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Abstract | Because of their potential applications, coordination polymers
(CPs) are at an exalted position in the field of chemical and material sci-
ence. Porous coordination polymers, popularly known as metal-organic
frameworks (MOFs), have large surface area with functional pore envi-
ronment, permanent porosity, tailorability in pore size, dimension and
volume, which make them promising for interesting functionalities. In this
review, we show how the mixed-ligand CPs/MOFs are very important in
tuning the functionality of such systems and how the X-ray structure illu-
minates their functionalities. Here, we discuss the application of mixed-
ligand functional MOFs for CO, storage and separation by fine-tuning
their pore size and dimension along with their polar pore surfaces using
different functional dicarboxylates and N,N-donor ligands. We also dis-
cuss the nature of conductivity and fabrication of Schottky barrier diode
for CPs, where free organic ligands are in their pores. In addition, we
also present the variation of their interesting chemical reactivity, e.g.
framework-assisted in situ redox transformation.

1 Introduction

Several stalwarts' have pointed out the genesis of
chemical crystallography and how the batten has
been transferred from the physicist to the hand
of chemists. It is a well-established reality that
chemical crystallography started with a vision to
get an insight into molecular structure. In course
of time, with increased ease of collecting single-
crystal X-ray data as well as their structure solu-
tion, chemical crystallography has almost turned
into a characterisation tool for organic as well as
the metal-organic structures until the emergence
of a new field called crystal engineering.” * Now,
description of crystal engineering is not within
the scope of this review, but how its idea helped
to create coordination polymers (CPs) to unravel
their functionality*” is discussed here. We also
discuss how crystal structures have helped us in
some new findings and new understanding to
plan our research at Jadavpur University.
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The design of functional CPs and/or metal—-
organic frameworks (MOFs)® ° has become a
very promising area of research among contem-
porary researchers over the last two decades.
This is obviously due to the ease of structural
modulation for getting the desired function-
alities.*” Functional CPs and/or MOFs* °
have attracted the interest of synthetic chem-
ist because of their potential applications
such as in gas storage and separation,'® '!
catalysis,'* conductivity and'’ sensing.'® !> Cur-
rently, we are investigating the selective sorp-
tion of CO, in properly designed frameworks.
We have also studied some conducting CPs and
shown how they can be useful for making bar-
rier diode-type devices. In addition, we have
also investigated some framework-dependent
redox transformations in the light of crystal
structure of CPs. These are presented in later
sections.
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2 Design of Frameworks for Selective
CO, Uptake

Like others in the field of metal-organic frame-
works, this topic has attracted our interest due to
uncontrollable rise in atmospheric CO, level day
by day throughout the world, largely due to the
burning of fossil fuels. This rise in atmospheric
CO, causes drastic climate change, leading to
global warming. Thus to minimise such released
CO,, the only hope is to scavenge the released
CO,, as civilisation cannot sustain without energy
and green energy is still a distant dream. In addi-
tion, selectivity is also essential as most flue gases
contain large amount of N,, and if the capturing
materials adsorb non-detrimental N,, instead
of greenhouse CO, gas, the role of materials
will not be understood. Although carbon cap-
ture and sequestration (CCS) techniques'® using
amine scrubbing'” or membrane separation have
been utilised widely for CO, capture, it has some
inherent economic viability limitations too.'®
However, zeolite'® or activated carbon-like solid
adsorbents can surmount these drawbacks to a
large extent, but they are not very ideal to achieve
selective CO, storage and separation due to lack
of regularity in structures. However, judiciously
synthesised MOFs are very effective as not only
do they have appreciably high gas uptake capac-
ity, but also their structures have regular and tun-
able pore sizes, dimensions and pore volumes.
Interestingly, their pore surfaces can be decorated
and designed by careful choice and/or varia-
tion of organic ligands with different functional
groups and enhanced CO, uptake capacity. Here,
we discuss some important strategies for better
CO, uptake: (1) modification of pore wall using

Organic ligand with
different fun ctional groups

‘+—+— .

Metal ion
—
Organic ligand without
any functional groups

functional groups in organic linkers, and (2) tun-
ing of pore sizes and/or dimensions. MOFs are
designed by combining metal and organic linkers.
Thus, the introduction of different chemical envi-
ronments in the linkers can change the environ-
ment of pore walls, and the control in the length
of linkers can modify pore sizes.

2.1 Modification of Pore Wall Using
Functional Group in Organic Linker

This is the most convenient way to tune the struc-
tures of MOFs for CO, uptake selectivity, as the var-
iation in polar functional groups can easily generate
versatile polar pore surfaces and environments in
the MOFs. So, in the last few decades, contemporary
researchers have focussed on the design of MOFs
containing different polar functional groups aligned
to the pore wall (Scheme 1) for these purposes, as
CO, is a quadrupolar (—1.4 x 107 C m?) mol-
ecule with a strong affinity to the polar pore rather
than the non-polar H,, N, or CH, gases. So, it is a
better way to enhance CO, selectivity with modu-
lating polar pore surfaces incorporating different
polar functional groups in the structures of both
the organic linkers during the period of framework
design of MOFs. In this context, earlier works?® 2!
clearly show that polar functional groups have sig-
nificant impact on selective CO, adsorption to a
varied extent. Here, we discuss this crucial aspect for
selective CO, uptake considering three examples of
functional groups in three respective sections.

2.1.1 Amine Group-Decorated Pore Wall
Incorporation of Lewis basic polar amine
group in the pore wall of MOFs is one of the

Mixed ligand functional MOF's

Scheme 1: Schematic representation for the synthesis of mixed ligand functional metal-organic frame-

works (MOFs)
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most promising techniques for selective CO,
adsorption. Several groups**~* have studied the
synthesis as well as functionality of amine group-
functionalised MOFs extensively for selective CO,
adsorption. It is clearly evident that the amine
group is the best candidate for this than the other
functional groups because of its smaller size and
higher Lewis basicity. We have also mentioned
about CO, molecule having quadrupole moment,
where the C-atom is Lewis acidic in nature. So,
simply considering Lewis acid—base interaction,
amine group-functionalised MOFs can show
greater CO, selectivity over other non-polar gases
such as H,, N, and CH,. Some important exam-
ples?>~** are discussed here.

