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ABSTRACT: A systematic investigation on electronic band structure of a series of isoreticular cé“,‘
metal—organic frameworks (IRMOFs) using density functional theory has been carried out. Our

results show that halogen atoms can be used as functional groups to tune not only the band gap | 9 !

but also the valence band maximum (VBM) in MOFs. Among halogen atoms (F, Cl, Br, I), iodine @

is the best candidate to reduce the band gap and increase the VBM value. In addition, it has been —

found that for the antiaromatic linker DHPDC (1,4-dihydropentalene-2,5-dicarboxylic acid) the IRMOF
energy gap is 0.95 eV, which is even lower than those calculated for other aromatic linkers, i.e., - ° e

FFDC (furo[3,2-b]furan-2,5-dicarboxylic acid) and TTDC (thieno[3,2-b]thiophene-2,5-dicarbox-
ylic acid). By analyzing the lowest unoccupied molecular orbital—highest occupied molecular », Y cB CB
orbital gaps calculated at the molecular level, we have highlighted the important role of the - - -
corresponding organic linkers in the MOF band gap. In particular, the change of C—C—C=0
dihedral angle in the organic linker can be used to analyze the difference of band gaps in MOF
crystals. It is shown that a deep understanding of chemical bonding within linker molecules from
electronic structure calculations plays a crucial role in designing semiconductor properties of
MOF materials for engineering applications.

I. INTRODUCTION The reticular chemistry™® suggests that it is possible to
predetermine the property of MOF materials via rationalizing
the design of linkers. This requires a good understanding about
the relationship between chemical bonding and structural
properties of the material. Together with experiments,
molecular modeling are powerful tools for providing

Over the past few decades metal—organic frameworks
(MOFs)"* have been recognized as a new class of porous
crystalline materials which are promising for diverse applica-
tions, such as gas storage and separation,3_5 catalysis,6 chemical

7 . 8
sensors,” and drug delivery.” Furthermore, MOFs have also fundamental knowledge for designing new materials with

desirable properties. Frost and Snurr'* used grand canonical
Monte Carlo simulation to establish the requirements of MOFs

inorganic—organic hybrid nature. The varying of these for hydrogen storage. They concluded that depending on the
components created more than 20000 MOFs® which are

attracted a great deal of attention because of their structural and
chemical diversity. This characteristic was explained by their

different in many significant properties, including porosity, Received: June 17, 2013
internal surface area, pore aperture or diameter, and functional Revised:  February 12, 2014
group.m_12 Published: February 12, 2014
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pressure range the amount of absorbed hydrogen will correlate
with the corresponding heat of adsorption, surface area, or free
volume of material. Recently, by using large-scale screening
approach for 137 953 MOFs, Wilmer et al."> generated over
300 new potential compounds which have the predicted
capacity for methane storage higher than that of any MOF
reported so far. Moreover, they have discovered the relation-
ship between the methane-storage capability and the porous
properties of the material, i.e, surface area and void fraction.
Their prediction was strongly confirmed through the successful
synthesis of NOTT-107. Most of the studies on MOF materials
have thus far been particular focused on gas storage and
selectivity properties; the electronic structures and their
applications have received much less systematic investigation.

Among their diverse functionalities and applications,'®"”
MOFs can be used as promising semiconductor materials
because of their “tunability” property."®™' In solid-state
chemistry, electronic structure calculations provide a theoretical
background for understanding many physical properties in
materials, in particular, the electron charge transfer or
hybridization states in crystalline system. Determination of
band gap plays a crucial role in semiconductor materials, and it
would be important to understand the origin of this value for
specific applications, e.g, electrical conductivity, photocatalyst,
and so forth. In general, the band gap engineering in MOFs
materials can be studied by varying either the metallic oxide
cluster or functionalizing the organic linker. Lin et al.** showed
that the band gap value can alter by varying the cluster size and
the conjugation of the linker. Interestingly, another inves-
tigation™ reported that the semiconductor nature of IRMOF-1
can be changed to metallic behavior via tailoring Zn atoms in
Zn,0(CO,)s cluster with Co atoms. So far, there are no
experimental works carried out in this direction, possibly
because it is quite difficult to form MOFs structures composed
from Co,0(CO,)s cluster with organic linkers. Instead, the
band gap engineering by linker functionalization is more
efficient than the changing of metal strategy because of
retrosynthesis™* of organic compound. In addition, Kuc et al.*®
studied the band gap of a series of isoreticular structures with
IRMOFEF-1 and revealed the dominant role of organic linkers in
electronic structure of these materials. They also found that by
altering the conjugation of the linker, the energy gap can be
controlled between 1.0 and 5.5 eV within density functional-
based tight-binding (DFTB) method. To the best of our
knowledge, most of the previous studies on MOF’s semi-
conducting band gap focused on the linker conjugation; the
effect of functional groups was not really considered until now.
In this work, using density functional theory (DFT), we have
systematically studied the electronic structure of a series of
IRMOFs constructed from twelve linear linkers in order to
clarify the following issues.

