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ABSTRACT: A new metal—organic framework, Fe-BTTri
(Fes[(Fe,Cl);(BTTri)g],-18CH;OH, H,BTTri =1,3,5-tris(1H-
1,2,3-triazol-S-yl)benzene)), is found to be highly selective in
the adsorption of CO over a variety of other gas molecules,
making it extremely effective, for example, in the removal of trace
CO from mixtures with H,, N,, and CH,. This framework not
only displays significant CO adsorption capacity at very low
pressures (1.4S mmol/g at just 100 ubar), but, importantly, also
exhibits readily reversible CO binding. Fe-BTTri utilizes a unique
spin state change mechanism to bind CO in which the
coordinatively unsaturated, high-spin Fe'' centers of the frame-
work convert to octahedral, low-spin Fe'' centers upon CO
coordination. Desorption of CO converts the Fe' sites back to a
high-spin ground state, enabling the facile regeneration and
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recyclability of the material. This spin state change is supported by characterization via infrared spectroscopy, single crystal X-ray
analysis, Mdssbauer spectroscopy, and magnetic susceptibility measurements. Importantly, the spin state change is selective for
CO and is not observed in the presence of other gases, such as H,, N, CO,, CH,, or other hydrocarbons, resulting in
unprecedentedly high selectivities for CO adsorption for use in CO/H,, CO/N,, and CO/CH, separations and in preferential
CO adsorption over typical strongly adsorbing gases like CO, and ethylene. While adsorbate-induced spin state transitions are
well-known in molecular chemistry, particularly for CO, to our knowledge this is the first time such behavior has been observed
in a porous material suitable for use in a gas separation process. Potentially, this effect can be extended to selective separations

involving other 7-acids.

B INTRODUCTION

Metal—organic frameworks are a class of permanently porous
materials exhibiting tremendous chemical tunability and high
internal surface areas.’ An important subset of these materials
features high densities of exposed metal cation sites (i.e., metal
centers that preserve open coordination sites upon desolvation
of the framework). These exposed metal sites typically act as
Lewis acids that can accept electron density from easily
polarized gas molecules such as CO,. This electrostatic
interaction is the underlying basis for a wide variety of
potential applications in gas storage and separations.2 However,
many gas molecules can behave as z-acids in addition to o-
donors, and developing frameworks that take advantage of this
additional property could lead to new adsorbents displaying
unprecedented selectivities in separations involving carbon
monoxide, unsaturated hydrocarbons, and other small mole-
cules with low-lying #* orbitals. In order to bind such species
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strongly, a material needs to possess exposed transition metal
centers that function not just as exposed partial positive
charges, but as sites capable of 7 back-donation.” Unfortunately,
this feature has been difficult to realize in practice, since the
majority of frameworks with open metal sites are ligated by
weak-field carboxylate or aryl-oxide ligands, resulting in
electron-poor, high-spin metal centers that are only weakly z-
donating. As a result, only a small number of metal—organic
frameworks feature exposed electron-rich, low-spin first-row
transition metal centers suitable for 7 back-donation.”

An important application of porous materials containing 7-
donating exposed metal sites is in the area of carbon monoxide
separations, and new adsorbent-based technologies can be
envisioned for both CO removal as well as CO purification. For
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example, trace CO removal from H, is relevant to both
ammonia production and fuel cell technologies, as even ppm
levels (often <10 ppm) of CO can poison the catalysts used in
these applications.” Aside from CO scrubbing, CO is produced
in large quantities from processes such as iron and steel
production, coke production and coal gasification, partial
oxidation processes, and steam reforming of methane,
appearing in mixtures containing H,, N,, CO,, and various
hydrocarbons. Carbon monoxide is a valuable chemical
precursor used in the production of several commodity
chemicals, including alcohols, monomers and polymers, and
acetic acid, and the efficient separation of pure CO from these
gas mixtures would allow for the use of CO as a versatile carbon
synthon.’ Currently, CO separations are achieved via cryogenic
distillation, although membrane,’ adsorption,8 and liquid
adsorption” based processes have also been investigated.
While some metal—organic frameworks or similar materials
have been studied for CO adsorption,'’ most of these materials
do not bind CO strongly enough to remove trace amounts or
leverage the m-acidity of CO to selectively adsorb it over a
variety of gas molecules. Other frameworks bind CO so
strongly that adsorption is irreversible, limiting their use in
practical applications."'