Long et al. reported a water-stable, triazolate-
bridged framework®? of H,[(Cu,Cl);(BTTri),]

Crystallography as a Path-Finding Tool to Understand...

(H;BTTri=1,3,5-tri(1H-1,2,3-triazol-4-yl)
benzene) with incorporation of N,N'-
dimethylethylenediamine (mmen) into the
framework (Figure: la), which shows signifi-
cantly enhanced CO, adsorption. At 25 °C and
1 bar, mmen—CuBTTri exhibits 4.2 mmol g’1
(15.4 wt%) of gravimetric CO, uptake (Fig-
ure: 1b), which is 15% greater than the gravimet-
ric CO, uptake of unmodified CuBTTri. At 25 °C,
under the mixture of 0.15 bar CO, and 0.75 bar
N,, mmen—CuBTTri exhibits 2.38 mmol g '
(9.5 wt%) CO, uptake with a selectivity of 327,
whereas the unmodified framework adsorbs only
0.69 mmol g’1 (2.9 wt%). Compound mmen—
CuBTTri adsorbs less amount of N, gas than
CuBTTri at all pressures between 0 and 1.1 bar
(Figure: 1b) due to reduction in specific surface
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Figure 1: a Amine-functionalised metal-organic framework in mmen-CuBTTri; stoichiometric incor-
poration of the diamine N,N'-dimethylethylenediamine onto open metal sites in the pores. b Gravimetric

adsorption of CO, (squares) and N, (circles) at 25 °C for mmen-CuBTTri (green) and CuBTTri (blue),
respectively. ¢ Isosteric heats of CO, adsorption for mmen—-CuBTTri (square green) and CuBTTri (square
blue). Reproduced with permission from Ref. Copyright© 2011, Royal Society of Chemistry.

J. Indian Inst. Sci. IVOL 97:21261-279 June 2017|journal.iisc.ernet.in

@ Springer ﬁ}%&&

263



264

Dilip Kumar Maity, Debajyoti Ghoshal

area with the incorporation of the mmen moi-
ety. The exceptionally high CO, uptake capacity
and selectivity for mmen—CuBTTri are the conse-
quences of large isosteric heat of CO, adsorption
(i.e. 96 k] mol™") at zero coverage (Figure: 1c).
Maji etal. recently reported two Cd(IT) MOFs,*
{{Cd(NH,-bdc)(bpe)]-0.5EtOH},, and {[Cd(NO,-
bdc)(azbpy)]-4H,0},, (NH,-bdc=2-amino tere-
phthalic acid, bpe=1,2-bis(4-pyridyl)ethane,
NO,-bdc=2-nitro terephthalic acid, azbpy=4,4'-
azobipyridine) and compared their selective
CO, adsorption capacity over non-polar N, gas.
Both the frameworks were constructed by exo-
bidentate 4-pyridyl linkers of similar length,
but with different functionalities. Compound
{{Cd(NH,-bdc)(bpe)]-0.5EtOH}, exhibits an
amine group-decorated 3D structure with 1D
guest ethanol-filled channels (Figure: 2a, b). But,

compound {[Cd(NO,-bdc)(azbpy)]-4H,0}, has
a twofold interpenetrated 3D framework struc-
ture, where large-sized pendant —-NO, groups
of NO,-bdc are aligned to the pore surface
(Figure: 2c). The dehydrated {[Cd(NH,-bdc)
(bpe)]-0.5EtOH}, exhibits a selective type-
I CO, uptake profile up to ~39 mL g~! over N,
at 195 K with a reasonably high isosteric heat of
adsorption value (Figure: 2d). On the other hand,
the dehydrated framework of {[Cd(NO,-bdc)
(azbpy)]-4H,0},, exhibits a comparatively lower
CO, uptake up to 15 mL g ! at 195 K than the
previous one due to structural contraction and
smaller pore dimension of the 1D channel.

In this context, our group also reported two
amino-functionalised MOFs,** {[Zn(NH,-bdc),
(4-bpdb)]-(H,0),},, and  {[Zn,(NH,-bdc)
(4-bpdh)]-(H,0),},, (where 4-bpdb=4,4-bis-
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Figure 2: a A view of the 3D net in {[Cd(NH,-bdc)(bpe)]-0.5EtOH}, along the c-axis. b The distorted
square-shaped pore along the c-axis in {{Cd(NH,-bdc)(bpe)]-0.5EtOH},. ¢ A view of the twofold inter-
penetrated nets along the c-axis in {{Cd(NO,-bdc)(azbpy)]-4H,0},. d N, (blue) and CO, (black) adsorp-
tion profiles of dehydrated {[Cd(NH,-bdc)(bpe)]-0.5EtOH}, at 77 and 195 K, respectively; filled and open
squares signify the adsorption and desorption, respectively. Reproduced with permission from Ref.

Copyright© 2014, Royal Society of Chemistry.
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Figure 3: a, b 2D pillared-bilayer framework showing guest water-filled 1D channel viewed along the
b-axis for compounds {[Zn(NH,-bdc),(4-bpdb)]-(H,0).}, and {[Zny(NH,-bdc)(4-bpdh)]-(H,0),4},, respec-
tively. ¢ N, sorption isotherms for the dehydrated frameworks of {[Zn,(NH,-bdc)(4-bpdb)]-(H,0),}, (red
squares) and {[Zn,(NH,-bdc)(4-bpdh)]-(H,0),},, (black squares) at 77 K, respectively: adsorption (filled
squares); desorption (open squares). d CO, adsorption isotherms for the dehydrated frameworks of
{[Zn(NH,-bdc),(4-bpdb)]-(H,0)4}, (red circles) and {[Zn,(NH,-bdc)(4-bpdh)]-(H,O),}, (black circles) at
195 K: adsorption (filled circles); desorption (open circles). Reproduced with permission from Ref. Cop-

yright© 2015, Royal Society of Chemistry.