(i) What is the effect of different chemical elements
(halogens, O, S) on band gap control for IRMOFs
with the linkers 2-X-1,4-benzenedicarboxylic acid (BDC-
X; X =F, Cl, Br, I), furo[3,2-b]furan-2,5-dicarboxylic acid
(FFDC), and thieno[3,2-b]thiophene-2,5-dicarboxylic
acid (TTDC)?

For a low band gap material, is an aromatic linker better
than an antiaromatic one for producing MOF materials
with low band gap (FFDC and TTDC linker compared
with DHPDC linker)?

(i)
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(iii) The dominant role of organic linker in comparison to
metallic oxide cluster, and the question: Can we predict
the MOF’s electronic structure by investigating the
structure of the organic linker?

As it will be shown in Results and Discussion, the predicted
band gap value for IRMOF-1 and IRMOEF-8 are in good
agreement with experimental results reported previously.”®?’
Furthermore, the gap values predicted for some linear linkers
also agree well with those calculated from the periodic model in
this work and other previous publications as well.*>*>*7~*
This good agreement makes us believe that the answers to the
above questions will provide the fundamental background for
designing potentially new semiconductor materials.

Il. COMPUTATIONAL DETAILS

To optimize initial materials we have carried out the DFT
calculations with the PBE®° (exchange correlation or XC
functional) level of theory under the periodic condition using
CRYSTAL09.*" A previous study”’ on electronic structure,
chemical bonding, and optical properties of the MOF-5 shows
that the DFT-PBE method gave a satisfactory agreement
between theoretical and experimental values of band gap. The
equilibrium structures was used for studying electronic
properties, such as band energy, band edge position, and
Mulliken charge. MOFs are a kind of hybrid crystalline material
that contain both organic and inorganic components. It is
important to choose an appropriate basis set that is sensible for
describing electronic structure of organic linkers and for those
of metallic components as well. Hence, we used the 6-31G basis
function for all nonmetallic atoms, ie, C, H, O, S, F and Cl
For Zn atoms, we use the 6-31G basis function for the outer
part or valence basis and effective pseudopotential
ECP28MWB,* which was considered the quasi-relativistic
correction, for the inner part or core basis. For heavy atoms, i.e.,
Br™ and I7, the relativistic correction pseudopotentials
developed by Doll and Stoll*> were used. The force
convergence criterion was set to 0.00045 and 0.00030 au for
maximum component and root-mean-square (RMS) of the
gradient, respectively. For self-consistent total energy calcu-
lations, the condition was set to 1077 Hatrees during the
geometry optimization step. The shrinking factor of reciprocal
lattice vectors according to the Pack—Monkhorst method were
set to 3, corresponding to 4 k-points at which the Hamiltonian
matrix was diagonalized.

For the linker, optimized molecular structure and electronic
property were also calculated using Gaussian09** at the same
level as that used for the periodic system to maintain
consistency. As discussed in the following section, within our
systematic investigation of IRMOF crystals with different
chemical elements for the linker molecules, the conventional
space group symmetry Fm3m will be replaced by a lower simple
cubic crystal symmetry Pa3. The latter has the main advantage
of optimizing different degrees of freedom when performing
electronic structure calculations of linker molecules using
Gaussian code. In Supporting Information, we have provided
Figure S1 (and Table S10) illustrating the degree of freedom
for Br atom in the IRMOF-2Br crystal as well as Figure S2 (and
Table S12) for the H1 and H2 atoms in the IRMOF-20S crystal
within the same Pa3 space group. The 6-311++G(d,p) basis set
was used for all atoms. By using the same functional for
exchange correlation energy in both cases, the discrepancy due
to the basis set differences between two different codes was

dx.doi.org/10.1021/jp405997r | J. Phys. Chem. C 2014, 118, 4567—4577



The Journal of Physical Chemistry C

COOH COOH
O
Y A Q

COOH COOH

A B

COOH COOH

X X X
X X
COOH COOH
C D
Y: O, S

X: H, F, Cl, Br, I

Figure 1. Left panel: isoreticular pcu-MOF model. Orange cylinders are organic linkers (A, B, C, and D), and blue polyhedra are metallic oxide
clusters (Zn,0(CO,)s). Right panel: 12 organic linkers investigated in this work. FFDC (linker A with Y = O), TTDC (linker A with Y = S),
DHPDC (linker B), BDC-X (linker C with X = H, F, Cl, Br, I), and BDC-X, (linker D with X = H, F, Cl, Br, I).

negligible. This approach comparing electronic structure
calculations of linker molecules between free configurations
and inside crystals proves to be useful for understanding band
gap properties in different MOF materials.

