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Metal-organic frameworks (MOFs) are porous materials of recent interest due to their promising properties
for technological applications. In this paper, the structure—property relationships of pristine and
functionalized Zn-BTC (Zns(BTC),) MOFs are investigated. The results based on density functional theory
(DFT) find that MOFs with coordinatively saturated secondary building units (SBU) are metallic, and MOFs
with coordinatively unsaturated SBU are semi-conducting. The ligand functionalization with electron
acceptor (cyano-) and electron donor (amino-) groups appears to tailor the electronic properties of Zn-
BTC MOFs; amino-functionalization led to a significant upward shift of the band-edges whereas cyano-
functionalization yields shifting of band-edges in the opposite direction, which led to a narrowing of the
band gap. Modifying the electronic properties through such ligand functionalization design principles can
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1 Introduction

Metal-organic frameworks (MOFs), or porous coordination
networks, are a class of advanced crystalline materials assem-
bled from inorganic nodes connected by organic ligands. In
the past two decades, MOFs’ unique structural properties and
enormous possibility for chemical functionality have brought
them to the attention of researchers in both academia and
industry.*® From a crystal engineering point of view, MOFs’
structures allow the presence of a wide variety of microporous
and mesoporous void cavities, thereby providing unique
opportunities for the functionalization of both the organic
linkers and the void, which enables great tunability of the
MOFs’ properties.” "’

While preserving or improving the porosity and surfaces
areas of MOF structures, ligand functionalization has been
demonstrated to enhance the gas adsorption phenomena,"**
provide high selectivity in gas separation technologies,***
improve gas sensing,'®'” and catalytic properties."®' The func-
tionalization of the ligand can be done either by substituting
the ligand by its corresponding longer polymer or by adding
a functional group to the parent ligand.”**** An elongated
ligand results in the formation of isoreticular families of the
original MOF. Such a functionalization largely influences the
porosity (surface area and pore volume) and pore structure
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(pore size and pore shape) which allows for the insertion of
relatively large biological molecules such DNA, RNA, and
proteins as well as the accommodation of more molecules per
unit cell.?*?* We also note that ligand functionalization by
functional groups is highly effective in fine-tuning electronic
properties of the parent MOF structures. Additionally, this
method of functionalization is key to improving the efficiency of
MOFs in certain applications. For instance, as a host matrix for
gas adsorption and storage, energy efficient gas mixture sepa-
ration, gas sensing, catalysis, semiconductor, magnetic, and
optical materials.'>?*3¢

Experimental exploration of the properties of the plethora of
MOF structures increasingly reported in the literature is diffi-
cult to conduct at an accelerated pace, considering the time
required to synthesize and characterize even a single MOF
structure. Moreover, atomic level fundamental understanding,
generally, cannot be obtained readily from experimental stand
point to address various macroscopic properties. In this direc-
tion, theoretical modeling is not only a necessary complement
to experimental investigations but is also used as an accelerated
investigation and predictive tool by itself. Computational
studies also provide the opportunity to study and characterize
MOF materials based on atomistic-level information. Several
reviews and published works show the increasing accuracy of
predictive results due to the increasingly accurate construction
of molecular dynamics (MD) force fields (FF) and DFT approx-
imations for various MOFs’ property studies.**” The enormous
possible combination of the inorganic and organic building
blocks of thousands of MOF structures has also attracted the
use of machine learning approaches for large-scale screening

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra00687g&domain=pdf&date_stamp=2019-05-07
http://orcid.org/0000-0002-0509-7118
http://orcid.org/0000-0002-2126-1985
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00687g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009025

Open Access Article. Published on 07 May 2019. Downloaded on 1/24/2026 9:26:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and prediction of hypothetical MOF structures for specific
applications.**™*°

One of the well-studied MOF structures is the HKUST-1 (or
MOF-199), for which the isostructural families are represented
by the formula M;(BTC),, where M = Cu, Zn, Fe, or other metal
atoms. Here, the organic ligand is benzene-1,3,5-tricarboxylate
(BTC). The Cus(BTC), MOF has shown promising use in
various technologies. Recent studies show that functionaliza-
tion of the BTC ligand of these MOF structures can further
improve device efficiencies.**> For instance, amino and alkyl
substitutions in Cu-BTC MOFs have been demonstrated to
enhance the adsorption properties and gas-uptake of the pris-
tine MOF crystal.*>**

