrystalline powder samples of 1 (about 5 mg) 
were loaded into two 1.0-mm boron-rich glass capillaries inside a glove box under 
an N2 atmosphere. The capillaries were attached to a gas cell, which was connected 
to the analysis port of a Micromeritics ASAP 2020 gas adsorption instrument. One 
capillary was fully evacuated at room temperature for 15 min then flame-sealed, 
while the other capillary was dosed with CO to a pressure of 350 mbar, equilibrated 
for 2 h, then flame-sealed. Each capillary was placed inside a Kapton tube that was 
sealed on both ends with epoxy. This process was repeated for samples of 2, with 
the exception that CO dosing was performed at a pressure of 700 mbar.

High-resolution synchrotron X-ray powder diffraction data for 1 and CO-dosed 
1 were collected at beamline 11-BM at the Advanced Photon Source (APS) at 
Argonne National Laboratory. Diffraction patterns were collected at 295 K with a 
wavelength of 0.458996 Å. Discrete detectors covering an angular range from − 6° 
to 16° in 2θ were scanned over a 34° range of 2θ, with data collected every 0.001° 
and at scan speed of 0.01° s−1. Owing to the large number of data collected, all 
diffraction patterns were rebinned to a step size of 0.005° in 2θ.

High-resolution synchrotron X-ray powder diffraction data for 2 and CO-dosed 
2 were collected at beamline 17-BM at the APS. Diffraction patterns were collected 
at 298 K with a wavelength of 0.72768 Å. Discrete detectors covering an angular 
range from − 6° to 16° in 2θ were scanned over a 34° range of 2θ, with data collected 
every 0.001° and at scan speed of 0.01° s−1. Again, all diffraction patterns were 
rebinned to a step size of 0.005° in 2θ.

For all samples, a standard peak search, followed by indexing via single-value 
decomposition32, as implemented in TOPAS-Academic v4.133, enables us to deter-
mine the approximate unit-cell dimensions. Using TOPAS-Academic, precise unit-cell 
dimensions were determined by performing a structureless Le Bail refinement, after 
which Rietveld refinements were performed. For 2 and CO-dosed 2, a structural 
model constructed in Materials Studio (Materials Studio v5.0.0.0, 2009, Accelrys 
Software Inc.) was used in the Rietveld refinement, as described in the Supplementary 
Information.

For in situ powder X-ray diffraction measurements of 1, a microcrystalline 
powder sample (about 5 mg) was loaded into a 1.0-mm glass capillary inside a 
glove box under an N2 atmosphere. The capillary was attached to a gas cell, which 
was connected to the analysis port of a Micromeritics ASAP 2020 gas  adsorption 
instrument and then evacuated. It was then dosed with CO to a pressure of  
300 mbar, equilibrated for 2 h, and flame-sealed. High-resolution synchrotron 
X-ray powder diffraction data were subsequently collected at beamline 17-BM 
at the APS. Diffraction patterns were collected at various temperatures with a 
wavelength of 0.72768 Å. During the course of the experiment, the temperature was 
cycled between 273 K and 353 K at rates varying from 3 K min−1 to 6 K min−1. In 
total, four cycles were performed with patterns collected every minute. Qualitative 
phase data were obtained using simultaneous sequential Rietveld refinements.
Infrared spectroscopy. Fourier transform infrared (FTIR) spectra were collected 
in transmission mode on a self-supported wafer of sample, in a controlled atmos-
phere using a custom-built infrared cell. The spectra were recorded at 2-cm−1 
resolution on a Bruker IFS 66 FTIR spectrometer, equipped with a MCT detector. 
Spectra were collected during adsorption and desorption of CO at 25 °C. Before 
CO was exposed to the sample, the sample was first activated at 150 °C for 15 min 
while flowing 30 ml min−1 of pure N2 (heating ramp rate of 1 °C min−1).
Mössbauer spectroscopy. Mössbauer spectra were measured at 100 K with a  
constant-acceleration spectrometer, which used a rhodium-matrix cobalt-57 
source. Isomer shifts are reported relative to 27-μ m α -iron foil at 295 K. The 
absorber contained about 40 mg cm−2 of powdered sample. The CO-loaded  sample 
was prepared by attaching a glass tube containing activated 1 to a Micromeritics 
ASAP 2020 surface area and porosity analyser, dosing with 1 bar of CO at 295 K, 
and allowing the sample to equilibrate for 1 h. The sample was then cooled to 77 K 
and evacuated, and immediately transferred to the spectrometer.
Measurements of d.c. magnetic susceptibility. Samples were prepared by  adding 
crystalline powder (14 mg for 1, 28 mg for 1·2CO) to a 5-mm-inner-diameter 
quartz tube containing a raised quartz platform. Sample powders were restrained 
with a plug of compacted glass wool that prevented crystallite  torqueing, but 
 enabled gas-dosing with CO. The CO-loaded samples were prepared by  attaching 
the quartz tubes containing activated 1 to a Micromeritics ASAP 2020 gas adsorp-
tion analyser. Adsorption isotherms were then collected until the pressure of the 
atmosphere of CO gas in the sample tubes reached 300 mbar of CO, at which 
point the measurements were terminated. The quartz tubes were then cooled in 
liquid N2 and flame-sealed. Magnetic susceptibility measurements were  performed 
using a Quantum Design MPMS2 SQUID magnetometer. Measurements of d.c. 
magnetic susceptibility were collected in the temperature range 2–300 K under 
applied magnetic fields of 1 T. Diamagnetic corrections were applied to the 
data using Pascal’s constants to give χD =  − 0.00014752 emu mol−1 for 1 and  
χD =  − 0.00016872 emu mol−1 for 1·2CO.
Differential scanning calorimetry. Heat-capacity measurements were collected 
on a TA Instruments Q200 differential scanning calorimeter (DSC) equipped with 
refrigerated cooling system RSC90 under a He flow. Baseline data for the empty 
heating chamber were collected between the temperatures of − 90 °C and 400 °C, 
followed by a temperature calibration using the melting point of an indium sample. 
A sample of 1 (5.5 mg) was hermetically sealed in an aluminium pan under an N2 
atmosphere. The heat-flow data were collected by using a modulated DSC program 
with a temperature ramp rate of 2 °C min−1 in the temperature range of − 20 °C 
to 150 °C, using a temperature modulation of ± 0.75 °C per 80 s using a standard 
modulated DSC method and TA Instruments software.
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Data availability. The main data supporting the findings of this study are available 
within the paper and its Supplementary Information. Extra data are available from 
the corresponding author on request. Metrical data for the solid-state structures of 
Fe2Cl2(bbta), CO-dosed Fe2Cl2(bbta), Fe2Cl2(btdd) and CO-dosed Fe2Cl2(btdd) are 
available free of charge from the Cambridge Crystallographic Data Centre under 
reference numbers 1571058–1571061.
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