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We investigate the possibility of tailoring the electronic properties of isoreticular metal-organic
materials by replacing the metal atom in the metal-organic cluster and by doping. The electronic
structure of M-IRMOFI1, where IRMOF1 stands for isoreticular metal-organic framework 1 and
M=Be, Mg, Ca, Zn, and Cd, was examined using density-functional theory. The results show that
these materials have similar band gaps (ca. 3.5 eV) and a conduction band that is split into two
bands, the lower of which has a width that varies with metal substitution. This variation prompted
us to investigate whether doping with Al or Li could be used to tailor the electronic properties of the
Zn-IRMOF1 and Be-IRMOFI1 materials. It is shown that replacing one metal atom with Al can
effectively be used to create IRMOFs with different metallic properties. On the other hand, adding
Li produces structural changes that render this approach less suitable. © 2005 American Institute of

Physics. [DOI: 10.1063/1.2037587]

I. INTRODUCTION

Porous metal-organic frameworks (MOFs) have emerged
as a class of materials with enormous potential in a variety of
practical applications. For example, MOFs can act as storage
materials for hydrogen"2 and methane,” or they can be used
as sensors,4 serve as templates for the creation of molecular
species architectures,”® and perform enantioselective cataly-
sis and separation.7 Additionally, chemists are finding ways
to design MOFs to target specific properties.

Eddaoudi et al. have shown that porous MOFs can be
synthesized as to target the capability to store hydrogen and
methane: They used the reticular approach to synthesize 16
different MOFs with the same underlying topology but dif-
ferent chemical functionality of the pores;3 functionalizing
the pores allows for different hydrogen and methane storage
capabilities.1 Here, we wish to investigate whether a similar
concept can be used to target the electronic properties of
these materials. As a first step, we concentrate on the mate-
rial known as isoreticular metal-organic framework (IR-
MOF1).

The structure of IRMOFI1 is shown in Fig. 1(a). The
structure can be viewed as made of two distinct structural
units, the connector [shown in Fig. 1(b)] and the linker
[shown in Fig. 1(c)]. If one was to alter the electronic prop-
erties of IRMOF1, the following three approaches seem
plausible: (i) replacing the linker with other organic mol-
ecules, (ii) replacing the connector by changing the metal
atom in it, and (iii) replacing both the linker and connector.

Replacing the linker has already been done. In fact, IR-
MOF1 belongs to the class of 16 different IRMOFs men-
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tioned above, all of them with the same connector and un-
derlying topology but different linkers. Replacing Zn by
other metal atoms can also be done, and this is the approach
we chose here.

In selecting metal atoms that could replace Zn, it is con-
venient to choose those that are likely to form a Zn-acetate-
type molecule, because this molecule plays a crucial role in
the synthesis of IRMOFs."? Be and Co are the most appro-
priate choices, since both form an acetate molecule,g’9 and
the compounds Be-IRMOF1 and Co-IRMOFI could most
likely be synthesized. But Co is magnetic, and Co-IRMOF1
should have distinct properties that deserve a whole separate
study. This led us to investigate IRMOF1 with Be, Zn, and
similar atoms, including Mg, Ca, and Cd.

In what follows, we used an ab initio technique to inves-
tigate the electronic properties of M-IRMOF1, where M
=Be, Mg, Ca, Zn, and Cd. Our results show that all of these
materials have very similar large band gaps, with a conduc-
tion band of varying width. The latter finding suggested that
it might be possible to dope these materials in order to raise
the Fermi level up to conduction band. If so, one could take
advantage of the variation in the width of the conduction
band to create IRMOFs with different metallic properties.
This idea is examined in detail by doping with Al and Li the
materials Zn-IRMOF1 and Be-IRMOFI1.

Il. METHOD

The Vienna ab initio simulation package (VASP) code
was used to perform the electronic structure calculations.'”
The method is based on the local-density approximation
(LDA) to the density-functional theory with ultrasoft
Vanderbilt-type pseudopotentials.” The LDA used is of the
Ceperly—Alder form'* as parametrized by Perdew and
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Zunger.13 The integration over the Brillouin zone was per-
formed using the Monkhorst—Pack scheme,14 with two k
points.