lll. RESULTS AND DISCUSSION

Structural Details. In this work, we have carried out a
systematic study to design eight isoreticular MOFs (IR-
MOFs)'! with different kinds of linear linkers (as shown in
Figure 1), namely, IRMOF-20C (DHPDC), IRMOEF-200
(FEDC), IRMOE-20S (TTDC), IRMOF-2X (BDC-X; X = F,
Cl, Br, I), and IRMOF-F,. Among these structures, IRMOF-20
and IRMOF-2X materials were experimentally synthesized;*>>°
others were just the hypothetical MOFs, ie, IRMOEF-20C,
IRMOF-200, and IRMOF-F,. In addition, a well-known
compound IRMOF-1 (or MOF-5)*" was also included in this
study because it is considered to be the metal—organic
framework reference material for comparison with other
compounds.

IRMOFs were made by assembly of Zn,O cluster and linear
dicarboxylic linkers. These components play roles similar to
nodes and struts to create a cubic framework with topology
pcu-a (cab). When the linker is reaplaced and the metallic oxide
cluster is kept, new MOFs can be created without changing the
underlying topology. Constructing a crystal unit cell for
quantum calculation requires a well-defined material symmetry
or space group, especially for extended crystals which can
contain hundreds of atoms per unit cell. From experiments,11
the conventional space group of IRMOFs is the face-centered
cubic (FCC) space group: Fm3m. However, in the presence of
low symmetric linkers, this space group cannot be used for
describing well our structures,for instance, IRMOEF-20. For this
reason, we used Pa3 instead of the Fm3m space group for
constructing most structures (the exceptions were IRMOF-1
and IRMOEF-F,).

The calculated structural parameters for all structures are
shown in Table 1. The averaged bond and angle values for
IRMOFEF-1, IRMOF-2, and IRMOF-20 are in a good agreement
with experimental data presented in Tables S10—S12 in the
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Table 1. Optimized Crystal Structure Lattice Parameters

atoms/ ) AH;
symmetry cell a (A) (kcal/mol)

IRMOE-2F Pa3 424 262001 —691

IRMOE-2Cl Pa3 424 26.2091 —692

IRMOF-2Br Pa3 424 26.2040 —692
(25.7718%)

IRMOE-21 Pa3 424 26.1917 —693

IRMOEF-20C Pa3 472 29.1516 —692

IRMOF-200 Pa3 424 28.7546 —695

IRMOEF-20S Pa3 424 29.7161 —697
(29.1840%)

IRMOE-F, Fm3m 424 26.3502 —689

IRMOF-1 Fm3m 424 26.1595 —691
(25.6690°)

“Experimental data from ref 11. “Experimental data from ref 36.
“Experimental data from ref 37.

Supporting Information. The unit cell parameter (a value) of
IRMOF-2X (X = F, Cl, Br, I series is not significantly different.
For the hypothetical structures IRMOF-20C, IRMOF-200, and
IRMOEF-F,, it would be good to have structural data from
experimental measurements for validating our theoretical
prediction.

The enthalpy of formation is a well-known quantity to
determine the stability of any hypothetical compound. A
negative value of enthalpy of formation would suggest that the
considered structure can be thermodynamically stable and
possibly synthesized experimentally. In this work, the enthalpies
of formation were calculated from the difference between the
total energy between the products and reactants according to
the following reaction:

4Zn + 20, + 3R(COOH), — Zn,0(R(CO0),), + 3H,0

The total energies of the gas phase of Zn, O,, H,O, and
linker RCCOOH), were computed using the same basis set as
that used for the Zn,O(R(COO),); crystalline phase. The
enthalpies of formation data are shown in Table 1. The strongly
negative values of formation energy have confirmed the stability
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Table 2. Band Energy Values (in Electronvolts) Calculated from Periodic Systems and Linker Molecules

VBM position” CBM position”

IRMOEF-2F —6.49 -3.29
IRMOE-2Cl —6.44 -3.35
IRMOEF-2Br —6.29 -3.33
IRMOF-21 —5.96 -3.31
IRMOF-20C =S5.19 —4.24
IRMOF-200 —5.59 —-2.94
IRMOEF-20S —5.90 —3.38
IRMOF-F, —6.39 —3.62
IRMOEF-1 —6.59 -3.13

“Calculated from crystalline systems. ”Calculated from linker molecules.