In order to achieve highly selective CO binding while
retaining good reversibility, we envisioned a material in which
the exposed metal center could interconvert between high-spin
and low-spin configurations. A low-spin metal center would
afford an elusive electron donating metal species capable of
strong CO interactions for trace CO removal and selective CO
adsorption over polarizable gas molecules that are typically
adsorbed strongly by metal—organic frameworks, while the
ability to convert back to high-spin would also allow for facile
desorption of CO due to the much weaker metal—carbonyl
interaction. To date, only a small number of metal—organic
frameworks display the ability to undergo reversible spin
transitions and retain their porosity,12 and none feature
accessible, coordinatively unsaturated metal sites. We hypothe-
sized that a framework with exposed Fe'' centers in a triazolate-
based coordination environment would be a promising
material, due to the large number of spin-crossover Fe'—
triazole and Fe''—triazolate complexes.”’ Specifically, an iron
analogue of a triazolate-based copper framework previously
synthesized in our laboratory, H[(Cu,Cl);(BTTri)s] (Cu-
BTTri, H,BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene)),
was targeted due to its high concentration of open metal sites
coordinated by triazolates.”* Herein, we report the new metal—
organic framework, Fe;[(Fe,Cl);(BTTri)s],-18CH;OH  (Fe-
BTTri), featuring coordinatively unsaturated Fe' centers that
can indeed reversibly convert from a high-spin to a low-spin
electron configuration upon exposure to carbon monoxide. As a
result, the material shows unprecedented selectivity for the
adsorption of CO over H,, especially at low concentrations of
CO, while also displaying preferential adsorption of CO over
N,, CO,, ethylene, and a variety of other molecules.

B MATERIALS AND METHODS

General Information. All manipulations were performed under an
N, atmosphere in a VAC Atmospheres glovebox or using standard
Schlenk techniques. The compound H;BTTri was prepared according
to a previously reported procedure.* FeCl, was purchased from
Sigma-Aldrich and used as received. Dimethylformamidium trifluor-
omethanesulfonate was purchased from Sigma-Aldrich and dried
under vacuum prior to use. Methanol was purchased from EMD
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Millipore Corporation as DriSolv grade, dried over 3 A sieves, and
sparged with Ar prior to use. Dimethylformamide (DMF) was
purchased from EMD Millipore Corporation as OmniSolv grade,
sparged with Ar, and dried with an alumina column prior to use.

Fes[(Fe,Cl)3(BTTri)gl,» 18CH3O0H (Fe-BTTri). To a 25 mL Schlenk
flask charged with a stir bar and a solution of H;BTTri (S0 mg, 1.0
equiv, 0.18 mmol) and dimethylformamidium trifluoromethanesulfo-
nate (180 mg, 4.5 equiv, 0.81 mmol) in DMF (8 mL) was added a
solution of FeCl, (230 mg, 10 equiv, 1.8 mmol) in 2 mL of methanol.
The yellow solution was stirred at 120 °C for 10 days. The resulting
yellow powder was collected by filtration, rinsed with DMF, and
soaked in 10 mL of DMF at 120 °C for 12 h. The supernatant solution
was decanted, and 10 mL of fresh DMF was added. This process was
repeated nine times so that the total time washing with DMF was S
days. The yellow powder was collected by filtration, rinsed with
methanol, and soaked in 10 mL of methanol at 60 °C for 12 h. The
supernatant solution was decanted, and 10 mL of fresh methanol was
added. This process was repeated nine times so that the total time
washing with methanol was 5 days. The resulting yellow powder was
collected by filtration, and heated at 180 °C under dynamic vacuum
(<0.01 mbar) for 2 days, affording SO mg (66%) of product as a tan
powder. Elemental analysis of bulk sample (C,;oH,4ClsFe;,N14405):
Found: C, 37.40; H, 2.20; N, 30.05. Calculated: C, 37.53; H, 2.52; N,
30.03.

