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Microporous manganese formate shows temperature-triggered
gate opening for nitrogen and argon adsorption, which is not due
to a structural change of the framework but due to dynamic
opening of the pore aperture and/or sufficient kinetic energy of
the adsorbates to overcome a diffusion barrier above a critical
temperature.

Metal-organic frameworks' (MOFs) with regular, controlla-
ble pore sizes and shapes, have attracted much attention in
recent years because of their potential applications in many
areas including gas storage,” separation and catalysis.® In
particular, the potential utility of MOFs in storage, transpor-
tation, separation and purification of important industrial
gases such as hydrogen,** methane* ° and acetylene®? has
been well demonstrated. The effects of the size, shape and
chemical nature of the pore wall on the gas sorption capacity
and selectivity of MOFs have been investigated. Furthermore,
X-ray diffraction and neutron scattering studies have been
performed to elucidate gas binding sites inside the
micropores.”?"* To design efficient MOFs for gas storage
and related applications, nevertheless, we need to better under-
stand the gas adsorption mechanism of MOFs. Herein we
report the unusual temperature-dependent gas adsorption
behavior of MOFs, which may be attributed to dynamic
opening of the pore aperture and/or sufficient kinetic energy
of adsorbates to overcome a diffusion barrier above a critical
temperature.

Microporous metal formates M(HCOO), (M = Mn>"
(1),%° and Mg>" (2)*+3°) are low-cost, readily-synthesized
MOFs with permanent porosity and high thermal stability.§
They have an isomorphous structure containing one-dimensional
zigzag channels (Fig. 1) in which various guest molecules such as
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Fig. 1 1D zigzag channels with narrow necks (red arrow) in 1 and 2
(diameter 3.64 and 3.36 A, respectively). Only M(i) centers are
connected (yellow wire) to show the framework topology.

1,4-dioxane and tetrahydrofurane (THF) can be included.?>*¢
We have demonstrated that guest-free 1 selectively adsorbs gases
with a small size such as H,, CO, and C,H,.2*¢ At 77 K, for
example, 1 showed a type I adsorption isotherm for H, with a
maximum uptake of 100 cm® g~ ' at 1 atm, but no appreciable
sorption of N (Fig. 2) or Ar.” The selective gas sorption was
ascribed to the small aperture (3.64 A)S of the channels in
1 which discriminates gases with small kinetic diameters’ such
as H, (2.8 1&) from those with larger kinetic diameters’ such as Ar
and N, (3.4 and 3.64 A, respectively).” In extending this work to
other metal formates, we expected that 2 would also show no
appreciable sorption of N, since 2 has essentially the same crystal
structure with a slightly smaller aperture of the channels
(3.36 A).S To our surprise, however, the nitrogen sorption
measurement of 2 at 77 K revealed a type I isotherm with
quick saturation at low pressures and a high uptake of N,
(116 cm® g '; 1.8 N, molecules per unit pore)'® at 1.0 atm (Fig. 2,
Fig. S17). Puzzled by the totally different N, sorption behavior of
1 and 2 at 77 K, we decided to investigate the gas adsorption at
higher temperatures. As far as N, sorption is concerned, 2
behaves like a typical microporous material: the amount of N,
sorption decreased with increasing temperature. At 196 K, for
instance, the N, uptake of 2 was 50 cm?’ gf1 or 0.8 N, molecules
per unit pore at 1 atm (Fig. 2). Surprisingly, however, 1, which
did not adsorb N, at 77 K as described above, showed a
significant uptake of N, 40 cm® g~' or 0.8 N, molecules per
unit pore, the same amount of the gas as 2, at 196 K and 1 atm
(Fig. 2)."