E* Euomo” By Erumo — Exomo’
3.20 —6.90 —3.45 345
3.09 —6.72 —-3.46 3.26
2.96 —6.58 —3.46 3.11
2.65 —6.35 —-3.59 2.76
0.95 —5.69 —4.66 1.03
2.65 —6.20 -3.39 2.80
2.52 —6.19 —3.44 2.75
2.77 —6.76 —3.84 3.34
3.46 —6.86 —3.30 3.56

of the studied compounds. Additionally, the formation energies
of IRMOF-2X (X = F, Cl, Br, I) which are in the range of —691
to —694 kcal/mol are comparable with that of IRMOF-1 (—691
kcal/mol). It should be noted that these results are entirely
consistent with successful synthesis of these MOFs. The
replacing of TTDC linker by DHPDC makes the formation
energy increase by 5 kcal/mol as compared that of IRMOF-20
(=697 kcal/mol); the structure became less stable than the
original. This compound is, however, still stable if compared to
IRMOEF-1; thus, it would be possible to produce it by
experiment.

Electronic Structure Calculation for Periodic Systems.
The electronic band structure calculations have been performed
in the first Brillouin zone by specifying a set of coordinates of
high symmetric points. The path in the reciprocal space is I'-X-
L-W-T" for Fm3m space group and I'-R-M-X-I" for Pa3. Band
gap value has been determined by the energy difference
between the valence band maximum (VBM) and the
conduction band minimum (CBM) at I' (gamma) point.
Conventionally, DFT methods underestimate band gap in
comparison with experimental value.*® Bartolomeo et al.*!
reported the energy gap for MOF-S (or IRMOF-1) is 5.0 eV by
using DFT-B3LYP method, which is significantly higher than
the experimental value of 3.4 ¢V.”® In other works, by using the
generalized gradient approximation Perdew-Burke-Ernzerhof
(GGA-PBE)™ functional for XC energy, the calculated energy
gap for MOF-5 is 3.5 eV,*" which is in an excellent agreement
with experiment. The GGA-PBE level of theory also gave
reasonable results for other MOFs, such as IRMOF-8,>
IRMOF-10,*® and IRMOF-14* even though there are no
experimental values for some materials. Therefore, the present
DFT calculations shown in Table 2 confirmed the results from
previous studies'® that the GGA-PBE functional unexpectedly
gave a band gap value in a good agreement with the existing
experimental data. Different functionals were used to
investigate the effect of XC functional on band gap, and the
result is given in Table S13 of the Supporting Information).
Our result showed that Hartree—Fock eigenvalue is clearly not
a good approximation for studying the electronic band
structure of the MOF-S crystal system. The predicted band
gap value from Hartree—Fock calculation is 8.43 eV, which is
overestimated in comparison with the experimental value of 3.4
eV. Additionally, varying the Fock exchange percentage in the
hybrid DFT method also alters the predicted band gap. The
higher the percentage of HF contribution, the higher the value
of the band gap. The B3LYP, a hybrid functional with
percentage up to 20%, gave the gap value higher than
experiment. This result is completely consistent with previous
work.>" From Table S13 (in the Supporting Information), it is
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clear that among studied methods, the GGA-PBE functional
predicted the most sensible result in comparison to the others.
In our calculations, the GGA-PBE functional was used for
investigating electronic structure because of the two following
reasons: (1) GGA tends to improve many kinds of electronic
properties, such as total energy, atomization energies, energy
barriers, and structural energy differences by including the
effects of local gradients in the charge density in comparison
with the local density approximation (LDA).*® (2) The band
gap energy calculated for MOF-S using DFT-PBE is in good
agreement with experimental and other theoretical studies.
Our electronic structure calculations show that the positions
of maximum valence band energy and minimum conduction
band energy for the all considered MOF structures are located
at the same I" k-point (see Figures S1—S9 from the Supporting
Information). Consequently, the k-vectors for VBM and CBM
are the same, and we conclude that within our studies the
IRMOF’s band gap is a direct one. For illustration, band
structure of IRMOF-2F (Pa3 symmetry) and IRMOF-F,
(Fm3m symmetry) are shown in Figure 2. The band structure
of other MOFs can be found in the Supporting Information.

5.00 _ 5.00
4.00 4.00
3.00 3.00
52.00 32400
b3 5
= 1.00 7 1.00
m m
0.00 £, 0.00 E,
1.00 1.00 —
== /\%:‘
—_— — = T 1 _——
G R M X G G X L w G
k k
IRMOF-2F IRMOF-F B

Figure 2. Electronic band structure of IRMOF-2F (left panel) and
IRMOF-F, (right panel) with space group symmetry Pa3 and Fm3m,
respectively. The Fermi energy is located at 0 eV.