(4-pyridyl-2,3-diaza-1,3-butadiene, 4-bpdh=2,5-
bis-(4-pyridyl)-3,4-diaza-2,4-hexadiene and
NH,-bdc=5-amino-1,3-benzenedicarboxylate).
Both the compounds exhibit two-dimen-
sional (2D) pillared-bilayer framework (Fig-
ure: 3a, b) containing lattice water-filled 1D
channels with dimensions of 8.3 x 3.8 A* and
8.0 x 1.6 A% respectively. The channel dimen-
sion of {[Zn,(NH,-bdc)(4-bpdh)]-(H,0),}, is
lesser than {[Zn(NH,-bdc),(4-bpdb)]-(H,0),},
due to the presence of additional methyl groups
in the pore channel. Both the dehydrated frame-
works of {[Zn(NH,-bdc),(4-bpdb)]-(H,0),},
and {[Zn,(NH,-bdc)(4-bpdh)]-(H,0),},, show
a type-I selective CO, uptake profiles over N,
up to 34.5 and 18.3 cm’ g~! at 195 K and 1 bar
pressure (Figure: 3c, d), respectively. Differ-
ent CO, uptake capacities of both the com-
pounds have been corroborated to their
respective void spaces, viz., 27.1 and 17.1%

J. Indian Inst. Sci. IVOL 97:21261-279 June 2017|journal.iisc.ernet.in

for {[Zn(NH,-bdc),(4-bpdb)]-(H,0),}, and
{{Zn,(NH,-bdc)(4-bpdh)]-(H,0),},, respectively.

2.1.2 Nitro Group-Decorated Pore Wall

Many groups’> » anticipated that the nitro-
functionalised MOFs always show less CO,
uptake because of the bulky size of -NO, group,
but our recent investigations’> ?’ interestingly
show the elegant CO, selectivity over other non-
polar gases like H,, N,, CH, as demonstrated by
nitro-functionalised MOFs. Basically, the nitro
group accumulates significant amount of nega-
tive charge on its oxygen atoms, which play an
active role in binding with the quadrupolar CO,
molecules. The single-crystal structure clearly
indicates how a bulky group like nitro can show
its desired functionality with its ideal orientation
in the MOE If the orientation of the nitro groups
does not block the pore aperture, it can also act
as an effective staff for designing MOFs with

@ Springer ﬁ%&i&
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selective CO, uptake. Thus, the crystal structure
paved here into a new direction of thinking that
the bulky groups will not be a factor for showing
porous functionality if those are properly ori-
ented in an MOE

Two nitro-functionalised 3D Cu(II)-MOFs?®
were prepared with two different 4-pyridyl linkers,
{[Cu(azbpy)(2-ntp)]-H,0}, and {[Cu(4-bpdb)
(2-ntp)]-2(H,0)}, (2-ntp?~=2-nitroterephthalate,
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azbpy=4,4'-azobispyridine and 4-bpdb=N,N’-
bis-pyridin-4-ylmethylenehydrazine). In both
the compounds, the ntp>~ bridges with the three
Cu(II) centres form a 2D sheet, which are fur-
ther pillared by the N,N’-donor linkers resulting
in the formation of two different 3D structures
(Figure: 4a, b). The channel dimensions and total
solvent accessible void spaces are 6.5 x 3.0 A?
and 32.7% for {[Cu(azbpy)(2-ntp)]-H,0},
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Figure 4: a, b 3D structure with water-filled 1D channels in {[Cu(azbpy)(2-ntp)]-H,0},, and {[Cu(4-bpdb)
(2-ntp)]-2(H,0)},. ¢, d Space-filling models of dehydrated frameworks showing the 1D empty chan-
nels in {[Cu(azbpy)(2-ntp)]-H,0}, and {[Cu(4-bpdb)(2-ntp)]-2(H,0)},, respectively. e, f Selective CO,

adsorption isotherms (at 195 K) over H, (at 77 K), N, (at 77 K) and CH, (at 298 K) gases for {[Cu(azbpy)
(2-ntp)]-H,0},, and {[Cu(4-bpdb)(2-ntp)]-2(H,0)},, respectively. The filled and open symbols represent the
adsorption and desorption isotherms, respectively. Reproduced with permission from Ref.  Copyright©

2016, American Chemical Society.
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Figure 5: a A wavy 2D sheet constructed through both the azbpy and NO,-bdc?~ ligands in {{Cd(azbpy)
(NO,-bdc)-H,0]-2H,0},,. b Guest water-filled 1D channels in {[Cd(azbpy)(NO,-bdc)-H,0]-2H,0},, along
the b-axis. ¢ Space-filling models of dehydrated framework showing 1D empty channel view along the

b-axis. d Selective CO, adsorption isotherms (at 195 K) over N, (at 77 and 195 K); filled and open sym-
bols represent adsorption and desorption isotherms, respectively. Reproduced with permission from
Ref. Copyright© 2016, American Chemical Society.

and 6.1 x 3.8 A? and 28.5% for {[Cu(4-bpdb)
(2-ntp)]-2(H,0)}, (Figure: 4c, d), respectively,
which are comparable also. But, interestingly,
the projection of nitro groups is different, as the
former cases are properly aligned with the pore
and hence have greater CO, uptake than {[Cu(4-
bpdb)(2-ntp)]-2(H,0)},, where the nitro groups
are not aligned towards the pore. However, both
the dehydrated frameworks show appreciable
selective CO, uptake over negligible uptake of
H,, N, and CH, gases (Figure: 4e, f) at ambient
pressure due to the presence of properly oriented
bulky, but polar nitro group, which does not have
any effect on the voids of the MOFs.

