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The hydrogen storage properties of Fe2(dobdc) (dobdc
4− = 2,5-dioxido-1,4-benzenedicarboxylate) and an

oxidized analog, Fe2(O2)(dobdc), have been examined using several complementary techniques, including
low-pressure gas adsorption, neutron powder diffraction, and inelastic neutron scattering. These two
metal–organic frameworks, which possess one-dimensional hexagonal channels decorated with
unsaturated iron coordination sites, exhibit high initial isosteric heats of adsorption of −9.7(1) and −10.0
(1) kJ mol−1, respectively. Neutron powder diffraction has allowed the identification of three D2 binding
sites within the two frameworks, with the closest contacts corresponding to Fe–D2 separations of 2.47(3)
and 2.53(5) Å, respectively. Inelastic neutron scattering spectra, obtained from p-H2 (para-H2) and D2–p-
H2 mixtures adsorbed in Fe2(dobdc), reveal weak interactions between two neighboring adsorption sites, a
finding that is in opposition to a previous report of possible ‘pairing’ between neighboring H2 molecules.

Introduction

As a substitute for diminishing fossil fuels, hydrogen stands at
the forefront among alternative energy carriers due to its high
gravimetric energy content and clean combustion. One of the
greatest obstacles to a hydrogen economy is the current lack of a
safe, efficient, and economically viable on-board storage tech-
nology that would enable a driving range similar to those of
gasoline powered automobiles. Due to their high internal surface
areas, adjustable pore sizes, and chemical tunability, metal–
organic frameworks are being investigated as potential hydrogen
storage materials. While many frameworks have the ability to
store significant amounts of H2 at 77 K, their utility in the temp-
erature range of interest, −40 °C to 60 °C,1 is hampered by weak

dispersive type interactions, which are characterized by adsorp-
tion enthalpies ranging from −4 to −7 kJ mol−1.2 As a result, at
room temperature, they often show little to no improvement in
storage density relative to the compression of pure H2 gas.

From a structural standpoint, several factors, such as pore size,
surface area, catenation, and ligand functionalization, can signifi-
cantly affect the hydrogen storage characteristics of a metal–
organic framework.3 In order to facilitate H2 adsorption at higher
temperatures it is evident that stronger binding interactions are
required. Theoretical calculations predict that for significant
storage capacity near room temperature frameworks will require
isosteric heats of adsorption to be between −15 and −25 kJ
mol−1.4 Recent research has shown that the incorporation of
coordinatively-unsaturated metal centers into the frameworks can
provide both enhanced binding energy5 and an increase in the
surface packing density of adsorbates at low temperature.6

Compounds of the type M2(dobdc) (M = Mg, Mn, Fe, Co, Ni,
Zn; dobdc4− = 2,5-dioxido-1,4-benzenedicarboxylate), also com-
monly referred to as M-MOF-74 or CPO-27-M, constitute an
isostructural family of metal–organic frameworks with one-
dimensional hexagonal channels.7 The framework walls consist
of helical chains of oxo- and carboxylato-bridged M2+ cations
interlinked through dobdc4− ligands. Upon thermal activation of
the framework, a bound solvent molecule is liberated from each
pseudo-octahedral M2+ cation, leaving an open coordination site
that points directly into one of the channels. These highly-reac-
tive, electron-deficient sites allow for strong polarization of
incoming H2 molecules that bind to the framework surface,
leading to zero-coverage isosteric heats ranging from −8.8 to
−13.5 kJ mol−1.6,7e,8 These values are among the largest
reported to date and show significant improvement over the
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isosteric heats of H2 adsorption observed for frameworks lacking
exposed metal cation sites.2

While a number of metal–organic frameworks incorporating
iron(II)9 or iron(III)10 have been reported, their preparation
remains a relative rarity. Furthermore, the gas adsorption proper-
ties of only a very few such compounds featuring open metal
coordination sites have been studied.9c,d,10c,d Herein, we report
the hydrogen storage characteristics of the redox-active metal–
organic framework Fe2(dobdc) and its oxidized counterpart
Fe2(O2)(dobdc). The combination of H2 adsorption studies with
neutron scattering measurements affords important insight into
the H2 loading characteristics of the materials, allowing us to
draw correlations between binding energy and M–D2 distances
for the homologous M2(dobdc) series.