Single Crystals of Fe-BTTri. To a stainless steel bomb charged
with a solution of HyBTTri (12 mg, 2.2 equiv, 0.043 mmol) and
dimethylformamidium trifluoromethanesulfonate (24 mg, 5.4 equiv,
0.11 mmol) in DMF (8 mL) was added a solution of FeCl, (2.5 mg,
1.0 equiv, 0.020 mmol) in methanol (2 mL). The solution was heated
at 160 °C for 3 days. Small yellow crystals were isolated by decanting
the supernatant solution, rinsed with DMF, and soaked in 10 mL of
DMEF at 120 °C for 12 h. The supernatant solution was decanted, and
10 mL of fresh DMF was added. This process was repeated four times
so that the total time washing with DMF was 5 days. The yellow
crystals were collected by filtration, rinsed with methanol, and soaked
in 10 mL of methanol at 60 °C for 12 h. The supernatant solution was
decanted, and 10 mL of fresh methanol was added. This process was
repeated nine times, so that the total time washing with methanol was
S days. The yellow crystals were collected by filtration, and heated at
150 °C under dynamic vacuum (<0.01 mbar) for 2 days, affording ~2
mg of pale red crystals of Fe-BTTri.

B RESULTS AND DISCUSSION

Synthesis of Fe-BTTri. A solvated form of the new metal—
organic framework Fe;[(Fe,Cl);(BTTri)g],-18CH;0H (Fe-
BTTri) was isolated as a yellow, microcrystalline powder
from the reaction between FeCl, and H;BTTri in DMF and
methanol. The compound can be mostly desolvated by first
soaking in methanol to remove DMF, followed by heating at
180 °C under dynamic vacuum to yield activated Fe-BTTri as a
tan powder. The powder is microcrystalline and retains its
crystallinity through activation, as assessed by powder X-ray
diffraction measurements (Figure S1). The resulting X-ray
diffraction pattern indicates a framework structure type
analogous to that of Cu-BTTri.'* The activated material retains
a small amount of methanol, as seen by elemental analysis, and
the majority of these methanol molecules are postulated to be
bound to the extra-framework Fe'' cations. Adsorption of Nj at
77 K revealed a Langmuir surface area of 1930 m?/ g and a
Brunauer—Emmett—Teller (BET) surface area of 1630 m*/g
(Figure S3). These values are in good agreement with results
obtained for Cu-BTTri, which displays Langmuir and BET
surface areas of 1900 and 1770 m?*/g, respectively.'*

Cubic single crystals suitable for X-ray diffraction can be
grown under similar conditions using more dilute iron and
ligand concentrations and more acidic conditions. The DMF
solvated form of a Fe-BTTri crystal displays Fm3c symmetry,
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Figure 1. Portion of the structure of DMF-solvated Fe-BTTri (left) as determined by analysis of single-crystal X-ray diffraction data. Structures of
[Fe,Cl]™ (upper right) and a single iron site (lower right) of DMF-solvated Fe-BTTri. Orange, gray, blue, red, green, and white spheres represent
Fe, C, N, O, Cl, and H atoms, respectively; some H atoms and C and N atoms on iron-bound DMF molecules are omitted for clarity.

composed of six square, chloride-centered [Fe,Cl]”* units and
eight trigonal BT Tri*~ ligands that combine to form truncated
octahedra, creating a sodalite-like cage (Figure 1). Numerous
frameworks of this type, commonly referred to as M-BTT (M =
Mn, Fe, Co, Ni, Cu, Cd), have been realized using the
analogous tetrazolate ligand 1,3,5-benzenetristetrazolate
(BTT®")."" Interestingly, the less symmetric triazolate groups
are well ordered within Fe-BTTri, with the H atoms of each
triazolate unit oriented in the same direction around a
crystallographic 4-fold rotation axis on which the [Fe,Cl]”*
unit resides. This ordering is likely a result of the framework
connectivity disfavoring steric repulsion between H atoms on
adjacent triazolates. The resulting arrangement creates a slight
twist of the triazoles around the [Fe,CI]”* unit, which is not
observed in M-BTT structures, and causes opposite squares on
each truncated octahedron to be offset by approximately 6°.
The location of the charge balancing extra-framework Fe'
cations within the pores of the framework could not be
determined from the electron difference map obtained from the
X-ray diffraction data. Structural characterization of the
activated material could not be achieved under standard single
crystal experimental conditions, as ambient solvent rapidly
binds to the open iron sites prior to data collection. However,
the single crystals retain their crystallinity upon heating to 150
°C, indicating that the material is thermally stable.