Recently our group also reported selective
CO, uptake in another nitro-functionalised 2D
MOFs?”  {[Cd(azbpy)(NO,-bdc)-H,0]-2H,0},
[azbpy=4,4"-azobispyridine and NO,-bdc*~=5-
nitro-1,3-benzenedicarboxylate],  where  the
nitro group also faced towards the pore chan-
nel. Here, the dicarboxylate bridges with adjacent

J. Indian Inst. Sci. IVOL 97:21261-279 June 2017|journal.iisc.ernet.in

two Cd(II) centres through bis-chelating fash-
ion to form a 1D chain which is further pillared
by the azbpy linker resulting in the formation
of a wavy 2D sheet (Figure: 5a). The 2D sheet
also contains 1D water-filled channel along the
b-axis (Figure: 5b). The channel dimension of
10.8 x 3.8 A% (Figure: 5c) is pretty good for gas
adsorption and the dehydrated framework exhib-
its type-V CO, uptake isotherms up to 119 cc/g at
195 K and 1 bar pressure, where N, uptake capac-
ity is negligible (Figure: 5d). The pore channel
in {[Cd(azbpy)(NO,-bdc)-H,0]-2H,0},, being
nitro group centric and azo-functionalised, the
quadrupolar CO, gas molecules are selectively
adsorbed over the non-polar N, gas.

2.1.3 Azo-Azine Group-Decorated Pore Wall

Like other polar groups, the azo (-N=N-) and/
or azine [-C(R)=N-N=C(R)-] groups in MOFs
can also play an active role to show selective CO,

@ Springer ﬁ%&i&
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Figure 6: a, b Honeycomb-like 3D structures with guest water-filled 1D channel along c-axis for
{[Cu(azpy)(glut)l(H,0),}, and {[Cu(Meazpy),5(glut)](H,0)},, respectively. e, d Space-filling model show-
ing the empty pore channel along the c-axis for {[Cu(azpy)(glut)](H,O),}, and {[Cu(Meazpy),s(glut)]

(H,0)},, respectively. e Selective CO, sorption isotherms over N, for {[Cu(azpy)(glut)](H,0)s},
CO, (green) at 195 K and N, (blue) at 77 K. f Selective CO, sorption isotherms over N, for
{[Cu(Meazpy), 5(glut)]l(H,0)},; CO, (blue) at 195 K and N, (red) at 77 K; filled and empty symbols sig-
nifying the adsorption and desorption isotherms, respectively. Reproduced with permission from Ref.
Copyright® 2011, American Chemical Society for {[Cu(azpy)(glut)](H,O),}, and from Ref. Copyright©
2014, Royal Society of Chemistry for {[Cu(Meazpy), 5(glut)](H,O)},.

adsorption over other non-polar gases. When the
pore walls of MOFs are decorated with azo and/
or azine groups, then the CO, molecules bind
easily with their Lewis acidic carbon centre due
to the quadrupole moment of the CO, molecule.
Here, we discuss the effect of this group with
three examples from our work.?$-°

We synthesised two azine group-func-
tionalised 3D Cu(Il)-MOFs,?® % namely,
{[Cu(azpy)(glut)](H,0),},, and {[Cu(Meazpy), 5
(glut)](H,0)}, [where, azpy=N,N'-bis-pyridin-

IISc

@ Springer Press

4-ylmethylene-hydrazine and Meazpy=N,N’-bis-
(1-pyridin-4-ylethylidene)hydrazine] with a com-
bination of glutarate (glut) and two differently
substituted azine linkers. Both the compounds
form a paddle-wheel Cu,(CO,), units which are
connected by both the glutarate and N,N’-donor
linkers in a crisscross fashion; resulting in the
formation of honeycomb-like 3D structures with
guest water-filled 1D channel (Figure: 6a, b). The
pore surfaces of both the structures contain azine
groups and the effective solvent accessible voids

J. Indian Inst. Sci. VOL 97:21261-279 June 2017|journal.iisc.ernet.in



are 34 and 28% for {[Cu(azpy)(glut)](H,0),},
and {[Cu(Meazpy), 5(glut)](H,0)}, (Fig-
ure: 6¢, d), respectively, showing selective CO,
uptake over N, (Figure: 6e, f). In quite a gen-
eral way, {[Cu(azpy)(glut)] (H,0),}, has greater
pore volume than {[Cu(Meazpy),;(glut)]
(H,0)},, due to the absence of additional methyl
group in the azpy linker, but interestingly
{[Cu(Meazpy), s(glut)](H,0)},, exhibits 50%
greater CO, uptake (~9 wt%) than {[Cu(azpy)
(glut)](H,0),}, (~6 wt%) (Figure: 6e, f). This is
due to the +I effect of the —-CH; group in Meazpy,

Crystallography as a Path-Finding Tool to Understand...

which increases the Lewis basicity of the -C=N-
group aligned in the pore wall of dehydrated
{[Cu(Meazpy), 5(glut) |(H,0)},..

Our group also reported two other azo/azine
group-functionalised 3D MOFs* of CA(II) metal
ions with the combination of succinate dianion
(suc) and two different 4-pyridyl linkers. Both
the compounds {[Cd(L1)(suc)]-(H,0);}, and
{[Cd(L2)(suc)]-(H,0),},, [where, L1 = 2,5-Bis-
(4-pyridyl)-3,4-diaza-2,4-hexadiene, L2 = trans
4,4'-azobispyridine] ~ show  honeycomb-like
3D structures containing guest water-filled 1D
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Figure 7: a, b Honeycomb-like 3D structure with guest water-filled 1D channels in {[Cd(L1)
(suc)]-(H,0)3},, {[Cd(L2)(suc)]-(H,0),},. €, d Space-filling models showing empty 1D channels in dehy-
drated frameworks of {[Cd(L1)(suc)]-(H,0)s}, and {[Cd(L2)(suc)]-(H;0),},. € CO, adsorption isotherms for

[Cd(L1)(suc)], (green) and [Cd(L2)(suc)], (blue) at 273 K temperature and 1 atm. pressure; filled and
open circles signify the adsorption and desorption, respectively. Reproduced with permission from Ref.
Copyright© 2012, American Chemical Society.
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channels along the c-axis (Figure: 7a, b). The
channel dimensions of the dehydrated frame-
works of {[Cd(L1)(suc)]-(H,0)s}, and {[Cd(L2)
(suc)]-(H,0),}, are 4.4 x 5.3 A*and 4.2 x 3.1 A?
(Figure: 7c¢, d), respectively. The dehydrated
frameworks of {[Cd(L1)(suc)]-(H,0),}, and
{[Cd(L2)(suc)]-(H,0),},, show selective CO,
uptake up to 5.86 and 4.47 wt% at 273 K and
~1 atm pressure; in a reversible way, respectively
(Figure: 7e).