To obtain the equilibrium lattice constant a, and bulk
modulus B, the energy versus the volume curve of each
material was calculated allowing the atoms to relax at each
volume, then each curve was fitted to the Birch—-Murnaghan
equation of state.'

lll. RESULTS

Table I shows the equilibrium lattice constant and bulk
modulus of all the compounds studied. Comparisons with
experiments are only possible for Zn-IRMOF]I, and the the-
oretical volume is 3% smaller than the experimental volume
of desolvated Zn-IRMOF1."° In the compounds studied the
metal-atom nearest neighbor is always oxygen in the crystal-
lographic position O1. Then, assuming that the atomic radii
of Ol remains constant throughout all the compounds stud-

TABLE 1. Structural parameters of M-IRMOF1 (M=Zn, Cd, Be, Mg, and
Ca). The equilibrium lattice constant a, and bulk modulus B, were obtained
by fitting the energy vs the volume curve to the Birch-Murnaghan equation
of state (Ref. 15). M—O1 represents the distance from the metal atom M to
its closer neighbor, which is always oxygen in the crystallographic position
O1. We interpret the change in this distance as Zn is replaced by other atoms
to represent differences in their atomic radii. Ar represents the calculated
difference in atomic radius relative to Zn (see text for an explanation).

M-01 distance

Material ay (A) B, (GPa) A) Ar (A)
Zn-IRMOF1  25.6141 (25.8849%)  17.955 1.913 0.0
Cd-IRMOF1 26.6125 14.890 2.115 -0.202
Be-IRMOF1 24.0089 21.103 1.602 0.311
Mg-IRMOF1 25.6670 15.657 1.903 0.01
Ca-IRMOF1 26.9418 12.262 2.125 -0.212

“The experimental a, was taken from the desolvated form of Zn-IRMOFI
(Ref. 16).
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FIG. 1. The structure of IRMOF1. The
labels C1, C2, etc., denote different
crystallographic positions (see Table
). (a) A single cube fragment of the
complete structure. Each corner of the
cube is made up of a connector, and
each side is made up of a linker. (b)
Connector: it can be described as one
central (Zn1)4(02) tetrahedron and
four Zn1(01);02 distorted tetrahedra;
the labels O1(¢) and O1(¢') denote Ol
atoms belonging to two different dis-
torted tetrahedra. (c) Linker: reminis-
cent of the organic molecule 1,4 ben-
zenedicarboxylate (BDC). In
M-IRMOFI1, two different linkers are
connected to each other by
O1(r)-Zn1-01(¢) bridges.

ied, one can obtain the relative size of the metal atom by
looking at the distance to its closer neighbor. The distance
between metal atoms and O1, M —O1, is tabulated in Table 1.
We interpret the change in this distance as Zn is replaced by
other metal atoms to represent differences in their atomic
radii. The calculated difference Ar in atomic radius relative
to Zn is given in Table 1. The quantity Ar allows us to make
a correlation between the atomic radii M and the volume of
M-IRMOF], i.e., the bigger the atomic radii the larger the
volume. This relation holds for metal atoms in the same col-
umn of the Periodic Table, but it does not hold if one con-
siders different columns of the Periodic Table. For example,
Mg and Zn have practically the same size, yet Mg-IRMOF1
has a larger volume than Zn-IRMOFI. In Table II the atomic
positions of Zn-IRMOF1 are shown, and it is seen that the
theoretical and experimental values are in excellent agree-
ment.

To compare these compounds further, it is convenient to
consider each one of them as made up of connectors and
linkers. Table III contains structural information for the
linker, and one observes that the linker remains practically
unchanged throughout all the compounds. On the other hand,

TABLE II. Ab initio and experimental (in parenthesis) atomic positions in

fractional coordinates for Zn-IRMOF1. Space group Fm3m. The experimen-
tal values were taken from the desolvated form of Zn-IRMOF1 (Ref. 16).