Experimental

The syntheses of Fe2(dobdc) and Fe2(O2)(dobdc) were carried
out using previously published procedures.11 Prior to data collec-
tion, the samples were activated under dynamic vacuum at
433 K for 18 h. Low-pressure N2 adsorption data result in a Lan-
gmuir surface area of approximately 1535 m2 g−1 (1360 m2 g−1

Brunauer–Emmett–Teller (BET)) for Fe2(dobdc) and 1150 m2 g−1

for Fe2(O2)(dobdc).
11

Low-pressure gas adsorption measurements

A 200 mg sample of Fe2(dobdc)·4MeOH was transferred to a
pre-weighed glass sample tube under a N2 atmosphere and
capped with a Transeal. The sample was then transferred to a
Micromeritics ASAP 2020‡ gas adsorption analyzer and heated
at a rate of 0.1 K min−1 to 433 K while under vacuum. The
sample was considered activated when the outgas rate at 433 K
was less than 2 μbar min−1. The evacuated tube containing the
degassed sample was then transferred to a balance and weighed
to determine the mass of the sample (≈150 mg). The tube was
then transferred to the analysis port of the instrument, where the
outgas rate was again determined to be less than 2 μbar min−1 at
433 K. The N2 gas adsorption isotherm at 77 K was measured in
liquid N2, while H2 measurements were carried out at 77 K in
liquid N2 and also at 87 K using liquid Ar. A 94.4 mg sample of
Fe2(O2)(dobdc) was treated similarly.

Neutron powder diffraction

Neutron powder diffraction (NPD) experiments were carried out
on 0.9698 g of activated Fe2(dobdc) using the high-resolution
neutron powder diffractometer, BT1, at the National Institute of
Standards and Technology Center for Neutron Research
(NCNR). The sample was placed in a He purged glove box,
loaded into a vanadium can equipped with a gas loading valve,
and sealed using an In O-ring. NPD data were collected using a

Ge(311) monochromator with an in-pile 60′ collimator corre-
sponding to a wavelength of 2.0782 Å. The sample was loaded
into a top-loading closed cycle refrigerator and data were col-
lected on the bare framework at 4 K. For D2 loading, the sample
was warmed to 80 K and then exposed to a predetermined
amount of D2. Upon reaching an equilibrium pressure at the
loading temperature, the sample was then slowly cooled to
ensure equilibrium and complete adsorption of the D2. Data
were collected at 4 K for loadings of 0.75 and 2.25 D2 molecules
per iron. For the oxidized derivative, Fe2(O2)(dobdc) (0.620 g),
data were collected on the bare framework at 4 K followed by
sequential loadings of 0.25, 0.5, 1.0, and 2.0 D2 molecules per
iron.

Additional NPD measurements of D2-loaded Fe2(dobdc) were
performed on the high-intensity neutron powder diffractometer,
WOMBAT,12 located at the OPAL reactor facility at the Austra-
lian Nuclear Science and Technology Organisation (ANSTO).
An activated 1.076 g sample of Fe2(dobdc) was transferred to a
vanadium can in an Ar-filled glovebox. The cell was equipped
with heaters for the gas line and valve to allow rapid and
uniform temperature control. Wombat was configured with a Ge
(113) monochromator with a take-off angle of 110° with open
primary and secondary collimation, resulting in a La11B6 (NIST
Standard 660b) calibrated wavelength of 2.7948 Å. Data were
collected at select temperatures upon cooling. Temperatures
ranged between 300 K and 10 K for the bare Fe2(dobdc) frame-
work and below 100 K for sequential loadings of 0.5, 1.0, 1.5,
and 2.0 D2 molecules per iron. For each loading, the cryostat and
sample were heated to 100 K to perform adsorption of the D2

gas.
All NPD data were analyzed using the Rietveld method as

implemented in EXPGUI/GSAS.13 The activated Fe2(dobdc)
model was refined with all structural and peak profile parameters
free to vary, resulting in a structure very similar to that pre-
viously determined.11 Fourier difference methods were then
employed to locate the adsorbed D2 molecules in the data col-
lected from the samples subsequently loaded with D2. The D2

molecules were modeled as double occupancy atoms due to
quantum mechanical rotations that make the molecules almost
spherical.14 For data obtained from the oxidized sample, Fe2(O2)
(dobdc), the modeled O atoms were constrained to maintain the
same fractional occupancies and isotropic atomic displacement
parameters (ADPs). Once a stable structural model was obtained,
the isotropic ADPs of the chemisorbed O2 molecule were
allowed to vary independently of one another, with the ADPs for
O(1b) refined anisotropically in order to effectively capture the
disorder at this site.