2.2 Tuning of Pore Sizes and Dimensions
Like the modulation of pore wall functionality,
the control of pore size and dimension is also
a crucial factor in the design of MOFs show-
ing enhanced selective CO, uptake. When the
pore aperture of MOFs is commensurate with
adsorbed gas molecules, then MOFs exhibit
porosity to such adsorbed gas molecules. The
kinetic diameter of CO, and N, is closely
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comparable, so it will be very difficult for selective
CO, adsorption over N, through the tuning of
pore size of MOFs. However, a critical investiga-
tion of crystal structure will illuminate on issues
related to pore size of synthesised MOFs. Several
reports" 7 exist on controllable pore sizes along
with modified pore environment through judi-
cious tuning of length as well as introduction of
polar functional groups in the structure of tem-
plates used. The kinetic diameter of N, molecule
is comparatively larger than that of CO, molecule
and has no polarity for N,; it is difficult to enter
the voids due to the blocking of one-dimensional
(1D) channels. However, CO, molecule has
quadrupole moment and smaller kinetic diam-
eter (3.3 A); hence, it can be adsorbed over N,
(3.64 A) only selectively. Here, we discuss some
representative examples of controlling pore sizes
of MOFs to learn of their selective CO, uptake
capacity.

u.msw-*-?"

>0
Q:ﬁooo cosee®

8

w aGA ASa AbA A

‘A‘

Adsorbed amount (ml/g)

e © o @0 @ @0 o e0c o o

e
50
Pressure | kPa

Figure 8: a—d Structural component of compounds [Zn,(sdb),(dabco)], [Zn,(sdb),(bpb)],,

[Zn,(sdb)o(bpt)], and [Zn,(sdb),(bpy)], respectively, showing the dimensions of pore channels; the
solvent molecules are omitted for clarity. @ CO, sorption isotherms at 195 K, where triangle-, square-,

diamond- and circle-shaped symbols represent sorption isotherms for the compounds. Open and filled
symbols signify the adsorption and desorption isotherms, respectively. Reproduced with permission from
Ref. Copyright© 2013, American Chemical Society.

@ Springer ﬁness

J. Indian Inst. Sci. VOL 97:21261-279 June 2017|journal.iisc.ernet.in



In this context, Kitagawa et al.’' reported
the synthesis of four different types of 4,4’-sul-
fonyldibenzoate (sdb)-based Zn(II) MOFs,
namely, [Zn,(sdb),(dabco)],, [Zn,(sdb),(bpb)],,
[Zn,(sdb),(bpt)], and [Zn,(sdb),(bpy)], by
varying the N,N’-donor linkers, 1,4-diazabi-
cyclo[2,2,2]octane  (dabco), 1,4-bis(4-pyridyl)
benzene (bpb), 3,6-bis(4-pyridyl)-1,2,4,5-tetra-
zine (bpt), and 4,4’-bipyridyl (bpy) Due to the
different length and structural motif of N,N'-
donor linkers, the above compounds form ver-
satile structures including interpenetrated/
interdigitated and non-interpenetrated frame-
works along with varying pore sizes and dimen-
sions (Figure: 8a—d), which are reflected on the
gas uptake capacity of the MOFs. The cross-
sectional diameter of [Zn,(sdb),(dabco)],
is 6.6 A along the dabco ligands, where for
[Zn,(sdb),(bpb)], and Zn,(sdb),(bpt)], are 6.6 A
along their respective N,N’-donor linkers. But for
[Zn,(sdb),(bpy)],, the diameter of the 1D chan-
nel is 3.3 A along the c-axis. The CO, uptake in
all the cases starts at very low pressure region and
reaches as much as 66, 137, 141 and 29 mL g~!
for [Zn,(sdb),(dabco)],, [Zn,(sdb),(bpb)],,
[Zn,(sdb),(bpt)], and [Zn,(sdb),(bpy)],, respec-
tively, at 195 K and P/P, ~ 1.0 (Figure: 8e). So it is
an elegant example of the strategy to control pore
size for selective adsorption of MOFs.

Our group reported recently three 3,4-pyridin-
edicarboxylate (3,4-pyrdc)-based MOFs,*” namely,
{[Cd,(3,4-pyrdc),(4,4-bipy)(H,0),]-4H,01,,
{[Mn,(3,4-pyrdc),(bpee)(H,0),]-H,0},,  and
{[Cu,(3,4-pyrdc),(bpp),(H,0),]-5H,0},,  [where,
4,4-bipy=4,4-bipyridine, bpee=1,2-bis(4-pyridyl)-
ethylene and bpp=1,3-bis(4-pyridyl)-propane] by
varying the metal ions along with N,N’-donor link-
ers. The compounds show different pore sizes and
dimensions, which play an active role on gas uptake
capacity to different extents. Compound {[Cd,(3,4-
pyrdc),(4,4-bipy)(H,0),]-4H,0},, exhibits a 3D
framework with hexagonal and rectangular chan-
nels of dimensions 5.3 x 3.5A and 4.7 x 2.04,
respectively (Figure: 9a). Compound {[Mn,(3,4-
pyrdc),(bpee)(H,0),]-H,0},, shows a pillared-
layer frameworks with guest water-filled channel
along the b-axis (Figure: 9b), which basically does
not show any significant pore channel. The com-
pound {[Cu,(3,4- pyrdc),(bpp),(H,0),]-5H,0},
shows a supramolecular 3D structure with guest
water-filled channel along the c-axis (Figure: 9c),
where the dimension of the channel is 6.8 x 2.6A.
The N, adsorption amount of all the compounds
is negligible. The CO, uptake capacity of the dehy-
drated frameworks of Cd(II), Mn(II) and Cu(II) are
39 cm® g7 (7.7 wt%), 19 cm® ¢! (3.7 wt%), and
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47 cm® 7' (9.2 wt%) at 195 K, respectively (Fig-
ure: 9d), which are commensurate with their pore
sizes. The CO,/N, selectivities for Cd(II), Mn(II)
and Cu(II) were 8.8, 3.7 and 9.3, respectively.