Figure 3a shows the band edge position at I point of
IRMOF-2X (X = F, Cl, Br, I) series. The predicted values of
semiconductor band gaps in these materials varied from 2.65 to
3.20 eV, which are lower than that obtained for the IRMOEF-1
crystal 3.37 eV (in the present study). Hence, introduction of
halogen atoms into the aromatic ring can be a cause of
reduction in band gap. Interestingly, the energy gap system-
atically decreases when the atomic size of the halogen atom

dx.doi.org/10.1021/jp405997r | J. Phys. Chem. C 2014, 118, 4567—4577
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Figure 3. Band edge position of MOFs (Black segment) calculated
from electronic band structure of crystalline systems and HOMO—
LUMO energy levels obtained from linker molecules (HOMO, filled
blue circle; LUMO, filled red circle) for (a) IRMOF-2X and (b)
IRMOEF-20Y.

increases from F to I. This variation comes from a significant
increase of VBM because the difference in CBM:s is negligible.
The partial density of states (PDOS) are useful to understand
this systematic trend. Figure 4 shows the PDOS of s-states and
p-states of halogen atoms, BDC part, Zn atom, Zn,O cluster
and the total DOS for IRMOF-2X and IRMOF-20Y. The
PDOS pattern shows that obviously the BDC fragment plays an
important role in the total density of states (TDOS). The
characteristic peaks of this one and those of the TDOS are very
similar. Although the orbitals of the Zn,O cluster also
contribute to valence and conduction bands, they are not
contributing to the energy region close to the band edge
position (VBM or CBM). This suggests that the origin of band
gap of Zn,O-based IRMOFs comes from the organic linker
rather than from the metallic cluster. This present result agrees
well with the discussion from a previous paper”® as well as the
conclusion from the analysis of HOMO—LUMO (the highest
occupied and lowest unoccupied molecular orbital, respec-
tively) data in the following section. Figure 4 also shows that
the p-orbitals of the halogen atom contribute mainly to the
region of electronic density of states in the energy region below
the Fermi energy, i.e., valence band, whereas the contributions
from Zn atoms are dominated in the conduction band. This
explains why the halogen basically altered the position of the
VBM.

The application of MOFs as an electrical conductor is
possible because of the charge transport through a delocaliza-
tion of electronic states nearby band gap energies. This
required a hybridization between the p orbitals in the linker and
the metal d orbital.'® As is shown in Figure 4, the d orbitals of
Zn atoms have a dominant contribution in the antibonding
conduction band but not in the valence band. This is also
consistent with the electronically excited state investigation on
MOF-5 reported previously.*’
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To further understand the systematic decrease of energy gap
presented in Figure 3a, it is necessary to study carefully the
electron distribution in the crystalline system by analyzing the
Mulliken charge (Table S14 in the Supporting Information).
When the halogen atom is altered, the charge of each atom of
the linker is varied. In particular, this variation was more
remarkable for the atoms that are in a nearest neighbor
coordinaton with the halogen atom. Going systematically along
the series of halogen atom from F to I, the total charge value for
the Zn,O cluster slightly increased (+3.365 to +3.427), and this
alteration is negligible in comparison with IRMOF-1 (+3.355).
Meanwhile, the total charge value for the BDC part slightly
decreased from Cl to I (—1.917, —1.94, —1.993, respectively),
but there is a significant decrease in F (—1.467). In contrast, the
charge of the halogen atom systematically increases from F
(0.345) to Cl (0.789), Br (0.805), and I (0.852). In a
comparison with the IRMOF-1 compound, the total charge
value of the BDC part is a bit lower for IRMOF-2X except for
the case of IRMOF-2F. These calculations showed that there is
essentially a charge transfer from Cl, Br, and I atoms to the
benzene ring, whereas the opposite direction of charge transfer
has been observed for F, which has the highest electronegativity
among halogen atoms. We note that the VBM position of
IRMOEF-2X increased systematically, and it was less sensitive to
the direction of electron charge transfer mentioned previously.
It is well-known that the substituent effect of the halogen group
in the aromatic ring can be considered an electron-withdrawing
group by —I effect (inductive effect) or an electron-releasing
group by +C effects (conjugated effect).* In this case, the
contribution of the p-state of the halogen atom to conjugated
system is dominant and thus leads to the increase of HOMO
energy position by pushing electrons toward the aromatic ring.
Furthermore, this effect is reinforced by the electronegativity
trend reducing from F to I In summary, the altering of the
halogen atom from F to I can reduce the energy band gap via
raising the HOMO energy.

Figure 3b shows the band edge position of the series of
IRMOE-20Y crystal in which O atom is replaced by S and C
atoms. Similar to the effect of a halogen, the replacement of the
O atom, a high electronegative element, by the S atom reduced
the energy gap from 2.65 to 2.52 eV. Unlike IRMOF-2X, both
the VBM and CBM positions in IRMOF-20Y decreased with
the change of chemical substitutions; this can be further
confirmed by analyzing the contribution of s-states and p-states
of X atoms in the total DOS (Figure S). Interestingly, we have
found that the gap value is reduced to 0.95 eV when the
aromatic linker changed to DHPDC, an antiaromatic linker*?
(Figure 6). This latter value approximated the band gap of
silicon, a common semiconductor in industrial electronic
devices, which is about 1.17 eV. However, DHPDC is perhaps
unstable because of the high HOMO energy compared to those
in FFDC and TTDC. This finding is in agreement with the
trend of formation energy data discussed in the previous
section. In our opinion, a promising linker must be highly
thermodynamically stable in addition to its ability to reduce
band gap of MOFs. Therefore, tuning the band gap by altering
the electronic structure of the organic linker is more efficient
than functionalizing the conjugated system by donor and
acceptor groups.