Inelastic neutron scattering

Inelastic neutron scattering (INS) experiments were performed
on 0.467 g and 0.620 g of Fe2(dobdc) and Fe2(O2)(dobdc),
respectively, employing the Filter Analyzer Neutron Spec-
trometer (FANS) at the NCNR.15 Spectra were obtained by illu-
minating the samples with a collimated, and monochromated
neutron beam. After passing through a low-energy band-pass
filter consisting of Bi, Be, and graphite, the energy transfer of
the scattered neutrons was determined at a bank of 3He detectors.
Data were first collected for the bare framework, followed by

‡Certain trade names and company products are mentioned in this paper
to adequately specify the experimental procedure and equipment used.
In no case does this imply recommendation or endorsement by NIST,
nor does it imply that the products are necessarily the best available for
this purpose.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4180–4187 | 4181

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 1

4 
M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 2

8 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2D

T
12

13
8G

View Online

http://dx.doi.org/10.1039/c2dt12138g


data collection for frameworks loaded with normal-H2 (n-H2). It
should be noted that n-H2 contains a 3 : 1 mixture of ortho
(o-H2) and para (p-H2) hydrogen, respectively. For Fe2(dobdc),
data were collected for loadings of 0.1, 0.25, 0.5, 1.0, and 1.5
n-H2 molecules per iron, while for Fe2(O2)(dobdc) data were col-
lected for loadings of 0.5, 1.0, and 1.5 n-H2 molecules per iron.
Gas was loaded into the framework using the same methods as
described for the high-resolution NPD experiments. The spectra
of the bare frameworks were then subtracted from the spectra
obtained from the H2 loaded samples using the DAVE suite of
programs.16

Additional INS experiments were carried out on 1.347 g of
Fe2(dobdc) using the TOSCA17 neutron spectrometer located at
the ISIS facility of the Rutherford Appleton Laboratories. The
instrument allowed us to probe energy transfers between 2 and
500 meV, and in this region the instrument has a resolution of
≈2% ΔE/E. The gas loadings, consisting of 0.5, 1.0, 2.25, 3.0,
and 3.75 p-H2 molecules per iron were carried out using
methods similar to those previously described. The p-H2 was
prepared in a separate cryostat using a magnetic catalyst and
low-temperature H2. Further experiments were carried out on
Fe2(dobdc), where the sample was first loaded with 1.0 D2 mol-
ecules per iron followed by sequential p-H2 loadings of 0.5,
1.25, 2.0, and 2.75 p-H2 molecules per iron at 30 K. This
approach allowed saturation of the metal sites with the much
weaker scattering D2, enabling an easier determination of spec-
tral lines associated with the weaker H2 adsorption sites.

Results and discussion

H2 adsorption isotherms

Fig. 1 shows the low-pressure excess H2 uptake at 77 K for an
activated sample of Fe2(dobdc). The uptake quickly reaches an
adsorption above 1 wt% at the very low pressure of 6 mbar.
Although H2 binding is physisorptive in nature, the steep initial

rise in the isotherm is indicative of the presence of very strongly
polarizing sites. Additionally, a large internal surface area leads
to an uptake of approximately 2.2 wt% at 1.2 bar.

In order to calculate isosteric heats of adsorption (Qst) as a
function of loading using the Clausius–Clapeyron equation, it is
first required to accurately determine the precise pressures that
correspond to identical loadings of H2 for at least two tempera-
tures.18 As such, it is necessary to use a model to fit the exper-
imental isotherm adsorption data. The calculation of Qst is
particularly sensitive to the accuracy of the fit to the experimen-
tal data, especially when very strong adsorption sites are present.
Here, the isosteric heats of adsorption were determined for
Fe2(dobdc) by three different methods: fitting the 77 and 87 K
isotherm data simultaneously with a virial-type equation, fitting
the 77 and 87 K data independently with a virial-type equation,
and fitting the 77 and 87 K data independently with a dual-site
Langmuir isotherm (see ESI† for details).19 Significantly, only
the dual-site Langmuir model was able to adequately model the
inflection that occurs in the isotherms as saturation of the open
Fe2+ sites is approached. It should be noted that this fitting
method gives rather different, and we believe more accurate,
results than the virial-type fitting procedure that has typically
been used for analyzing such data.