Gas Adsorption. The compound Fe-BTTri was inves-
tigated for selected gas adsorption properties. In particular,
adsorption isotherms for CO were collected at various
temperatures. As shown in Figure 2, the CO adsorption
isotherm at 25 °C shows an extremely steep initial rise, reaching
a value of 1.49 mmol/g adsorbed at just 102 pbar. The sharp
initial uptake ends at 2.2 mmol/g at 157 pbar, and subsequent
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uptake more gradually increases to 2.7 mmol/g at 268 mbar,
corresponding to a maximum total adsorption of CO at 75% of
the iron sites (excluding extra-framework Fe'' cations). The
steep rise in the isotherm suggests an initial strong interaction
with CO for some of the iron sites, whereas the gradual rise
afterward represents weak interactions with the framework. The
remaining iron sites are likely blocked by solvent or remain
inaccessible, as has been observed previously for Fe-BTT.'*
This sharp uptake of CO adsorption is also seen at higher
temperatures, with significant adsorption of CO still observable
at 100 °C, reaching 1.08 mmol/g at 1.06 mbar.

The adsorption of CO at different temperatures was
examined to evaluate the strength of its binding within the
framework. Isotherms collected from 25 to 150 °C all displayed
significant low-pressure adsorption relative to other CO
adsorbing materials (Figure 2). By fitting isotherms collected
from 65 to 100 °C with a Langmuir—Freundlich equation and
employing the Clausius—Clapeyron relation, an isosteric heat of
adsorption (Qy) of —65 kJ/mol can be calculated (Figure S7).
This value is greater in magnitude than those previously
reported for metal—organic frameworks examined for CO
adsorption, which have isosteric heats of adsorption ranging
from —19 to —52 kJ/mol."® The isosteric heat of adsorption,
combined with a high capacity for CO at low pressures,
suggests that Fe-BTTri is a promising candidate for extracting
and removing very low concentrations of CO from gas
mixtures. Indeed, its CO adsorption capacity of 0.7S mmol/g
at just 0.05 mbar is unprecedented for these materials,
representing a 2 orders of magnitude improvement relative to
the previous best material, Ni,(dobdc) (dobdc*™ = 2,5-dioxido-
1,4-benzene-dicarboxylate) (Figure $8)."°! It should be noted,
however, that the adsorption capacity of Fe-BTTri at pressures
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Figure 2. Excess carbon monoxide isotherms measured at various
temperatures in Fe-BTTri (upper). Detail of low-pressure region
(lower).

greater than 268 mbar is lower than that of Ni,(dobdc) and
several related materials because of its lower concentration of
accessible open metal sites.'™

Remarkably, despite the strong binding of CO, ready
desorption of the adsorbed CO can be accomplished by
heating CO-dosed Fe-BTTri under dynamic vacuum at 150 °C
for as little as 5 min. No loss in CO capacity is observed even
after 10 cycles (Figure 3). At lower temperatures, full
reactivation can be achieved by using slightly longer activation
times (e.g, 30 min at 100 °C) (Figure S9). Thus, Fe-BTTri
offers the possibility of serving as a readily regenerable
scavenger for removing CO from gas mixtures.

To assess the ability of Fe-BTTri to separate CO from mixed
CO/H, gas streams for the purification of hydrogen, H,
adsorption isotherms were also collected. At 25 °C, only a
very minor uptake of H, is observed, with the isotherm rising
gradually to reach a value of 0.05 mmol/g at 1.0 bar (Figure 4).
Indeed, at all of the pressures evaluated, Fe-BTTri was found to
adsorb significantly more CO than H,, suggesting its
application in the selective adsorption of CO during hydrogen
purification.

In order to evaluate the separation capabilities, Ideal
Adsorbed Solution Theory (IAST) was used to calculate
selectivity factors for a hypothetical mixed gas stream
containing a variety of different gas compositions at a total
pressure of 1 bar at 25 °C. For all calculated CO/H, mixtures,
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Figure 3. Cycling data of successive adsorption and desorption of
carbon monoxide in Fe-BTTri, with adsorption expressed in terms of
percentage of the capacity observed for cycle 1. Adsorption (blue
circles) occurred within 10 min upon dosing CO at 25 °C at 10 mbar,
and complete desorption (red circles) was accomplished by heating
the sample at 150 °C under dynamic vacuum for S min.
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Figure 4. Excess gas adsorption isotherms collected at 25 °C for Fe-
BTTri.