The interpenetration of MOFs*® will also play
a vital role on the pore aperture with diminish-
ing void spaces. Generally, when a single network
accommodates large voids, with two or more
such networks mutually interpenetrated, it will
result in the formation of interpenetrated MOFs
with comparatively lower void spaces. So, in a
quite general way, the interpenetrated MOFs con-
taining small pores generated through interpen-
etration will exhibit lower CO, uptake capacity
in most cases. On the contrary, interpenetrated
structures in some cases will exhibit structural
dynamicity’® ** showing gated adsorption prop-
erties,'” *® which is known as the “breathing”
effect.'” 3 In such cases, adsorption may increase
even for an interpenetrated structure due to
structural dynamicity.**~¢

Recently, MOFs with different pore sizes
and dimensions were also widely investigated
for Xe/Kr adsorption selectivity similar to selec-
tive uptake of CO,. The effect of pore sizes on
Xe/Kr selectivity has been discussed by some
groups,”’ " which suggest that the MOFs with
smaller pores (pore diameter just greater than
the kinetic diameter of Xe molecule) exhibit high
Xe/Kr selectivity than those with comparatively
larger pores. This is because the small pores pro-
vide strong adsorption sites, mainly for Xe, which
adsorbs more strongly than Kr due to van der
Waals interactions and higher polarisability.

3 Electrical Conductance of MOFs

Like CO, storage and separation, conductivity is
also an appealing functionality of MOFs inde-
pendently as well as when coupled with other
functionalities of MOFs to prepare smart materi-
als. Thus, it has an immense potential for opening
up the door of a new El Dorado of tailor-made
Schottky barrier diodes, solar cells, light-emitting
diodes and suitable memory devices.* Though a
good number of conventional covalent polymers
were potentially used to measure electrical con-
duction in the field of material science, the search
for this property in MOFs is very limited mostly
due to the lack of understanding of structure—
property relationship for this particular prop-
erty. The gradual incorporation of theoretical
calculations in MOFs seems to be a powerful tool
for experimental measurements and for rational
design of new conductive MOFs as well as for
nascent electronic device fabrication. Realising
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Figure 9: A view of the a 3D network with guest water-filled hexagonal- and rectangular-shaped channels
along the a-axis in {[Cd,(3,4-pyrdc),(4,4-bipy)(H,0),]-4H,0},, and b 3D pillared-layer frameworks with
guest water-filled channel in {{Mn4(3,4-pyrdc),(bpee)(H,0),]-H,0},. ¢ Supramolecular 3D structure with
guest water-filled channel in {[Cu,(3,4-pyrdc),(bpp),(H,0),]-5H,0},. d CO, (circles) and N, (iriangles)
adsorption isotherms (solid symbols) and desorption isotherms (open symbols) of dehydrated framework
for {[Cd,(3,4-pyrdc),(4,4-bipy)(H,0),]-4H,0}, (red), {[Mny(3,4-pyrdc),(bpee)(H,0),]-H,0}, (blue) and
{[Cuy(3,4-pyrdc),(bpp).(H,0),]-5H,0},, (green) measured at 195 K for CO, and 77 K for N,. Reproduced
with permission from Ref. Copyright© 2016, American Chemical Society.

the importance of such study for the fabrica-
tion of versatile electronic devices, contemporary
synthetic researchers have recently focussed
their attention on designing MOF-based materi-
als with high electrical conductivity. There are
reports'® of low- (i.e. 1D) or higher-dimensional
(i.e. 2D/3D) CPs for electrical conductivity meas-
urement, but the structure—property relationship
has not been well understood. As mentioned, we
have extracted the knowledge from single-crystal
X-ray structure and tried to correlate the electri-
cal conductivity of MOFs with their structures.
The organic ligands placed in the pore of the
MOFs show high electrical conductivity*> ** of a
non-charged MOE, a supposed insulator.

Our group®® has reported a 2D Cd(II)-MOE,
{[Cd,(azbpy),(HO-1,3-bdc),](azbpy). (H,0)},,**
(where OH-1,3-bdc=5-hydroxy-1,3-benzenedi-
carboxylate and azbpy=4,4’-azobispyridine),
where the dicarboxylate bridges Cd(II) centres
to form an infinite 1D ladder that is pillared by
the azbpy ligand resulting in the formation of a

IISc

@ Springer Press

2D sheet (Figure: 10a). The 2D sheet is extended
to a supramoleculer 3D structure through inter-
molecular z—z interactions with the free azbpy
ligand (Figure: 10b). This structure of the MOF
with organic ligands in the pore prompted us
to measure its electrical conductivity. The thin
film made with the microcrystalline samples of
Cd(II)-MOF exhibits electric conductivity up to
1.86 S cm™! (Figure: 10c) at room temperature
and pressure, and the current—voltage curve indi-
cates n-type semiconducting behaviour. Prior to
this report, no other 2D or 3D MOFs containing
free organic ligands has been reported in the lit-
erature showing such remarkable electrical con-
ductivity in crystalline form.