Using a dual-site Langmuir fitting of the 77 and 87 K data,
the low-coverage isosteric heat (−Qst) of H2 adsorption was
determined to be −9.7(1) kJ mol−1 (see Fig. 1, inset), a value
similar to that observed for H2 in Mg2(dobdc).

20,21 At uptakes
above 1.3 wt% the isosteric heat drops below −7 kJ mol−1,
which is typical of materials featuring weak dispersive type
interactions between the adsorbed gas and framework and is con-
sistent with saturation of the strong Fe2+ adsorption sites within
the material.

By gradually dosing O2 at room temperature, Fe2(dobdc) can
be controllably oxidized to an iron(III)-containing derivative,
Fe2(O2)(dobdc). We have previously shown that 50% of the open
coordination sites of the Fe3+ cations within this compound are
occupied by a peroxide (O2

2−) species, while the other 50%
remain open.11 It was expected that the higher charge density of
Fe3+ (ionic radii for Fe2+ = 0.78 Å and Fe3+ = 0.64 Å)22 would
lead to an overall stronger binding, a direct result of increased
polarization of the adsorbed gas. Indeed, this is likely the case,
given the observed zero-coverage Qst value of −10.0(1) kJ
mol−1 (see Fig. 1, inset), which is comparable to Fe2(dobdc)
despite the availability of only half as many metal cation binding
sites. The lower number of strong binding sites further leads to a
significant drop in the magnitude of Qst for Fe2(O2)(dobdc) at
loadings higher than 0.25 wt%. Accordingly, the excess H2

uptake data at 1.2 bar is only approximately 1.9 wt% at 77 K.
This significant reduction in the low-pressure storage capacity
can further be justified when considering the reduction in surface
area by a ∼25% decrease based on Langmuir surface areas of
1535 m2 g−1 and 1150 m2 g−1 for Fe2(dobdc) and Fe2(O2)
(dobdc), respectively, together with the slightly higher molecular
weight (∼10%) of Fe2(O2)(dobdc).

Neutron diffraction data

In order to obtain a better understanding of the site specific
binding properties of these materials, detailed powder neutron

Fig. 1 Excess H2 adsorption isotherms collected for Fe2(dobdc)
(green) and Fe2(O2)(dobdc) (black) at 77 K. Filled and open circles rep-
resent adsorption and desorption, respectively. Inset: Isosteric heats of
adsorption (−Qst) plotted as a function of adsorbed H2 for both
Fe2(dobdc) (green) and Fe2(O2)(dobdc) (black).

4182 | Dalton Trans., 2012, 41, 4180–4187 This journal is © The Royal Society of Chemistry 2012
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diffraction experiments were performed, allowing us to probe
structural changes in the framework as well as the exact pos-
itions, occupancies, and site affinities of adsorbed D2 molecules.
Rietveld refinement using the diffraction data obtained for the
bare Fe2(dobdc) is well described using a structural model
similar to the one previously published.11 After structural refine-
ment of the host material, Fourier difference maps allowed sub-
sequent elucidation of the D2 positions and site occupancies as a
function of D2 loading. Development of a suitable structural
model permitted nearly unconstrained Rietveld refinements.

The diffraction data (BT1, NCNR) for Fe2(dobdc), dosed with
approximately 0.75 D2 molecules per iron, indicate the popu-
lation of a position, site I, located 2.47(3) Å from the open metal
center (see Fig. 2). This confirms that the unsaturated metal
cation is responsible for the high initial isosteric heat of adsorp-
tion. Although few metal–organic framework families exhibiting
extensive chemical substitution at the metal site have been
studied using neutron diffraction, there is a correlation for isos-
teric heats and M–D2 distances observed within two families
reported thus far (see Fig. 3), including M2(dobdc) and
M-BTT (BTT3− = 1,3,5-benzenetristetrazolate, M = Mn, Fe,
Cu).5d,e,6,10c,20 It is shown that compounds with similar isosteric
heats yet different structure types, as in the case of Mn-BTT5e