The above analysis from complex crystalline structures has
provided a useful insight into the electronic structures of MOF
compounds. In the next subsection we show that the origin of
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Figure 4. The total density of states (TDOS) and partial density of states (PDOS) for IRMOF-2X: (a) IRMOEF-2F; (b) IRMOF-2Cl; (c) IRMOEF-

2Br; (d) IRMOEF-2I. The dotted red line is the Fermi level.

the band gap can be understood from first-principles
calculations of the corresponding linker clusters.
HOMO-LUMO Gap from Linker. We now return to the
interesting question mentioned in the Introduction, namely,
can we predict band gap energies of MOF compounds by
investigating the electronic structure of their organic linkers?
To answer this question, the energy gaps from the HOMO—
LUMO of the linker were calculated and are denoted by filled
red and blue circles in Figure 3. It is necessary to note that
through the geometry optimization the dihedral angle between
two carboxylic groups of linkers was constrained at zero value
to keep this structure similar to the linker configuration in the
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crystal. We found that although the exact values of band edge
positions are not the same in the two cases, the trend of
HOMO-LUMO is in amazing agreement with those of the
corresponding band gap energies calculated in the previous
section for all the crystal systems. In addition, the difference
between the energy gap estimated from the linker and from the
crystalline phase is relatively small (less than 025 eV).
Obviously, the topological structure containing the metal
element contributes to this small difference in band gap
energies. Regarding the effect of the metal, Yang and co-
workers*®* reported the properties of IRMOFs based on two
linkers, HPDC (4,5,9,10-tetrahydropyrene-2,7-dicarboxylate)

dx.doi.org/10.1021/jp405997r | J. Phys. Chem. C 2014, 118, 4567—4577
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Figure S. The total density of states (TDOS) and p-states density of
states (PDOS) for IRMOE-20Y: (a) IRMOF-20C; (b) IRMOF-200;
(c) IRMOE-20S. The dotted red line is Fermi level.

and PDC (pyridine-3,5-dicarboxylate), and different kinds of
metal elements, namely, Zn, Cd, Be, Mg, Ca, Sr, and Ba. Their
result shows that the band gap variation by changing the metal
is negligible in comparison with the effect of the linker. In other
work,” the replacment of Zn atoms in IRMOF-1 by Co atoms
can tune the electronic structure from semiconducting to
metallic state. To the best of our knowledge, the Zn,O(CO,);
cluster is the most popular structure among many octahedral

secondary building units (SBUs).**Although it is possible to
experimentally realize M,0(CO,), clusters (M = Co, Be),***
so far MOFs based on these clusters have not been reported.
Moreover, the chemical structures of organic linkers are not
only more diverse than those of the metallic oxide cluster but
also more straightforward to control because of the power of
retrosynthesis. Hence, metal substitution for tuning the band
gap is less favorable than the linker substitution. Crystal net
control through the rational design of the geometric structure
of the linker has also been reported.'**® Herein, we show that it
is possible to engineer the band gap of the material by the
rational design of the chemical structure of the linker. The
agreement between the band gap energy calculated from MOF
crystal structures with those obtained from the HOMO—
LUMO energy of the corresponding linker opens an efficient
strategy for screening promising linkers for semiconductor
applications. In this paper, the HOMO—-LUMO gap is used to
imply the energy value calculated from the linker cluster,
whereas the band gap energy is the terminology used for those
values calculated from the periodic system.

In the discussion above, we showed that the halogen atoms
as a substitute group in benzene ring can reduce the energy gap
by increasing the HOMO energy. This raises an important
question: Can the increase of the number of halogen atoms
further reduce the band gap? Figure 7 shows the gap estimated
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Figure 7. HOMO—-LUMO energies calculated for BDC-X, linker

(HOMO, solid blue triangles; LUMO, solid red triangle) and BDC-X
linker (HOMO, open blue circle; LUMO, open red circle).

from HOMO—-LUMO energy of linker BDC-X and BDC-X,,
(X = F, Cl, Br, I). In the case of BDC-F, linker, its estimated
energy gap is 3.34 eV, which is lower than the value of BDC-F
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Figure 6. Electronic band structure for IRMOF-20Y: IRMOF-20C, IRMOF-200, and IRMOF-20S. The Fermi energy is located at 0 eV.
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Table 3. Band Gap Estimated from HOMO—LUMO Energy (in Electronvolts) of Linker BDC-X, (X = F, Cl, Br, I)

linker dihedral angle (C,,—C,—C=0) (deg)
BDC-F, 46
BDC-F, 0
BDC-Cl, 90
BDC-Br, 90
BDCAI, 90