The appreciable value of conductivity has also
encouraged us to fabricate an electronic device to
see its performance as a semiconducting mate-
rial. The band gap measured experimentally was
2.0 eV, which is closely identical to its theoretical
value (2.07 eV). The calculated position of Fermi
level and the population in the block orbital also
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(b)

Figure 10: a The 2D sheet containing a 1D ladder with the azbpy linker. b Supramolecular 3D structure
(z—m interactions pink dotted lines) in {[Cd,(azbpy),(HO-1,3-bdc),](azbpy).(H,0)},. ¢ Current-voltage plot

for conductivity measurement of {[Cd,(azbpy),(HO-1,3-bdc),](azbpy)-(H,0)},. d Current (/)-voltage (V)
characteristics of the ITO/Cd-MOF/Al device on linear and logarithmic (inset of the figure) scales. Repro-

duced with permission from Ref. Copyright© 2014, Royal Society of Chemistry.

prove its n-type semiconducting nature. How-
ever, the values of its electrical conductivity and
band gap have encouraged us to make a Schottky
barrier diode by fabricating the sandwiched con-
figuration of indium tin oxide (ITO)/Cd-MOF/
aluminium (Al), where Al electrode was used as a
background for rectifying Schottky barrier diode
for its high work function value (4.08 eV). The
fabricated Al/Cd-MOF/ITO-based device exhib-
its a nonlinear behaviour with an on/off current
ratio in the order of ~10* (at £10 V) signifying
rectification (Figure: 10d). Our work is the first
example of an MOF-based electronic device as a
Schottky barrier diode, which has its inspiration

J. Indian Inst. Sci. IVOL 97:21261-279 June 2017|journal.iisc.ernet.in

from an understanding of single-crystal X-ray
structure.

In continuation of our previous work, recently
our group also reported two Zn(II)-MOFs,*”
{{Zn(azbpy)(HO-1,3-bdc)(H,0)]-(azbpy)},, and
{[Zn(azbpy), s(HO-1,3-bdc) (C,H;OH)]-(H,0)},,
using the same 5-hydroxyisophthalate (HO-
1,3-bdc) and  4,4’-azobispyridine  (azbpy)
ligands. Compound {[Zn(azbpy)(HO-1,3-bdc)
(H,0)]-(azbpy)}, exhibits a 2D sheet by bridg-
ing both N,N’-donor azbpy ligand and chelat-
ing-monodentate HO-1,3-bdc*~ with the Zn®*
centres. This was extended to a supramolecular
3D structure through intermolecular H-bonding
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and z—r interactions with free azbpy ligands (Fig-
ure: 11a). But, for compound {[Zn(azbpy), ;(HO-
1,3-bdc)(C,H;OH)]-(H,0)},, the dicarboxylate
bridges with Zn(II) centres in a bidentate bridg-
ing fashion to form a 1D ladder, which was further
pillared by azbpy ligand to form a 2D structure
(Figure: 11b). Both the MOFs have almost similar
structure, but the first one contains lattice azbpy
ligands in its void spaces, whereas the second
one contains water molecules. Both the MOFs
show electrical conductivity up to 1.1 x 107*
and 2.5 x 107> S cm™! (Figure: 1lc), respec-
tively, at room temperature which means that the
MOF with lattice azbpy ligands in its void exhib-
its nearly ten times greater conductivity than
water-containing {[Zn(azbpy), ;(HO-1,3-bdc)
(C,H;0H)]-(H,0)},. Being volatile, water will
not be present in the void at the thin film prepara-
tion temperature and hence it is clear that the free
azbpy ligand into the void spaces; definitely deliv-
ers an extra path for charge transfer. The direct

Current (mA)

30 25 -20 15 -1.0 -05 0.0
log (V)

band gaps of the compounds conform to theo-
retical calculations suggesting p-type semicon-
ductivity in both. The presence of additional free
organic ligand in the voids of {[Zn(azbpy)(HO-
1,3-bdc)(H,0)]-(azbpy)}, has also generated a
higher electronic level near the Fermi level. This
example of two-model conductor MOFs helps
our understanding for creating good conducting
MOFs by lattice organic ligand in the pore. Like
the previous case, we have also studied the recti-
fication behaviour of the device, prepared in the
same manner (ITO/MOF/AI) as of these two com-
pounds. The on/off current ratios are 4.9 and 3.2
at £1 V (Figure: 11d) and the potential barriers
of the fabricated devices are 0.27 and 0.43 eV for
{[Zn(azbpy)(HO-1,3-bdc)(H,0)]-(azbpy)},, and
{[Zn(azbpy), ;(HO-1,3-bdc)(C,H;OH)]-(H,0)},,
respectively. As discussed, these values also sup-
port better electronic behaviour in MOFs where
ligands are present in the pores of frameworks.
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Figure 11: a Supramolecular 3D structure in {[Zn(azbpy)(HO-1,3-bdc)(H,0)]-(azbpy)}, through locking
of the 2D sheets and free azbpy ligands by intermolecular H-bonding and n—= interactions. b 2D sheet
n {[Zn(azbpy), 5(HO-1,3-bdc)(C,H;OH)]-(H,0)}, constructed by HO-1,3-bdc and azbpy ligand. ¢ Loga-

rithmic current-voltage plot for conductivity measurement, and d current-voltage plots of the fabricated
sandwich devices for both the compounds. Reproduced with permission from Ref. Copyright© 2016,
Royal Society of Chemistry.
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4 Structure of CPs Guiding Chemical
(Redox) Transformation