It is well established that a fundamental understanding of
the structure, stability and electronic properties of BTC MOFs is
essential for their applications in sensing and semiconductor
device engineering.*” To date, a few experimental and theoret-
ical studies have considered the M;(BTC), MOF family.** More
importantly, ligand-functionalized BTC MOFs have not been
theoretically investigated, despite synthesis of the stable crys-
talline structures of this MOF family.**** In this paper, we
investigate the electronic properties of the pristine and ligand-
functionalized Zn-BTC MOFs by employing density functional
theory (DFT). Two functional groups were chosen, amino (-NH,)
as a strong electron donating group and cyano (-CN) as a strong
electron withdrawing group. This choice was inspired by the
relative electron affinity of these functional groups as they are
from the extreme opposite ends of the electron donating/
accepting spectrum. In addition, recent results show not only
the synthetic possibility of such functionalization of MOF
structures but also the promising property improvements such
as thermal stability, chemical decomposition, and proton
conductivity of the original unaltered pristine MOF through
such ligand functionalizations.***”** The influence of amino
substitution and cyanation on electronic properties, however,
has never been reported. In this regard, our calculated results
show that ligand functionalization of Zn-BTC MOFs with the
electron donor (-NH,) and electron acceptor (-CN) groups leads
to significant modification in the electronic properties of the
pristine BTC MOF.

2 Method

Electronic structure calculations based on density functional
theory (DFT) were performed using the Quantum Espresso
Plane-Wave package.” For each atom of Zn-BTC MOFs, the core-
electrons were treated using the ultra-soft pseudo-potentials
while the Perdew-Burke-Ernzerhof (PBE)* functional form
was used for the exchange and correlation approximation to
DFT. For more accurate band gap predictions, we also used the
HSEO06 ** functional with the inclusion of 25% of exact Hartree-
Fock exchange. The wave function and density cutoffs were set
to be 60 and 460 Ry, respectively. Atomic positions in the peri-
odic unit cell were allowed to relax until the total forces on each
atom were less than 2.6 x 10~* eV A~* with structural symmetry
kept preserved during geometry optimization calculations while
self-consistency tolerance was set to 10~ ° Ry. Note that
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calculations considering only I'-point were sufficient to yield
convergence of total energies within the numerical accuracy of 1
meV per atom. For density of states (DOS) calculations, inte-
gration of the Brillouin zone were made on a more dense 8 x 8
x 8 Monkhorst-Pack k-point mesh.*> XCrySDen crystalline- and
molecular-structure visualization package was used for struc-
tural visualization and post-processing charge density plots.>

3 Results and discussion
3.1 Structural properties

The crystallographic data suggests Zn-BTC MOF to be a cubic
structure belonging to the Fm3m space group with lattice
parameters of @ = b = ¢ = 26.536 A.** Structurally, a BTC MOF
can be characterized by a secondary building unit (SBU), six per
unit cell, having a paddle-wheel-like configuration consisting of
two bonded metal atoms along the wheel axis. Each paddle-
wheel is connected to neighboring SBUs through four organic
BTC linkers. Upon direct synthesis, the SBUs can be coor-
dinatively saturated (Fig. 1a, c and e) where each metal center is
bonded to five neighboring oxygen atoms, four of which are
from the BTC linkers and the fifth one from the terminal oxygen
atom. By using a post-synthesis modification (PSM) technique,
the terminal oxygen atoms can be removed. This leaves the
SBUs coordinatively unsaturated (Fig. 1b, d and f).** These
coordinatively unsaturated open metal sites provide two
adsorption sites per SBU, a total of 12 primary open adsorption
metal sites per unit cell.

Functionalization of the BTC ligand was done in such a way
that (-NH,) or (-CN) groups substitute H atoms, as shown in
Fig. 1c, d, e and f. The calculated ground state structure of Zn-
BTC is in good agreement with the experimentally measured
structure.®® The difference between the computed and
measured cell-parameters is about 1.8% (see ESI Table 17). Note
that the measured cell-parameter is obtained from Zn-BTC
MOFs contaminated with dimethylformamide molecules, left
as a residue from the synthesis process. For the ligand-
functionalized Zn-BTC MOFs, the computed cell-parameters
are slightly increased relative to their corresponding pristine
structures, which, in turn, is reflected in the increased unit cell
volumes as shown in Table 1. Between saturated and unsatu-
rated SBU Zn-BTC MOFs, a noticeable structural change is
predicted for the metal-metal (Zn1-Zn2) bond lengths within
a secondary building unit; the Zn1-Zn2 bond lengths are
substantially shortened in the unsaturated SBU MOFs. This
trend is in agreement with experiment which finds shortening
of the metal-metal bond length after the removal of terminal
oxygen ligands due to the post-synthesis gas evacuation.>*