and Mg2(dobdc),
20 do not necessarily display similar M–D2 dis-

tances, illustrating the importance of the local framework struc-
ture and the metal ligation. However, within the isostructural
M2(dobdc) series, variants featuring Mg2+ and Fe2+ exhibit
M–D2 distances and calculated zero-coverage Qst values that are
the same within error,20 while the Zn2+ analog has a much
longer M–D2 distance of ∼2.60 Å, corresponding to a zero-cov-
erage Qst of just −8.8 kJ mol−1.6 First principles calculations
based on density-functional theory (DFT) have been used to
qualitatively determine M–D2 distances in the M2(dobdc) series
and revealed a fair correlation between the calculated values,
ionic radii of the M2+ cations, and zero-coverage Qst values.

7e

Upon loading the Fe2(dobdc) with 2.25 D2 molecules per
iron, two additional sites become populated, labeled as II and III
in Fig. 2. These sites are similar to those observed in the Zn2+

analog,6 and display approximate intermolecular separations that
range from 2.87 to 3.22 Å while the closest framework to D2

contacts lie in the range from 3.2 to 3.3 Å. These observations
indicate that intermolecular D2 interactions are similar in strength
to those of the physisorptive interactions with the framework
surface. Relative to site I, the large atomic displacement par-
ameters observed for sites II and III are typical of weakly bound
adsorbates.

Rapid collection of diffraction data, obtained from a high-
intensity neutron powder diffractometer (WOMBAT, ANSTO),
was used to assess structural changes in the framework as a func-
tion of loading and temperature. At a low loading there is essen-
tially a temperature independent occupation of D2 at the open
metal (see Fig. S2†). After dosing the sample with 1.0 D2 mol-
ecule per iron, the data begins to reveal occupation of site II,
with a population factor of ∼0.2; this trend continues with site II
occupation increasing until near saturation in the highest loading
of 2.0 D2 molecules per Fe2+. Fourier difference maps indicate
no population of site III up to a dosing of 2.0 D2 molecules per
iron, demonstrating a lower adsorption enthalpy for that position.
This result is consistent with previous investigations of
Zn2(dobdc), which include data from various techniques such as

Fig. 2 Fe2(dobdc) loaded with 2.25 D2 per Fe2+, viewed along the
[001] direction. Orange, gray, red spheres represent Fe, C, and O atoms,
respectively. The box contains a close up view of the framework wall,
showing closest D2–D2 and D2–framework interactions (drawn as dotted
lines) along the channel. Three D2 sites, determined by neutron powder
diffraction, are labeled as I, II, and III in order of binding strength.

Fig. 3 Isosteric heats (−Qst) plotted as a function of M–D2 distances
for two metal–organic framework families including M2(dobdc)

6,18 and
M-BTT.5d,e,10c

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4180–4187 | 4183
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diffraction6 and both neutron and infrared spectroscopies.23

While the 0.5 and 1.0 loading levels reveal little change in
binding site occupancies upon heating up to 100 K, the 1.5 and
2.0 loadings show a more significant depopulation of site II.

The unit cell volume of Fe2(dobdc) at 10 and 100 K is plotted
as a function of D2 loading in Fig. S3.† The data reveal that, at
constant temperature, there is an expansion in the unit cell with
higher D2 loading. Surprisingly, however, at constant coverage,
observed in the 0.25 and 0.5 loadings, there is a statistically sig-
nificant compression of the unit cell with increasing temperature.
While 10 to 100 K is a relatively small temperature range over
which to investigate thermal properties, given the limited resol-
ution and Q range of the instrument, the data suggest negative
thermal expansion. In order to investigate this further, we per-
formed diffraction experiments on the bare framework over a
wider range of temperatures. The material exhibits only a slight
expansion in unit cell volume between 10 K and 300 K (see
Fig. 4), with a volume expansivity of 3.2(4) × 10−6 K−1. The
majority of the expansivity is derived from the c-axis (2.5(2) ×
10−6 K−1), whereas there is almost no thermal expansion along
the a and b axes (3.1(6) × 10−7 K−1). This indicates that the
negative thermal expansion observed for the D2-adsorbed
Fe2(dobdc) structure between 10 K and 100 K is in some way
associated with hydrogen binding. The diffraction data do not
allow a clear determination of the mechanism for the observed
thermal properties, as the changes in the overall unit cell are
minimal. It is evident that much of the negative thermal expan-
sion reported in metal–organic frameworks thus far has been
attributed to dynamic properties related to low-energy vibrational
modes found within the frameworks,24 making the current
influence of the fairly weakly bound molecule even more
striking.