Fe-BTTri shows very high IAST selectivity values. At low
concentrations of CO in a mixture with H, (5% CO at a total
pressure of 1 bar), IAST predicts a selectivity of 7400 for CO
over H,, over 40% higher than the value calculated for
Ni,(dobdc), and among the best values for any mixed gas
separation with a metal—organic framework (Figure 5).14 co
concentrations in H, streams can be as low as 1-3%, and at
these concentrations for 1 bar total pressure, IAST predicts
even higher selectivities of 10 900 at 3% CO and 24 800 at 1%
CO. Importantly, the strong upward trend toward lower
concentrations of CO suggests Fe-BTTri is a very promising
CO scrubbing material. For fuel cell technologies and other
applications sensitive to even ppm levels of CO, one can
envision performing these separations at higher pressures or
different temperatures to achieve nearly complete CO removal.
It should be noted that these values are particularly sensitive to
the accuracy of the H, isotherm fit, and fitting the isotherm
with different saturation capacities changes these selectivity
values slightly (Figure S11). However, these IAST values
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Figure S. Ideal adsorbed solution theory (IAST) selectivities for
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varying concentrations at 25 °C and 1 bar of total pressure in Fe-
BTTri (upper). IAST selectivites for mixtures of CO/CO, at varying
concentrations and 1 bar total pressure at 25 °C (dark green) and 45
°C (light green) (lower).

remain significantly higher than all previously reported CO
adsorbing materials for several different isotherm fits for H,.
The purity of the adsorbed phase in these separations was
also examined, as the adsorbed CO can also be used as a
feedstock in a variety of industrial processes. The IAST values
for CO/H, mixtures suggest that Fe-BTTri could be used to
obtain very pure CO, with purities ranging from 99.6% at the
very lowest concentration of CO (1% CO in a CO/H, mixture
at 1 bar total pressure), to 99.99% at higher CO concentrations.
In examining the ability of Fe-BTTri to separate CO from other
gas streams, such as mixtures with N,, CO,, CH,, C,H,, and
C,H,, additional adsorption isotherms were measured (Figure
4). For CH, and N, at 25 °C, the isotherms rise gradually to
0.69 and 0.26 mmol/g at 1.0 bar, respectively. For all pressures
measured Fe-BTTri adsorbs significantly more CO, leading to
high calculated IAST selectivities. For mixtures with N,, these
values are as high as 1750 for a 1 bar mixture containing 0.05
mole fraction of CO (Figure 5), corresponding to 98.9% pure
CO in the adsorbed phase at room temperature. Importantly,
this is much more practical than the very low temperature (120
K) required for other frameworks that exhibit this selectivity.'*
Notably, this IAST value is also over 200% higher than that
calculated for Ni,(dobdc), which also exhibits the ability to
separate CO and N, at room temperature.1001 Selectivities are
similarly high for mixtures with CH,, with IAST values
approaching as high as 650 for a 0.05 mole fraction of CO in
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a 1 bar total CO/CH, mixture, corresponding to 97.1%
adsorbed CO. Both CO/N, and CO/CH, selectivities in Fe-
BTTri approach 99.9% CO on the adsorbed phase at higher
concentrations of CO in hypothetical CO/N, and CO/CH,
mixtures, indicating the significant promise of this material for
collecting pure CO from gas streams.