Enomo Erumo Erumo — Enomo linker BDC-X
—6.79 —-3.46 3.34 3.45
—6.76 —3.84 2.92

—6.58 —2.69 3.90 3.26
—6.44 —-2.75 3.69 3.11
—-5.90 —2.99 291 2.76

(3.45 eV). We note, however, that the obtained HOMO—
LUMO value is much higher than those calculated from
crystalline system of IRMOF-F, (2.77 eV). The difference
between C,,—C,,—C=0 dihedral angle in the two systems can
be the origin of this discrepancy. Indeed, the dihedral angle
value of the linker BDC-F, is 46°, obtained from fully relaxed
calculations, in comparison with 0° constrained by the
symmetry of the crystalline system (as indicated in Table 3).
To understand this constraint, the zero value of the dihedral
angle was fixed within the linker optimization. The HOMO—
LUMO gap for this configuration (2.92 eV) is in closer
agreement with the calculated band gap of IRMOF-F, (2.77
V). However, harmonic vibrational frequencies calculated for
this constrained dihedral angle configuration showed that there
are two negative frequency modes (—53.13 and —48.03 cm™);
therefore, this constrained structure is not a stationary point in
the potential energy surface. In the case of other halogens (Cl,
Br, and I), the lowest-energy structure is the configuration in
which the dihedral angle is 90° (Table 3). Accordingly, the
energy gap of BDC-X, increased instead of decreased in
comparison with that of the BDC-X linker. Figure 8 shows how

more flexible space group Pa3 for almost all materials because
this allows the linker to rotate around the axis connecting the
carboxylic group with the remaining part of the linker cluster.
In summary, the careful consideration of the space group is
important for consistency of the periodic calculations in a
comparison with the correct prediction of electronic structures
from the linker cluster. Linker optimization at the molecular
level is also a sensible way to determine the symmetry before
implementing on the MOF crystal.

HOMO-LUMO Energy Gap for IRMOFs. Motivated by a
strong correlation between electronic structures of linker
molecules and the corresponding IRMOF crystals as discussed
in HOMO—-LUMO Gap from Linker, we now investigate the
band gap of some experimental IRMOFs by calculating
HOMO-LUMO energy gaps from their linkers (Figure S15
in the Supporting Information). Because there is a lack of
measured data on most of the IRMOF crystals, we also use
some theoretical values reported in the literature to compare
with our data of the corresponding linkers. The predicted
HOMO-LUMO energies for all materials are shown in Table
4. In general, most of the investigated IRMOFs showed a
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Figure 8. HOMO—LUMO energies of two kinds of conformers of
BDC-Cl, (left panel, planar conformer; right panel, vertical con-
former). Gray, red, blue, and white represent C, O, Cl, and H,
respectively.

the HOMO—LUMO energy of the BDC-CI, linker changed by
varying the C,,—C,,—C=0 dihedral angle. When the dihedral
angle changed from 0° to 90° the number of nodes of
HOMO-LUMO altered, and this is the cause of the decrease
of HOMO energy (the node number decreased) and the
increase of LUMO energy (the node number increased).
Therefore, the C,,—C,,—C=O0 dihedral angle value can be
considered an important factor in predicting the energy gap.
Because of the symmetric constraint, the space group Fm3m is
not appropriate for electronic properties calculation in IRMOF-
X4 (X =F, Cl, Br, I). This space group can lead to an unstable
configuration because this symmetry requires the C,—C,,—
C=0O0 dihedral angle to be zero. Our current work employs the
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Table 4. Band Gap Estimated from Predicted HOMO—
LUMO Energy for Some Experimental IRMOFs

ELUMO - EHOMO

linker MOF (eV) E, (eV)
BDC IRMOF-1 3.56 346
BDC-Br IRMOF-2 3.11 2.96°
BDC-NH, IRMOF-3 245
BDC-O-C;H,  IRMOF-4 2.57
BDC-O-C;H,, IRMOE-S 2.53
BDC-cycC,H,  IRMOF-6 331
BDC-ben IRMOF-7 2.60
NDC IRMOE-8 2.83 3.27/2.91,% 2.800%
BPDC IRMOF-10 3.13 2,925, 3.070*
HPDC IRMOE-12 281
PDC IRMOF-14 2.51 2.454%
TPDC IRMOF-16 292
BDC-(CH,), IRMOF-18 4.00
TTDC IRMOF-20 275 2.52°
“This work.