The most striking exploration by our group
in the field of CPs is framework-supported
reduction. Interestingly, the phenomenon was
observed in an in situ chemical process and the
observation of a crystal structure inspired us
into this investigation. This is a fine example of
the X-ray structure, paving the way for under-
standing the redox chemistry from a newer
dimension. We have isolated three different
coordination polymers (CPs),** namely, {{Cd(3-
bpdb)(C1)]-ClO,},,[[Cd(3-bpdb),(H,0),]-(3-
bpdb)(ClO,),},, and {{Cd(3-bpdb)(suc)
(H,0),]-(H,0),}, with the combination of cad-
mium perchlorate, 1,4-bis(3-pyridyl)-2,3-diaza-
1,3-butadiene (3-bpdb) and disodium succinate
(Naysuc) from the same reaction. The first one
among the three, i.e. {[Cd(3-bpdb)(CI)]-ClO,},
shows an o-polonium-type 3D coordination
network created by an exactly perpendicular
Cl-Cd-Cl linkage, and also contains ClO," ion-
filled 1D channel (Figure: 12a, b). We have nei-
ther used any cadmium chloride salt nor have
we added any other chloride salt externally to

Abundance
%

31

I | P
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the reaction mixture. Besides, there is no provi-
sion for chloride to come from the solvent or any
other impurity, as all the reactions are performed
in chloride-free water. Thus, after ruling over
the human error and unknown impurity factor,
this Cl -integrated 3D framework of {[Cd(3-
bpdb)(Cl)]-ClO,},, really became an interesting
research problem for us. Therefore, we started
enthusiastically to find the source of Cl™ ion, as
we were confident then that it originated from
some in situ chemical route. Finally, we real-
ised that the chloride had been produced from
the reduction of perchlorate used in the reac-
tion. To account for the presence of electrons
in reduction, we searched the parallel oxidation
process and came across a very interesting find-
ing. We performed a GC-MS experiment with
the reaction mixture and observed the formation
of nicotinamide produced by the oxidation of
3-bpdb (Figure: 12¢). Similarly, the ESI-MS data
of the reaction mixture confirms the formation
of nicotinamide at m/z 122.04 (Figure: 12d) and
IR spectral data [1(C=0), 1636 cm™' (stretch),
VY(N=H), 3444 cm~! (stretch) and 1549 cm™!
(bending)] also confirm it as the product of the
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Figure 12: a 3D framework of {[Cd(3-bpdb)(Cl)]-ClO,}, showing the channels occupied by the CIO,~ ani-
ons. b 3D framework in {{Cd(3-bpdb)(Cl)]-ClO,},, showing the CI-Cd-Cl rod in the crystallographic c-axis.

¢ Mass spectra of the peak at 10.37 min from the GC trace of the resulting amide from the oxidation of
imine in the reaction medium. d ESI mass spectrum of the resulting yellow residue. Reproduced with per-
mission from Ref. Copyright© 2013, Royal Society of Chemistry.
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oxidation of imine along with parallel reduction
of perchlorate to chloride. To confirm the trans-
formation of perchlorate to chloride, we also
performed reactions under the same conditions,
but by varying the reactants as well as their ratios
(Table: 1). Considering the emergence of nicoti-
namide as a signature for formation of chloride,
we conclude that the evolution of {{Cd(3-bpdb)
(CDH]-ClO,}, from the reduction of perchlorate is
independent of the nature of perchlorate anion
or the presence of other counter anions. The
framework structure has an important role in the
transformation.

The logic of this interesting observation
justifies the continuation of our interest in this
work, where we have modified the non-sub-
stituted 3-bpdb linker into methyl-substituted
2,5-bis-(3-pyridyl)-3,4-diaza-2,4-hexadiene

(3-bpdh). We have synthesised two different
Cd(I1)-CPs,” namely, [Cd(3-bpdh),(ClO,),],
and {[Cd(3-bpdh)(suc)(H,0)]-3(H,0)}, using
N,N’-donor 3-bpdh and disodium succinate
(suc).  Compound [Cd(3-bpdh),(ClO,),],
exhibits a 1D chain containing coordinated per-
chlorate anions (Figure: 13a). It is important to
note here that we have obtained the perchlo-
rate coordinated product instead of chloride.
The absence of chloride is supported by the
absence of any oxidation or reduction process
in the GC-MS/ESI-MS study (Figure: 13b, c).
The presence of methyl substituent on 3-bpdh
linker gives it a stable C—C bond instead of the
labile C-H bond in 3-bpdb and hints that to get
any chloride-containing product through reduc-
tion, the N-donor ligand used must be oxidised
simultaneously.
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Figure 13: a 1D chain structure constructed through 3-bpdh ligand and coordinated perchlorate ions in
[Cd(3-bpdh),(ClO,),],. b Appearance of a mass of 3-bpdh ligand (i.e. 238.4266) in the reaction mixture
observed by GC-MS study. ¢ ESI mass spectrum of yellow residue in the reaction mixture. Reproduced
with permission from Ref. Copyright© 2015, Royal Society of Chemistry.

Table 1: Formation of amide with different reactants and varying ratios.

No. Reaction

Reactant ratio Formation of amide

I 3-bpdb + Cd(CIO,),-6H,0
Il 3-bpdb + Cd(ClO,),-6H,0 + Na,suc
i 3-bpdb + Cd(NO3),-4H,0 + NaClO,
(
(

v 3-bpdb + Cd(CIO,),-6H,0
v 3-bpdb + Cd(ClO,),-6H,0
Vi 3-bpdb + Cd(CIO,),-6H,0
Vil 3-bpdb + NaClo,

1:1 Yes
1:1:1 Yes
1:1:2 Yes
2:1 No
3:1 No
4:1 No
1:2 No
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5 Conclusion

The potential application of CPs and/or MOFs
in different fields provides a concrete structure—
property relationship which opens a window to
understand the strategic design of functional
CPs/MOFs. The outcome of X-ray structure
has profound impact on structural parameters
like pore sizes, pore environment, voids and lat-
tice entities, the base parameters for the creation
of structural database in functional CPs/MOFs.
Here, we have tried not only to correlate the ver-
satile functionality of mixed-ligand CPs/MOFs,
but also investigated an interesting chemical
transformation through X-ray crystallography.
For research involving the design of CPs/MOFs,
X-ray crystallography stands out as an important
characterisation tool, as it sometimes opens up a
new horizon in research in chemical and material
science.
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