For CO,, C,Hy, and C,H,, the 25 °C isotherms rise gradually
to 3.52, 3.83, and 3.64 mmol/g at 1.0 bar, respectively (Figure
4). While the uptake is significant, the low-pressure (<300
mbar) uptake is much more gradual than that observed for CO
adsorption, suggesting that useful selectivities can be achieved.
Indeed, for Fe-BTTri, an IAST selectivity of 121 is calculated
for a 0.05 mole fraction of CO in a 1 bar mixture with CO, at
25 °C (Figure 5). In addition, because of the strong binding of
CO relative to CO,, raising the temperature from 25 to 45 °C
increases the IAST selectivity significantly, going from 121 to
193 for a 5:95 CO:CO, mixture at 1 bar total pressure. This
temperature dependence of the IAST selectivity is also
observed in CO/C,H, and CO/C,H, mixtures, with calculated
selectivity values similar to those observed for CO/CO,
separations (Figures S13 and S15). Importantly, these values
still translate to very pure CO in the adsorbed phase, as 50%
CO in mixtures of CO/C,H,, CO/CO,, and CO/C,H, at 25
°C at 1 bar total pressure are expected to result in 93.2—96.5%
CO in the adsorbed phase, respectively, and increase upon
raising the temperature, reaching 95.9—98.1% at 45 °C under
the same conditions. Indeed, Fe-BTTri shows the ability to
separate CO from a variety of different gas mixtures, even in
mixtures with ethylene and CO, that are very competitive in
other metal—organic frameworks, and retains high purity CO in
the adsorbed phase.

Infrared Spectroscopy. To understand the origin of the
strong CO selectivity observed in Fe-BTTri, various spectro-
scopic methods were employed to probe the state of both the
framework iron sites and the bound CO molecules. Infrared
spectroscopy was used as an initial probe for the nature of the
iron—carbonyl interaction. After exposure to 0.05 bar of CO, a
sharp absorbance band at 2017 cm™" arises (Figure 6). This C—
O stretching frequency is red-shifted relative to free CO (2143
cm™"), indicating 7 back-donation into the z* orbital of the
carbonyl.

Absorbance (arbitrary units)

——
2100 2050 2000 1950 1900
Wavenumber (cm™)
Figure 6. Infrared spectra collected at 25 °C for Fe-BTTri (blue) and

CO-dosed Fe-BTTri (red).
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To date, a red-shift in the carbonyl stretching frequency has
only been observed for metal—organic frameworks that
irreversibly bind CO."" Indeed, all metal—organic frameworks
that have been characterized so far for reversible CO adsorption
display blue-shifted stretching frequencies, with values ranging
from 2160 to 2190 cm™, indicating a weak interaction with a
high-spin metal center acting predominantly as a Lewis
acid.'®*=1¢ In distinct contrast, the value observed for CO-
dosed Fe-BTTri is more consistent with several known low-
spin molecular Fe' species in similar ligand environments, such
as those observed in various CO-bound Fe' porphyrins or
other nitrogen-containing square-planar tetradentate ligands."”
This indicates that upon binding CO the Fe' sites of Fe-BTTri
are low-spin, which to date has not been seen in a metal—
organic framework with reversible CO adsorption.

Spin State Characterization. Since the CO stretching
frequency suggested a conversion from high-spin to low-spin
Fe"" upon adsorption of CO, Mdssbauer spectroscopy and dc
magnetic susceptibility were utilized to probe directly the metal
spin states in the activated Fe-BTTri and the CO-dosed
framework. For the activated material, the Mossbauer spectrum
at 100 K (Figure 7) reveals several high-spin Fe'' species, with
isomer shifts, J, between 1.05 and 1.07 mm/s and quadrupole
splitting values, AE, between 1.80 and 3.06 mm/s. The
existence of several slightly different iron sites is attributed to

100 &=

98 +

96 +

94 -

92 -

100

Transmission (%)

98 4

96

94 -

92

Velocity (mm/s)

Figure 7. Mdssbauer spectra collected at 100 K for Fe-BTTri (upper)
and CO-dosed Fe-BTTri (lower), with the experimental data in gray
plusses and the total fit in black. In both spectra, the blue components
are assigned to high-spin Fe. In CO-dosed Fe-BTTri, the red
components are assigned to low-spin Fe'. The parameters for all
components are listed in Table S6.
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the distribution of residual solvent and extra-framework cations
throughout the framework, which, as observed previously in
related frameworks, can subtlely alter the environment of the
Fe!' sites."> While solvation with DMF did not increase the
resolution for determination of distinct iron sites (Figure S17),
both the activated and DMF-solvated Fe-BTTri profiles are
readily fit using standard high-spin parameters, thus confirming
the high-spin ground state for the Fe'' centers within the
activated framework.*¥"*'8 Upon increasing the temperature
from 100 to 290 K, the isomer shifts and quadrupole splittings
decrease as expected for high-spin Fe"" (Figure S18).