To better understand the unusual temperature dependent
N, sorption in 1 we carried out a temperature-programmed
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Fig. 2 Nitrogen sorption isotherm'’ for 1 and 2: 1, 77 K (squares), 1,
196 K (triangles), 2, 77 K (circles), 2, 196 K (diamonds). Solid symbol
= adsorption, open symbol = desorption.

desorption (TPD) study.Y The N,-TPD profiles of 1 and 2 are
quite different as compared in Fig. 3. Most notably, the total
amount of desorbed N, in 2 monotonously decreases with
increasing adsorption temperature,'? whereas that in 1 is
insignificant until ~100 K, but increases until ~140 K and
then drops off as the temperature further increases (Fig. 4),
indicating that the gate opens around 110 K. Although the
gate opening phenomenon in MOFs triggered by pressure has
been well documented,'® this is a rare example of gate
opening triggered by temperature in MOFs.'*!3

We first thought the gate opening might be due to a
temperature-triggered structural change. However, comparing
the single crystal X-ray structure of 1 at 90 and 196 K
revealed no significant change in the structure including cell
parameters and pore size (Table S11),'® which indicated that
the temperature-triggered gate opening is not due to a static
structural change of the framework.!” One explanation for the
unusual behavior is that 1 has a “kinetically closed” pore'®
toward N,, which becomes open at a high temperature. More
specifically, above a critical temperature (~ 110 K in this case),
(1) N, molecules have sufficient kinetic energy to overcome a
diffusion barrier to diffuse into the channel,”'>!® and/or (2)
the large amplitude lattice vibration opens the aperture dyna-
mically to allow N, molecules to diffuse into the channel.”'”
At present we do not know which factor is dominant, but both
factors appear to be operative.

A similar temperature-dependent sorption behavior was
observed for Ar in 1 (Fig. 4), which presumably has the same
origin. However, it is interesting to note that 1 showed normal
gas sorption behavior for O, despite the fact that the kinetic
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Fig. 3 Temperature-programmed desorption (TPD) profiles of N,
for 1 (a) and 2 (b). The temperatures above the graphs indicate the gas
sorption temperatures.

a
) Iwo- 100 N:
.Q 80 804
E 0,
5 ;.
T 60 604
g Ar
S 404 40+
E
3 204 20-
<
o T T T T T 0 T T—r—r—T—r—PT T
80 120 150 180 210 20 120 150 180 210

TTK —— JhK —=

Fig. 4 Total amounts of gases desorbed for 1 (a) and 2 (b) as a
function of temperature.

diameter® of O, (3.46 A) is slightly /arger than that of Ar
3.4 A). Thus, the kinetic diameters proposed by Breck® and
widely used in understanding the size-exclusive sorption be-
havior of porous materials with uniformly sized pores and
channels, fail to explain the apparently contradicting selective
sorption behavior of 1. In fact, other parameters such as the
minimum dimensions (MIN-1 and MIN-2) of molecules pro-
posed by Webster er al.? better explain the selective sorption
of O, over Arin 1 at a temperature below 140 K; the minimum
dimensions of O, (MIN-1, 2.930 A; MIN-2, 2.985 A)**“ are
smaller than those of Ar (MIN-1, 3.51 A; MIN-2, 3.63 A).2%

The nitrogen sorption of other metal formates M(HCOO),
(M = Fe*", Co*", Ni2* and Zn®") at 77 K has been
examined. Similar to Mg formate, all the transition metal
formates except Mn formate (1) showed a type I isotherm at
77 K (Fig. S21 and ref. 5b,d). A careful inspection of the
aperture sizes of the channels in the metal formates revealed
that 1 has the /argest aperture size (3.64 /OX) (Table S37). These
observations raise the following questions. Despite the largest
aperture size, why does only 1 show the temperature-triggered
gate opening behavior? What is special about manganese
formate? Although we do not have definite answers to the
questions at the moment, we suspect that the framework of 1
may have the “least flexible” aperture among the series from
the thermal (vibrational) motion point of view, or have an
unusually high diffusion barrier from the kinetic point of view,
leading to the unique temperature-dependent gas sorption
behavior. To test this conjecture further studies, including
vibrational analysis of the framework, and the temperature-
dependent aperture-size distribution using ab initio molecular
dynamics simulations, are in progress.

In conclusion, microporous manganese formate exhibits
unusual temperature-dependent nitrogen and argon adsorp-
tion. It illustrates a temperature-triggered gate opening, which
is not due to a structural change of the framework but
presumably due to dynamic opening of the pore aperture
and/or sufficient kinetic energy of adsorbates to overcome a
diffusion barrier above a critical temperature. Such tempera-
ture-triggered gate opening/closing behavior of MOFs may
find useful applications in gas separation and purification.
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4 Low temperature temperature-programmed desorption (TPD)
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