The calculated cohesive energy values listed in Table 1
suggest that the saturated SBU MOFs are slightly energetically
more stable than their corresponding unsaturated SBU MOFs.
Also, the cyano-functionalized MOFs are relatively energetically
more stable than the amino-functionalized MOFs. The crystal-
linity of the amino- and cyano- functionalized Zn-BTC MOFs
was preserved and confirmed by the computed powder X-ray
diffraction (XRD) pattern analysis, as shown in Fig. 2. The
XRD patterns of the functionalized MOFs coincide with that of
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Fig.1 Zn-BTC MOFs unit-cells constituted from the coordinatively saturated and unsaturated secondary building units (SBUs) and the organic
linker BTC for pristine (a and b), amino-functionalized (c and d), and cyano-functionalized (e and f) MOFs.

the pristine Zn-BTC MOFs, except for minor nuances in peak
intensities due to the presence of additional atoms through
functionalization or removal of the terminal oxygen atoms. We
can then say that the topology is retained and these function-
alized members of the Zn-BTC family are isostructural.

3.2 Electronic properties

Density of states (DOS) calculations show that the pristine and
ligand functionalized Zn-BTC MOFs with coordinatively satu-
rated SBUs have metallic character. On the other hand, the
coordinatively unsaturated Zn-BTC MOFs are semi-conducting
with the Fermi energy lying between the valence band
maximum (VBM) and the conduction band minimum (CBM)
energy bands (see Fig. 3). In the amino-substituted unsaturated

SBU MOFs, the Fermi energy lies close to the top of the valence
band while in the cyano-substituted unsaturated SBU MOFs, the
Fermi energy lies close to the bottom of the conduction band.
This is due to the non-uniform distribution of N 2p and C 2p
states at the band-edges introduced through functionalizations.
Fig. 5 displays the relative positions of the VBM and CBM for the
pristine and ligand-functionalized Zn-BTC MOFs.

The calculated band gap is 2.4 eV for the unsaturated SBU
pristine MOFs. This is larger than what is reported for pristine
Cu-BTC MOFs (E, = 2.0 eV) at the same level of theory.*® Large
band-edge shifts are predicted for the amino-substituted
unsaturated SBU MOF relative to the VBM/CBM of the pristine
counterpart; VBM is shifted up by 1.7 eV while CBM is shifted
up by 1.2 eV, yielding a band gap of 1.9 eV. On the other hand, in

Table 1 Calculated cell parameters, cell volumes, metal-metal and (average) metal-oxygen bond-lengths, and cohesive energies for the
pristine and functionalized Zn-BTC MOFs. SBU refers to secondary building unit consisting of unsaturated or saturated metal sites

Cell parameters (A)

Bond lengths (A)

Cohesive energy

MOF system SBU a=b=c Cell volume (A?) Znl1-Zn2 (Zn-0) (eV per atom)
(bare)-Zn-BTC Saturated 27.02 19 726.77 3.38 2.03 —6.93
(bare)-Zn-BTC Unsaturated 27.08 19 858.48 2.57 2.03 —6.55
NH,-Zn-BTC Saturated 27.72 21 300.00 3.26 2.06 —6.74
NH,-Zn-BTC Unsaturated 27.46 20 706.26 2.46 2.01 —6.51
CN-Zn-BTC Saturated 27.30 20 346.42 3.54 2.06 —8.15
CN-Zn-BTC Unsaturated 27.18 20 079.29 2.68 2.03 —7.72
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Fig. 2 Simulated powder X-ray diffraction patterns for pristine and
functionalized Zn-BTC MOF systems for both the saturated and
unsaturated cases (6 is in degrees).