Activated Fe-BTTri was then dosed ex situ with 0.1 mbar of
CO, and the 100 K Mdssbauer spectrum exhibits a significantly
different profile (Figure 7). Again, multiple different Fe''
components are required to reproduce the observed profile,
however both high-spin and low-spin Fe'' species are observed.
Here, high-spin Fe'' components, shown in blue, represent
58(3)% of the total absorption area and exhibit high-spin Fe'
with & between 1.00 and 1.21 mm/s and AE, between 2.42 and
3.31 mm/s. These components are assigned to five-coordinate
framework Fell sites and the extra-framework cations, which are
not involved in CO binding. In contrast, a new set of doublets
shown in red, representing 42(4)% of the total absorption area,
exhibit significantly different hyperfine parameters, with both
smaller & of 0.26 and 0.27 mm/s and AE, between 1.03 and
1.50 mm/s. These hyperfine parameters are consistent with
low-spin Fe!l,"*“*'® strongly suggesting that upon binding CO
the electron configuration of the Fe" ions change from high-
spin to low-spin. Remarkably, the total conversion to low-spin
closely matches the uptake observed in the CO isotherm data at
0.1 mbar. Upon increasing the temperature from 100 to 290 K,
the usual decrease in isomer shifts and quadrupole splittings is
observed, but the percent area of the low-spin CO-bound Fe"
of 46(4)% remains constant within the accuracy of the
measurements (Figure S19).

Magnetic measurements were also used to probe the spin
state of the iron ions in Fe-BTTri. Dc magnetic susceptibility
measurements performed under an applied magnetic field of 1
T were conducted for activated Fe-BTTri as well as samples
dosed with various amounts of CO (Figure 8). For activated
Fe-BTTri, the 300 K yyT value is expected to be 81 emu-K/
mol for all high—spin Fe' centers with S = 2 and g = 2.00. The
observed yyT value at 300 K is 82.9 emu-K/mol, in good
agreement with the calculated spin-only value. In order to
confirm the high-spin nature of these iron sites in the bare
framework, the data between 2 and 300 K was fit using the
Hamiltonian shown in equation 1,

H=-2J(5S,+ 5,5+ 55, +5:5) -2y

—~

4
(5:S; + S5,-S) + Z {DS.” + E(S,” + S,7)
i=1

+ w5888} (1)

which includes two isotropic coupling parameters and zero-field
splitting and Zeeman terms. Magnetic coupling between
nearest-neighbor Fe'' ions is represented by ], while the
coupling between Fe' sites located 180° from one another (i.e.,
coupling across the p,-Cl) is represented by J'. The
Hamiltonian provided a good fit to the magnetic data in the
temperature range 2—300 K using the parameters ID} = 27
em™), IEl = 0.01 ecm™, and g = 2.40, all for i = 1—4, and
coupling constants of ] = —5.8 cm™" and J' = —5.8 cm ™. High-
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Figure 8. Variable-temperature magnetic susceptibility times temper-
ature data collected under Hy. = 1 T for Fe-BTTri (blue), Fe-BTTri-
(CO);, (13.4% CO-loaded, red), and Fe-BTTri-(CO);4¢ (44.3% CO-
loaded, orange). The black line represents a fit to the data employing a
Hamiltonian and the parameters described in the text.

spin square pyramidal Fe' systems have been predicted to
exhibit significant magnetic anisotropy,'” and similar ID| values
and g values greater than 2 have been observed for a number of
high-spin square planar Fe" complexes.”” Although the
coupling constants ] and ]’ are expected to be different,
coincidentally these values were found to be equivalent in the
best fit of the data. This behavior has been seen in a similar
molecular, pyrazolate bridged Co",(u,-Cl) square.”’ The
magnetic analysis confirms that the Fe' sites in Fe-BTTri can
reasonably be classified as high-spin Fe'.