Atom  Crystallographic
type position X y z

H1 96k 0.191 (0.194)  0.191 (0.194)  0.049 (0.045)

C3 96k 0.217 (0.218)  0.217 (0.218)  0.027 (0.026)
2 48g 0.054 (0.054) 0.250 (0.250)  0.250 (0.250)
Cl 48¢ 0.111 (0.112)  0.250 (0.250)  0.250 (0.250)
02 8¢ 0.250 (0.250)  0.250 (0.250)  0.250 (0.250)
o1 96k 0.219 (0.219)  0.219 (0.219)  0.134 (0.134)
Znl 32f 0.207 (0.206)  0.207 (0.206)  0.207 (0.206)
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TABLE III. Ab initio structural parameters of the linker for each
M-IRMOF]I.

Material C2-C3 (A) C1-C2 (A) Cl1-01 (A) C3-C3 (A)
Zn-IRMOF1 1.388 1.474 1.266 1.377
Cd-IRMOF1 1.386 1.469 1.264 1373
Be-IRMOF1 1.388 1.468 1.262 1377
Mg-IRMOF1 1.388 1.472 1.265 1377
Ca-IRMOF1 1.389 1.476 1.266 1.377

Table IV shows significant differences among the connectors
of different compounds. This is especially clear if one com-
pares the volume of the connector in the different com-
pounds; this volume was calculated assuming that the con-
nector is an octahedron with vertices defined by the Cl1
atoms. In Table IV we have also collected the O1-M bond
length and the O1-M—-O1 bond angle, both variables are
relevant for the following discussion on the electronic prop-
erties.

The electronic density of states and band structure of
Zn-IRMOF]1 are shown in Figs. 2(a) and 2(b), respectively.
The top of the valence band is located at the I" point, and the
conduction band is split into two regions, the lower of which
has a width of 138 meV. The bottom of the conduction band
is very flat, making it impossible to unequivocally identify
whether the band gap is direct or indirect. The band gap has
a value of approximately 3.5 eV. Further inspection, ob-
tained by calculating the partial electronic density of states
shown in Fig. 2(c), reveals that the band-edge electronic
states are overwhelmingly of a p nature. In particular, the
bottom of the conduction band is dominated by p states con-
tributed by the atoms O1, C1, C2, and C3 (the atoms of the
linkers, although C1 and Ol are shared between linkers and
connectors), whereas the top of the valence band is domi-
nated by p states from O1, 02, C2, and C3.

(b)
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TABLE 1V. Ab initio structural parameters of the connector for each
M-IRMOFI. The variable V, stands for the volume of the connector assum-
ing that it has an octahedral shape.

Material M-01 (A) 01-M-01 (deg) v, (A%)
Zn-IRMOF1 1.913 107.011 59.600
Cd-IRMOF1 2.115 110.010 73.982
Be-IRMOF1 1.602 102.812 41.934
Mg-IRMOF1 1.903 108.210 60.495
Ca-IRMOF1 2.125 111.751 77.747

The electronic density of states and band structure of
Be-IRMOFI are shown in Figs. 2(d) and 2(e), respectively.
Both are very similar to those of Zn-IRMOFI, the only clear
difference, apart from the absence of d states, is that the
lower part of the conduction band is wider, with a value
348 meV. After investigating the electronic density of states
and band structure of the compounds Cd-IRMOFI, Mg-
IRMOF1, and Ca-IRMOF1, we observed the following com-
mon features: A band-gap value of about 3.5 eV that is not
unequivocally defined as direct or indirect, a band edge
dominated by p states contributed by the same set of atoms,
and a splitting of the conduction band into two bands, the
lower of which has a width that varies. The band-gap values
and the width of the lower part of the conduction band have
been collected in Table V. We have also used the generalized
gradient approximation17 (GGA) to compute the electronic
properties of Zn-IRMOF1. We have found that neither the
band gap nor the width of the lower part of the conduction
band changes significantly. In particular, with GGA the band
gap is 3.518 eV and the width is 131 meV. These results
suggest that the features summarized above remain true in-
dependently of whether one uses the local or the generalized
gradient approximation.