Neutron diffraction experiments (BT1, NCNR) were also
carried out on Fe2(O2)(dobdc). An initial loading of 0.25 D2

molecules per iron indicates population of only site I with a Fe–
D2 distance of 2.53(5) Å, similar to the case in Fe2(dobdc) and
consistent with the large zero-coverage Qst value. At a loading of
0.5 D2 molecules per iron, the atomic displacement parameters
for site I increase significantly, indicative of D2 disorder close to
the open metal coordination site. In an effort to model the dis-
order, site I was further split into two crystallographically-inde-
pendent molecular units. While there was an improvement in the
refinement, one D2 molecule remains fairly disordered. The
observed static disorder at site I could result from two phenom-
ena: (i) a nonuniform distribution of the strongly binding O2

2−

species on the framework surface, likely causing some short
range disorder with respect to the Fe3+ environments and (ii)
physisorptive interactions occurring between D2 molecules and
the bound peroxide species, which displays large displacement
parameters for O(1b). While both circumstances could cause
inadequacies in our ability to completely model the data using
the current technique, the 1.0 and 2.0 D2 molecules per iron
loadings give experimental support of a secondary D2 binding in
close proximity to the peroxide species, as site I D2 occupancies
are significantly higher than 0.5. Even though the site I D2⋯O2

2−

distances are short, they are not discussed further due to the
extensive site I disorder making it difficult to determine any
detailed atomic information. Also, in comparison to Fe2(dobdc),
there is a significant reduction in magnitude for Qst at H2 load-
ings above 0.25 wt%, likely due to the weaker (O2

2−)–D2 inter-
action, since it is expected that peroxide bound sites would be
less polarizing than the exposed metal cation.

Increasing loadings from 1.0 to 2.0 D2 molecules per iron
results in a sequential occupation of sites II and III, as observed
for the parent Fe2(dobdc) compound; however, as in the case of
the open metal site, the refined thermal parameters for II and III
are large relative to those observed in the Fe2+ analog. While
they are susceptible to a larger error, a consequence of increased
static disorder, intermolecular D2 distances range from ∼2.7 to
∼3.0 Å, while the closest framework⋯D2 interactions lie
between 3.2 Å and 3.3 Å for sites II and III. The D2 molecules
adsorbed at site II also reveal weak van der Waals type inter-
actions with the bound peroxide species, with a separation of
∼3.0 Å from O(1b).

Inelastic neutron scattering spectra

Inelastic neutron scattering experiments were also utilized to
probe the site specific binding properties of H2. In solid H2,
where the molecules behave as three-dimensional quantum
rotors, the energy levels (EJ) for each rotational level (J) can be
described by EJ = BJ(J + 1), where B is the rotational constant
equal to 7.35 meV. Therefore, the transition from J = 0 to J = 1,
also known as the para to ortho transition, occurs at an energy
of 2B or 14.7 meV, in ideal H2. Adsorption of H2 at relatively
high enthalpy sites can create a barrier to the quantum rotation,
resulting in a shift in the observed rotational lines from
14.7 meV. Additionally, anisotropic environments, with respect
to the local framework surrounding adsorption sites, can lift the
degeneracy of the triplet J = 1 state, causing splitting of the
14.7 meV peak into separate entities.