Samples of Fe-BTTri loaded ex situ with CO were also
investigated using magnetic susceptibility measurements.
Materials with precisely dosed loadings of 13.4% and 44.3%
of carbon monoxide per framework iron site were prepared
using a gas adsorption analyzer. These materials, Fe-BTTri—
(CO);, and Fe-BTTri-(CO), 4, respectively, exhibit decreased
amT values at 300 K compared to activated Fe-BTTri. The
predicted yy T values for these loadings, assuming a spin state
transition from S = 2 (high-spin) to S = 0 (low-spin) upon
binding of CO to Fe!, are 71.4 and 50.8 emu-K/mol for 13.4%
and 44.3% CO loading, respectively. The observed values of
71.5 and 51.6 emu-K/mol are in good agreement with these
predictions. Overall, both Mossbauer spectral and dc magnetic
susceptibility measurements completely agree with the
conversion of high-spin Fe"" to low-spin Fe'' upon CO binding.

Structural Characterization. Single-crystal X-ray diffrac-
tion data were collected for the DMF-solvated and CO-dosed
forms of the Fe-BTTri. Owing to the conditions needed to
collect and mount the crystals, a structure of the activated
material could not be obtained, as ambient solvent was taken
up at the vacant metal site prior to data collection. However,
due to the high-spin nature of both the bare and DMF-solvated
material, the structure of the activated material is likely similar
to that of the DMF-solvated material, and comparisons to the
CO-dosed structure can be made.

Ligated by DMF, the bond lengths associated with the metal
centers are consistent with a high-spin Fe'' species. The Fe—
Opyr and the average Fe—N distances are 2.116(2) and
2.1424(14) A, respectively, indicative of high-spin Fe'.”* These
values are expected to be similar for activated Fe-BT Tri, and are
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consistent with other high-spin Fe'" centers in metal—organic

frameworks, 2 15¢
2.116(2) A T 2.1424(14) A 1.774(5) AW 1.9843(19) A

LS

Figure 9. Portion of the structure of DMF-solvated Fe-BTTri (left)
and CO-dosed Fe-BTTri-(CO),, (right), as determined by analysis of
single-crystal X-ray diffraction data, with selected bond lengths
highlighted. Numbers in parentheses give the estimated standard
deviation in the final digits of the number. Orange, gray, red, blue,
green, and white spheres represent Fe, C, O, N, Cl, and H atoms,
respectively.

Upon ex situ dosing with CO, a significant structural change
was observed (Figure 9). In Fe-BTTri-(CO),,, the distances
between the iron centers and the triazolate ligands contract to
an average Fe—N distance of 1.9843(19) A, a value that is
consistent with low-spin Fe'’.'"**™"3 In addition, the observed
Fe—C(q distance of 1.774(S) A is very similar to reported
literature values of octahedral low-spin Fe'~CO complexes,
such as the porphyrin complex Fe(TPP)CO(Py) (TPP =
5,10,15,20-tetraphenylporphyrin dianion, Py = pyridine), which
exhibits a bond length of 1.77(2) A, as well as other low-spin
Fe''~CO species.” Finally, the Fe—C—O linkage is essentially
linear with an angle of 179.7(4)°, indicating a large degree of 7
orbital overlap. This is in contrast to structurally characterized
high-spin (S = 2) FeH—CO adducts, which display nonlinear
Fe—C-0O hnkages 4 These structural data, together with the
infrared, M6ssbauer, and magnetic results, confirm beyond any
doubt that, upon binding CO, the Fe! centers undergo a
conversion from high- to low-spin, which to our knowledge has
not previously been observed within a porous material.

B CONCLUSIONS

The foregoing results demonstrate that Fe-BTTri engages in an
unprecedented spin state change mechanism for the highly
selective yet reversible binding of CO over H,, N,, CO,, and
various hydrocarbons. Indeed, IAST selectivity factors for these
separations are among the highest values reported for any
adsorbent-based gas separation, indicating the promise of this
material for scavenging CO from various industrially relevant
gas mixtures. Importantly, by leveraging the z-acidity of CO,
Fe-BTTri is able to show preferential binding of CO over CO,,
ethylene, and other highly polarizable gas molecules that
typically interact with Lewis-acidic open metal sites, as present
in current metal—organic frameworks. The possibility of
extending this spin-change mechanism to related frameworks
and other gas molecules that might also have a strong
interaction with low-spin Fe', such as olefins in olefin/paraffin
separations, O, in O,/N, separations, and N, in N,/CH,
separations, is now being investigated. Finally, since exposure
to just trace amounts of CO induces changes in the structural,
electronic, and spectral properties of Fe-BTTri, chemical
identification and sensing are also promising avenues of
exploration for this new type of material.
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