It is interesting to notice that, again if one focuses on the
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FIG. 2. Electronic properties of
M-IRMOF1 (M =Zn and Be). (a) Elec-
tronic density of states, (b) electronic

L X w

0 20
Number of states (unit cell X (eV))

40 60 80 By

Number of states/(unit cell x (eV))

20
T T ¥ T

SF (d) (e) 10

ne
— Be-IRMOF1
= = Be ‘ :
L5 | ! 0,
> | | -25 -20
5|
[a)
=
=
=L

P OO ————

; © o i ;
0 20 40 60 80 L E X w K T

Number of states (unit cell X (eV))

Lo )
Energy (eV)

band structure, and (c) partial elec-
tronic density of states of Zn-
IRMOF1; (d) electronic density of
states and (e) electronic band structure
of Be-IRMOF]I. For clarity, only the
region near the band gap is shown.
The top of the valence band and Fermi
level are located at 0.0. The Fermi
level is indicated by the dotted line.

10

Downloaded 17 Feb 2006 to 128.2.113.241. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



124713-4 Fuentes-Cabrera et al.

TABLE V. Electronic properties of M-IRMOFI1. Electronic band gap and
bandwidth of the lower part of the conduction band. (For aiding the text
explanation, some of the structural parameters of the connectors have been
also collected in the last two columns.)

Band gap Bandwidth M-01 01-MOl1
Material (eV) (meV) (A) (deg)
Zn-IRMOF1 3.5027 138 1.913 107.011
Cd-IRMOF1 3.4885 81.2 2.115 110.010
Be-IRMOF1 3.4830 348 1.602 102.812
Mg-IRMOF1 3.5000 240 1.903 108.210
Ca-IRMOF1 3.5045 191 2.125 111.751

same column of the Periodic Table, one observes that there is
a correlation between the width of the lower part of the con-
duction band of M-IRMOFI1 and the size of M, i.e., the
smaller the atomic radii of M the larger is the bandwidth of
M-IRMOF]I. To explain this correlation we notice the fol-
lowing three facts: First, the lower part of the conduction
band is dominated by states contributed from the atoms of
the linkers. Second, in the M-IRMOFI1 structure,
O1-M-0O1 bridges join adjacent linkers. Third, a large
bandwidth reflects enhanced interactions between the linkers.
From Table V it is clear that, the smaller the atomic radii of
M the smaller the length of the bridge O1-M-0O1 and, as a
consequence, the larger is the bandwidth. This is the reason
why Be-IRMOFI has the larger bandwidth followed by Mg-
IRMOF1 and Ca-IRMOFI1. Similarly, Zn-IRMOFI1 has a
larger bandwidth than Cd-IRMOF1. The same correlation
does not hold if one compares the bandwidth of compounds
made of metal atoms from different columns, though. For
example, Zn and Mg have practically the same atomic radii,
yet Mg-IRMOF]1 has a larger bandwidth than Zn-IRMOF]1.

The findings above suggest a possible path for tailoring
the electronic properties of M-IRMOFs as to create materials
with different metallic properties. This path consists of dop-
ing to raise the Fermi level up to the lower part of the con-
duction band, and then to take advantage of the tunability of
the width of this band for creating materials with different
metallic properties. For example, if this approach were to be
successful and assuming that the bandwidths did not change
significantly after doping, doped Zn-IRMOFI1 should con-
duct less efficiently than doped Be-IRMOFI, since Be-
IRMOFT1 has a larger bandwidth than Zn-IRMOFI1. In what
follows we present results on Al and Li doping of Zn-
IRMOF1 and Be-IRMOF]1.

The formula unit of M-IRMOF is H,,Cys0,,Mg. To
dope with Al, we replaced one Zn (Be) with one Al atom.
The resulting material has one Al per unit cell and formula
unit H,,Cyg0ysM;Al (M=Zn and Be). The materials
H,,C430,6Zn;Al and H,,C450,¢Be;Al were subsequently re-
laxed by means of a density-functional theory (DFT) tech-
nique that optimizes the volume and the atomic positions.
The electronic densities of states of H,,C,30,4Zn,Al and
H,,C4305Be;Al are shown in Figs. 3(a) and 3(b), respec-
tively. In these figures, it can be seen that replacing Zn with
Al results in shifting the Fermi energy up, so it lies now in
what before was the lower part of the conduction band. Ad-
ditionally, this band is wider in H,,C,30,4Be;Al than in

J. Chem. Phys. 123, 124713 (2005)
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FIG. 3. Electronic properties of H,,Cyg0,6M-Al (M =Zn and Be). (a) Elec-
tronic densities of states of H,,C430,5Zn;Al (black line) and Zn-IRMOF1
(red line); (b) electronic densities of states of H,,C,30,4Be;Al (black line)
and Be-IMOF]1 (red line). For clarity, only the region near the band gap is
shown. The Fermi level for H,,Cy30,6M-Al (M =Zn and Be) is indicated by
the black dotted line.