semiconductor character with an estimated energy gap lower
than the 3.56 eV value calculated (this work) for IRMOF-1
crystal. The highest value of 4.0 eV has been obtained for
IRMOF-18 because of the rotation of carboxylic group around
the C—C axis. This finding is similar to those obtained for the
case of IRMOF-X4 (X = Cl, Br, I) shown by blue triangle
points in Figure 7. For the derivatives of BDC denoted by the
general formula BDC-X-R (X = N, O; R = H, alkyl), such as
BDC-NH, (IRMOE-3), BDC-O-C;H, (IRMOEF-4), and BDC-
0-CsH;; (IRMOF-S), the HOMO—-LUMO energy gaps are
significantly lower than those of IRMOF-1. The effect of

dx.doi.org/10.1021/jp405997r | J. Phys. Chem. C 2014, 118, 4567—4577
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releasing electrons from N and O atoms in comparison with C
atom would play an important role in this reduction of gap
energies. Additionally, the length of alkyl chain almost did not
affect the band gap because of the very small difference between
the energy gap of IRMOF-4 and IRMOEF-S. It is well-known
that by the inductive effect (+I) the alkyl group can transfer
electrons into the conjugated system as an electron-releasing
group. On the basis of the above results, we can conclude that
for the band gap reduction the electron donating by the +C
effect is more effective than the +I effect. Hence, the electron-
donating group by the +C effect is a potential candidate for
engineering the band gap of MOFs. One of other ways to alter
the energy gap is to control the number of aromatic rings. In
fact, band gap decreases when the number of aromatic rings
increases. It can be illustrated by the case of either IRMOF-7 (2
rings), IRMOF-8 (2 rings), IRMOF-10 (2 rings), IRMOF-12
(2 rings), IRMOF-14 (4 rings), IRMOF-16 (3 rings) (versus
the one-ring system of IRMOF-1), or IRMOF-14 (4 rings),
IRMOF-16 (3 rings) (versus the two-ring system of IRMOF-
10). The calculated band gap energies of IRMOF-8, IRMOF-
10, and IRMOF-14 are confirmed by the studies of Yang and
co-workers.”®*® In their paper, a DFT optimization for the
Fm3m crystal system was performed, and band gaps were
calculated from DOS patterns. Although their approach is
different from ours, their predicted band gaps are surprisingly
consistent with the HOMO—LUMO gaps calculated in this
work (the errors are within the energy range of 0.03—0.20 V).
This again reinforced our conclusion that the electronic
structure of various linkers is the main factor in controlling
the semiconductor gap, and it is possible to design a potential
MOF by the rational design of organic linkers.

IV. CONCLUSIONS

In our work, the chemical nature of the semiconductor gap of
IRMOFs was systematically investigated using first-principles
DFT calculations to establish their electronic and structural
relationships. Within the present approach, we assume that the
effect of the lattice parameter between metallic clusters is
negligible and focus on the study of band gap value with fixed
framework topology and linker lengths. Consequently, the
tunability of band gap depends essentially on the chemical
bonding of the organic linker. Our result showed that halogen
atoms can be used as a functional group to vary band gap and
VBM position in MOFs. Among halogen atoms (F, Cl, Br, I),
iodine is the best candidate for reducing the energy gap and
increasing the VBM position. We found that replacing O in the
FFDC linker by S can also lead to the reduction of band gap
energies. However, unlike the effect of halogens, this change
involves the reduction of both VBM and CVM in electronic
structure; a possible explanation for this effect is the direct
contribution of p-orbitals of the O or S atom in the aromatic
system. One other interesting result is that the antiaromatic
linker DHPDC can reduce significantly the energy gap in
comparison to other aromatic linkers, i.e, FFDC and TTDC.
The present gap-engineering strategy is even more efficient
than the gap variation by simply changing the gap by
substituting different elements. This work also showed the
dominant role of the organic linker in electronic structures of
Zn,O-based IRMOFs using quantum calculations on both
crystal and linker molecules. Henceforth, the MOF electronic
band structure can be studied by first-principle calculations on
organic linkers instead of performing complicated and time-
consuming calculations on the periodic system. Finally, we
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would like to point out that for IRMOF-1 the value of CBM
position has been found to be —3.13 eV in this study, whereas
the experimental value is reported to be —4.7 eV.*® Therefore,
more realistic calculations of the electronic band edge positions
in aqueous environment*’ are needed to have a full
understanding of this material for the application in solar
energy conversion devices.

In summary, the present investigation contributed to the
understanding of the chemical effect of organic linkers on the
electronic band structure of metal—organic frameworks. The
results of this work also established some basic rules for
designing new organic linkers for semiconductor applications.
Here we are mainly interested in the cubic framework based on
the Zn,O unit which was one of the most popular structures in
MOF chemistry. In other words, we have not yet considered
the topological diversity of this potential material. Hence, it is
important for future work to carry out a large-scale screening
using DFT calculation on many other kinds of topology to
establish the property—structure relationship in MOF elec-
tronic band structure.
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