Selected INS spectra obtained (FANS, NIST) for Fe2(dobdc)
loaded with 0.1 to 1.5 n-H2 molecules per iron after subtraction

Fig. 4 Unit cell parameters of the bare Fe2(dobdc) framework plotted
as a function of increasing temperature. The data were acquired using a
high-intensity powder neutron diffractometer, Wombat. The lines rep-
resent a linear fit to the data with the error bars representing a single
standard deviation.
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of the bare spectrum are shown in Fig. S4.† At low loadings of
0.1 to 0.5 n-H2 molecules per iron, there are two observable
rotational lines centered at ≈6.1 and ≈11.5 meV with additional
features between 20 and 30 meV. Similar transitions have been
observed in the INS spectra for members of the M2(dobdc)
series with M = Zn, Ni, Co, Mg.20,21,23a The two lowest energy
peaks and the ≈22 meV peak have been previously assigned, by
INS measurements that were correlated with diffraction results23a

and subsequently confirmed through DFT calculations,25 as tran-
sitions occurring from the J = 0 state to three sublevels of the
split J = 1 rotational state. It is evident that Fe2(dobdc) exhibits
the largest splitting observed thus far for a member of this family
of compounds. Further, within this series, the size of the splitting
and peak positions show no correlation with strength of binding
at the open metal site.26

Additional INS spectra of Fe2(dobdc) with various loadings
ranging from 0.5 to 3.75 p-H2 molecules per iron were measured
on the TOSCA spectrometer at ISIS. The neutron energy loss
spectra, ranging from 2 to 125 meV, is shown in Fig. S5† (after
subtraction of the bare framework spectrum). The intensity
obtained at higher energy transfers on TOSCA is less than that
of FANS, due to the different quantities measured on each spec-
trometer.14 The spectra obtained for the sample loaded with n-H2

(FANS) gives qualitatively the same spectral features as those
obtained using p-H2 (TOSCA) indicating that ortho–para con-
version happens in n-H2 upon adsorption into Fe2(dobdc). The
total scattering in these spectra is proportional to the number of
H2 molecules in the system, including the rotational transitions
and background associated with recoil effects of the H2 mol-
ecules. The results from integrating the total intensity for each
data set correlate very well with the loadings for each experiment
(see Fig. S6†).

Fig. 5 shows the INS data obtained from TOSCA over a
smaller energy range, 2 meV to 20 meV, in order to highlight the
low-energy rotational transitions observed for the three adsorp-
tion sites. At loadings above 1.0 H2 molecules per iron, as sites

II and III are populated, the additional molecules are close
enough to each other to affect the rotational potential at site I,
and this consequently adjusts the rotational energy level, as seen
in the shift of peak 1 to lower frequencies and peak 2 to higher
frequencies. This lowest frequency line shifts by almost 1.4 meV
over the entire loading range, much more than was observed for
the other members of the M2(dobdc) series, which have shown
only small effects on the lowest rotational transition (on the
order of 0.2 meV). The magnitude of this shift is similar to that
observed between the gas phase and solid bulk hydrogen,27 a
scenario that is very different from the present situation within
Fe2(dobdc).

A recent combined infrared spectroscopy and DFT theory
study of M2(dobdc) (M = Mg, Co, Ni, Zn) suggested that there
is a ‘pairing’ of the H2 molecules between the first and the
second adsorption sites, and that the second adsorption site is
only stable if there is population on the unsaturated metal.28 A
significant portion of this inference comes from the close H2–H2

distance of 2.6 Å, a value that was misquoted from our previous
work, in which the distances in question are actually ∼2.9 to
4.2 Å. The average intermolecular distance, 3.4 Å, is shorter
than the distance found in solid D2, 3.6 Å, yet it does not consti-
tute a criterion to label these adsorbates as paired. Indeed, the
pairing description misinterprets the temperature dependence of
the INS spectra, which illustrates the decreasing population of
the separate adsorption sites as a consequence of differing
adsorption enthalpies. The behavior of the site occupancies as a
function of temperature (see Fig. S2†) also supports the tra-
ditional view that these are essentially independent adsorption
sites, as site II shows a much stronger temperature dependence
than the much higher-enthalpy site I. If indeed there is H2–H2

pairing, the use of both D2 and H2 in our INS studies should
enable the observation of a transition from the paired to the
unpaired state, as it would have an effect on the rotational energy
levels of this newly associated super-molecule as also indicated
by the large shifts in vibrational frequency.28