the cyano-substituted unsaturated SBU MOF, VBM is shifted up
only by 0.4 eV, while CBM is shifted down by 0.6 eV relative to
the pristine unsaturated SBU MOF. Cyano-substitution of the
BTC ligand resulted in a band gap of 1.4 eV, substantially nar-
rowing the gap with respect to the pristine unsaturated SBU
MOF. Fig. 3a and b show the calculated projected density of
states (PDOS) for the atomic orbitals of both saturated and
unsaturated SBU pristine MOFs. In both cases, it is found that
the top of the valence band is dominated by O 2p orbitals while
the bottom of the conduction band is dominated by C 2p
orbitals. Thus, from an electronic principle stand point, the

View Article Online
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modifications in the valence and conduction band-edges of Zn-
BTC MOFs require the introduction of atoms having different
2p orbital energies as dopants or through functionalization.
This is the case for the amino- and cyano-substitution consid-
ered in this work. In the amino-functionalized saturated SBU
MOF, VBM is dominated by O 2p states with minimal contri-
bution from C 2p and N 2p states while CBM is dominated by C
2p states with small contribution from N 2p states, as shown in
Fig. 3c.

In the amino-functionalized unsaturated SBU MOF,
however, the top of the valence band is dominated by C 2p
and N 2p while the bottom of the conduction band is charac-
terized by C 2p and Zn 1s with a small contribution from O 2s
states as shown in Fig. 3d. In the cyano-functionalized saturated
SBU MOF, the top of the valence band is dominated by only O 2p
states (Fig. 3e) while the bottom of the conduction band is
dominated by C 2p with small contributions from N 2p states.
In the cyano-functionalized unsaturated Zn-BTC MOF, the top
of the valence band is dominated by O 2p and N 2p states while
the bottom of the conduction band is dominated by C 2p, with
small contributions from N 2p states, as shown in Fig. 3f.

As shown in Fig. 4, in saturated SBU MOFs, significant
shifting of Zn 3d orbital centers is observed for amino- and
cyano-functionalized MOFs with respect to the pristine Zn-
BTC MOF. While the O 2p orbital center shift is also notice-
able for functionalized saturated frameworks, the C 2p and N
2p orbital shifts are stronger for the unsaturated amino-
substituted MOF.

To investigate atomic charge transfer and redistribution at
the SBU upon gas evacuation and ligand functionalization, we
computed atomic charges for Zn, bridging O (Oy), and terminal
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Fig.3 Calculated projected DOS for Zn d-orbitals, Zn s-orbitals, O p-orbitals, C p-orbitals, N p-orbitals, and O s-orbitals for pristine (a) saturated
(b) unsaturated, amino-functionalized (c) saturated (d) unsaturated, and cyano-functionalized (e) saturated (f) unsaturated SBU Zn-BTC MOFs.
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Fig. 4 Relative shifting of (a) Zn 3d, (b) O 2p, (c) C 2p and (d) N 2p orbital centers in functionalized MOFs with respect to the pristine Zn-BTC

MOFs.

O (O,) atoms using Lowdin partial charge analysis.*® In the
unsaturated SBU MOFs, removal of terminal oxygen atoms
leads to a transfer of charges to the metal centers and O}, atoms.
In the saturated SBU MOFs, on the other hand, charge accu-
mulation is seen on O, atoms with the amino-functionalization
while the cyano-functionalization resulted in a charge depletion
on O, atoms (see Table 2).

a
31 | Unsaturated SBU | ¢ cBm
VBM
2 4 s
E 1 4+ .
>
8o+
2 L
w .1 -+ °® ’
2+
@
3l °
-4 } } }
pristine -NH, -CN

Fig. 5 Relative positions of the valence band maximum and
conduction band minimum of pristine and functionalized Zn-BTC
MOFs.
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The electron charge density along the (100) direction was
computed to determine the charge distribution in pristine
and functionalized Zn-BTC MOFs (see Fig. 6). A strong charge
localization is seen at the terminal and bridging oxygen atoms
in the MOF lattice. In saturated SBU MOFs, there exists
a larger orbital overlap between the metal atoms and oxygen
terminal atoms than the metal atoms and bridging oxygen
atoms. In unsaturated SBU MOFs, as the Zn-Zn distance
shortened, the orbital overlap becomes more pronounced
between the metal atoms and the bridging oxygen atoms. We
may therefore say that the building units are strongly bonded
for the case of unsaturated SBU MOFs. Due to the electron

Table 2 Calculated atomic charges obtained from Lowdin charge
analysis for Zn, bridging O (Oy) and terminal O (Oy) atoms in Zn-BTC
MOFs

Atomic charges (e)