H,4C430,6Zn;Al. So it appears that Al doping in M-IRMOF1
could be a successful approach for creating M-IRMOF ma-
terials with different metallic properties. However, it should
be noted that Al doping introduces other changes in the elec-
tronic density of states. For example, changes in the heights
and splitting of the peaks are observed with Al doping (see
Fig. 3).

Adding one Li atom per unit cell results in the material
H,4C430,6MgLi, which represents the case of Li doping. To
find the most likely position a Li atom would occupy, we
initially performed classical molecular mechanics and semi-
empirical quantum modeling. We first determined a
minimum-energy position of a Li atom using classical va-
lence force fields [molecular mechanics 3 (MM3) and opti-
mized potentials for liquid simulations (OPLS)] (Ref. 18)
followed by geometry optimization using a semiempirical
calculation based on Modified Neglect of Diatomic Overlap
with inclusion of d-orbitals MDNO(d)."” These relatively
low-level calculations gave results showing that the Li is
attracted to the connector, occupying a position between two
Ol atoms and very close to Zn (Be). Limited quantum me-
chanics (QM)/MM modeling was also used to allow imple-
menting of a higher level of many-body electronic structure.
In this case, the Li atom and the connector (atoms giving sp3
termination) were treated within the Hartree-Fock [all elec-
tron model with Slater-type orbital (STO)-3G" atom centered
basis functions] with single-point second-order perturbation
corrections for electron correlation, and the remaining atoms
of the M-IRMOF1 were treated with MM3. Subsequently,
we relaxed H,,C430,4ZngLi and H,,Cy30,6Beg by means of
a DFT technique in the following manner: (i) We relaxed
both volume and atomic positions and (ii) we relaxed the
atomic positions only. In either case we observed large struc-
tural changes introduced by doping with Li. This indicates
that adding Li to IRMOFs does more than simply raising the
Fermi level without altering much the electronic properties
of IRMOFs, as we originally speculated. Therefore, Li dop-
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ing does not appear to be a suitable approach for producing
IRMOFs with different metallic properties by taking advan-
tage of the different conduction bandwidths.

IV. CONCLUSIONS

In this paper we have investigated the possibility of tai-
loring the electronic properties of isoreticular metal-organic
framework 1 (IRMOF1). The electronic properties of this
material can be altered by changing the connector, the linker,
or both. We investigated by changing the connector, in par-
ticular, we replaced the Zn atoms by other metal atoms and
examined the electronic properties of M-IRMOF1 (M =Be,
Mg, Ca, Zn, and Cd) by means of an ab initio electronic
structure method. Our results show that all these compounds
share a similar but relatively large band gap of about 3.5 eV,
and that their conduction band is divided into two parts, the
lower of which has a width that varies with metal substitu-
tion. This variation in the bandwidth can be qualitatively
explained as due to a size effect introduced by the metal
atom: The smaller the metal, the closer the linkers which
results in a larger bandwidth. This finding leads us to con-
sider the possibility of doping to raise the Fermi level up to
the lower part of the conduction band, so one could take
advantage of different bandwidths to create materials with
different metallic properties. We investigated the electronic
properties of Al- and Li-doped Zn-IRMOF1 and Be-
IRMOF1, and found that Al doping could be a successful
approach to create M-IRMOF1 with different metallic prop-
erties, whereas Li doping is not. The latter is due to signifi-
cant structural changes introduced by the addition of Li. The
potential for tailoring the electronic properties of
M-IRMOF1 becomes apparent when one realizes that this
material is just one among 16 other IRMOFs, which have the
same connector but different linkers. The possibility of
changing linkers, connectors, or both, and even replacing Zn
with magnetic elements, plus doping, could offer an interest-
ing venue for the creation of materials with interesting elec-
tronic and magnetic properties.

Structure and properties of isoreticular metal-organic frameworks
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