To highlight the rotational transitions observed for H2 at sites
II and III we masked the site I transitions in the INS spectra by
dosing the sample with 1 D2 molecule per iron (see Fig. 6). Due
to the lower zero-point motion and entropy, the D2 will bind to
the metal preferentially over H2. A further dosing of the sample
with p-H2 yields spectra with contributions from only the weaker
adsorption sites, II and III, due to the large difference in the
incoherent cross section for hydrogen versus deuterium: 80.26
and 2.05 barns, respectively. The use of p-H2 is important in this
case as it is likely that conversion to the ground-state cannot
occur easily with access to the Fe2+ blocked, and we wish to
directly compare populations in each rotational state. Comparing
the spectra obtained from the samples loaded with 1.5 p-H2 to
the 1.0 D2 + 0.5 p-H2 dosing clearly reveals two peaks associ-
ated with site II at approximately 10.6 and 14.2 meV, respect-
ively (peaks labeled 3 and 4), enabling a clear assignment of
peaks 1 and 2 to the rotational levels of H2 bound at the open
metal site. An additional dosing of 1.25 p-H2 to the sample with
1.0 D2 molecules per iron yields a spectrum with a broad feature
around 15.0 meV that must originate from H2 at site III, similar
to the energy expected for almost unhindered H2 rotations and
indicating more weakly bound H2. It is evident that there is little
difference between the spectra obtained for pure p-H2 and those

Fig. 5 INS spectra at 20 K for loadings of 0.5 (black), 1.0 (green),
2.25 (orange), 3.0 (blue), and 3.75 (grey) p-H2 per Fe2+ in Fe2(dobdc).
The data shown are after subtraction of the spectrum of the evacuated
framework. All rotational lines, especially those associated with site I
(denoted by arrows), shift as a function of loading. The dashed line, at
14.7 meV, represents the o–p transition of bulk H2.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4180–4187 | 4185
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obtained for the D2–p-H2 mixtures, so we conclude that the
H2–H2 and D2–H2 ‘pairs’ have similar rotational levels and
hence the interactions between sites I and II must be weak.

INS was also used to probe the H2 rotational transitions in
Fe2(O2)(dobdc) (see Fig. S7†). While there is some peak broad-
ening observed for the dosings (0.5, 1.0, and 1.5 n-H2 molecules
per iron), likely due to the aforementioned static disorder, the
spectra for both the oxidized and unoxidized compounds look
extremely similar. The rotational transitions observed for all
loadings have similar intensities, indicating analogous H2 occu-
pancies between the materials. It is expected that if 50% of the
open metal cation sites are blocked by the presence of O2

2−

upon dosing with H2 the intensities of the rotational transitions
associated with sites II and III would increase more rapidly for
Fe2(O2)(dobdc) than for Fe2(dobdc). The fact that the intensities
remain the same supports H2 population in close proximity to
the peroxide bound sites, as supported by the diffraction data.
Similar peak positions also indicates a similar rotational barrier
for H2 molecules interacting with the metal, as well as those
interacting with the peroxide, despite a relatively weaker adsorp-
tion enthalpy for the latter.

Conclusions

Gas adsorption measurements coupled with neutron diffraction
and spectroscopy has provided an unambiguous image of the
mechanism for hydrogen storage properties of the newest
member of the M2(dobdc) family. While the H2 uptake proper-
ties of Fe2(dobdc) closely mirror those of Mg2(dobdc), studies of
this kind offer structure–property correlations that are necessary
to pinpoint the structural factors that affect the isosteric heat of
H2 adsorption within metal–organic frameworks, and allow us to
test the accepted idea that shorter metal–adsorbate bond dis-
tances lead to an increased adsorption enthalpy. Employing
inelastic neutron scattering spectroscopy, we have confirmed that

rotational transitions associated with H2 bound at the open metal
site do not necessarily correlate with binding energies. These
experiments have further provided a conclusive demonstration
that ‘pairing’ of H2 molecules at two neighboring adsorption
sites does not occur in this system. In addition, the INS data
coupled with neutron diffraction has revealed the first exper-
imental evidence of D2 binding to a peroxide-containing species,
as observed in Fe2(O2)(dobdc). Although the electrostatic inter-
action at the peroxide appears to be somewhat weaker than the
open metal, it is still significantly stronger than typical van der
Waals interactions traditionally observed in these frameworks. It
is expected that continued systematic studies of this family as
well as other metal–organic frameworks will inform the design
of next-generation hydrogen storage materials.

Note added in proof

We would like to point out a partial investigation of hydrogen
adsorption in Fe2(dobdc) that came to our attention after sub-
mission of this article.29
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