MOF systems SBU Zn Op O
(bare)-Zn-BTC Saturated 10.43 6.46 6.52
(bare)-Zn-BTC Unsaturated 10.57 6.55 —
NH,-Zn-BTC Saturated 10.49 6.52 6.80
NH,-Zn-BTC Unsaturated 10.58 6.58 —
CN-Zn-BTC Saturated 10.45 6.46 6.46
CN-Zn-BTC Unsaturated 10.54 6.52 —

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Charge density plots along the (100) surface for pristine (a) saturated (b) unsaturated, amino-functionalized (c) saturated (d) unsaturated,
and cyano-functionalized (e) saturated (f) unsaturated SBU Zn-BTC MOFs.

withdrawing nature of the cyano-groups, significant charge
depletion is observed on the benzene rings of the BTCs in the
unsaturated SBU MOF. In the amino-functionalized unsatu-
rated SBU MOF, charge withdrawal is observed on C atoms
bonded to the amino-groups; i.e. all the C atoms in BTCs do
not share the same charge distribution as in the case of the
pristine unsaturated SBU MOF.

A widely recognized fact regarding semi-local functionals
approximation to DFT is the underestimation of band gaps.
Such limitations can be overcome by using hybrid functionals.®”
Even though the trends of the effects of ligand functionalization
are thoroughly presented with PBE semi-local functionals, more
accurate prediction of the band gaps was computed using
hybrid HSE06 functionals.* However, it should be noted that,
since it is generally computationally expensive to perform
geometry optimization with HSE06 for unit-cells containing
a large number of atoms and for the cases where the majority of
the space in the unit-cell is void with no atom occupation,
especially in the case of MOF structures, a single point energy
calculation was performed on geometries optimized at the PBE
level. For all the saturated Zn-BTC MOFs, HSE06 predicts
metallic character with no band gap. The HSE06 calculated
band gap for the unsaturated pristine Zn-BTC MOF was recor-
ded to be 3.4 eV. No experimental band gap has been reported
for this structure, however, the calculated band gap is as large as
what is experimentally and theoretically reported for Cu-BTC

This journal is © The Royal Society of Chemistry 2019

MOF (HKUST-1),* see Table 3. The gaps opened up for HSE06
by =1 eV for the unsaturated pristine and amino-functionalized
Zn-BTC as generally expected for materials exhibiting semi-
conducting behavior. The HSE06 results show that amino-
functionalization has reduced the gap of the Zn-BTC MOF by
=~0.5 eV. Such reduction magnitude and trend has also been
observed experimentally for UIO-66-Zr and UIO-67-Zn MOFs
after amino-functionalization.*”*®* HSE06 predicts the unsatu-
rated cyano-functionalization to be metallic with no band gap
supporting the substantial gap reduction trend seen in PBE-
DFT calculations.

Table 3 Calculated band gaps for unsaturated Zn-BTC MOFs from
semi-local and HSEO6 functionals in comparison to results from
experiment and other MOF structures

Band gap (eV)

MOF systems PBE HSE06 Exp. Ref.
(bare)-Zn-BTC 2.4 3.4 — This work
NH,-Zn-BTC 1.9 2.8 — This work
CN-Zn-BTC 1.4 Metallic — This work
HKUST-1 2.0 3.8 3.6 55
UIO-67-Zr 4.0 (B3LYP) — 3.5 37
NH,-UIO-67-Zr — — 3.0 37
UIO-66-Zr 2.5 — 3.6 48
NH,-UIO-66-Zr 1.8 — 2.8 48

RSC Adv., 2019, 9, 14260-14267 | 14265
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4 Summary

The structural and electronic properties of pristine and ligand
functionalized Zn-BTC MOFs were determined using density
functional theory. Amino (-NH,) and cyano (-CN) groups were
used as strong electron donating and electron withdrawing
groups respectively. Pristine and ligand functionalized Zn-BTC
MOFs with coordinatively saturated SBUs are found to have
metallic character while coordinatively unsaturated SBU MOFs
are predicted to be semi-conducting with a finite band gap.
Amino-functionalization of the BTC ligand resulted in
a noticeable upward shifting of band-edges. On the other hand,
cyano-functionalization caused the valence and conduction
band-edges to shift in opposite directions yielding a smaller
band gap and could farther lead to a metallic state. Electronic
property manipulation through ligand functionalization pre-
sented in this work seems promising in tailoring novel and
efficient MOF materials for various technological applications.
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