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Three flexible Metal-Organic Frameworks (MOFs) based on aldrithiol linker and pyromellitate ligand, 
namely, [Co(aldrithiol)(pyromellitate)0.5(H2O)2]n (1), [Ni2(aldrithiol)2(pyromellitate)(H2O)2)]n·2n 

(C2H5OH)·11n H2O(2) and [Cu(aldrithiol)2(pyromellitate)]n·2n (H2O) (3) have been synthesized through 

slow diffusion technique and characterized by structural, magnetic and adsorption studies. Single crystal 10 

X-ray studies show that the compounds 1 and 3 have two-dimensional layered structures, whereas, 

compound 2 adopts a three-dimensional framework structure. The observed dimensionality change might 

be due to the different orientation of pyridine rings in flexible aldrithiol linker and versatile bridging 

modes of pyromellitate ligand. In 1 and 2, pyromellitate ligand coordinates to the metal centre in 

monodentate fashion {(κ1)-(κ1)-(κ1)-(κ1)-µ4} and in 3, it coordinates in {(κ1)-(κ1)-µ2} fashion. The 15 

magnetic properties of 1-3 were investigated in detail which shows weak antiferromagnetic coupling 

among the metal centres. Vapour sorption studies reveal that compound 1 and 3 show high methanol 

vapour uptake, whereas, compound 2 shows decent amount of H2O adsorption. The dehydrated 

frameworks of 1-3 regenerate the as-synthesized framework structure upon exposure to the water vapour.  

Introduction 20 

Metal-Organic-Frameworks (MOFs) have received extensive 
interest in the past few decades owing to their virtually endless 
number of possible structures with variable interesting  structure 
related properties.1 MOFs are also known for their potential 
applications in gas storage and separation,2 catalysis,3 drug 25 

delivery,4 luminescence5 and molecular magnetism6 and other 
properties7. Literature reports reveal that MOFs containing only 
carboxylate ligands are fairly rigid8 and the introduction of 
different pyridyl linkers along with carboxylate ligands introduce 
structural flexibility in the framework.9 In this context, it is 30 

worthy to mention that the flexible MOFs have attracted 
considerable attention due to their dynamic behaviour such as 
single crystal to single crystal transformation,10 unusual gas 
adsorption behaviour (stepwise, selective and sometimes 
hysteretic)11 and guest responsive structural transformation.12etc. 35 

Usage of highly flexible organic linkers and carboxylates having 
wide variety of bridging modes in combination with magnetically 
potent transition metals result flexible frameworks with short 
metal-metal distance which is an important criteria for magnetic 
exchange.13 Hence the resulted materials can be used as porous 40 

magnets or Magnetic Metal Organic Frameworks (MMOFs) 
which is a forefront research area. 
Recently, we have reported a third-generation breathing MOF of  
Zn(II) using flexible aldrithiol linker and pyromellitate ligand 
which shows selective, stepwise, reversible, and hysteretic 45 

adsorption properties.14  We have extended our effort for other 

transition metal ions like Co(II), Cu(II) and Ni(II) and  herein we 
report two 2D MOFs and one 3D MOF having molecular formula 
[Co(aldrithiol)(pyromellitate)0.5(H2O)2]n (1), 
[Ni2(aldrithiol)2(pyromellitate)(H2O)2]n·2n (C2H5OH)·11n H2O 50 

(2) and [Cu(aldrithiol)2(pyromellitate)]n·2n (H2O) (3). The vapor 
adsorption and magnetic properties study of compounds reveal 
that they show bi-functional behaviour.  

Results and Discussions 

Synthetic aspects 55 

Aldrithiol (4,4’-dipyridyldisulfide) is one of the most flexible 
ligands which can be used to synthesize flexible MOFs. 
However, there are less number of reports available in the 
literature on flexible MOFs using aldrithiol as organic linker15 
and also there is no such report describing the gas and vapour 60 

adsorption properties except one.14 In this regard, herein we 
report three flexible MOFs using aldrithiol linker, pyromellitate 
ligand and different metal ions like Co(II) (1), Ni(II) (2) and 
Cu(II) (3) in 1:0.25:1 ratio. The synthetic details are illustrated in 
Scheme 1. Compounds 1-3 are synthesized using 65 

Co(NO3)2·6H2O, Ni(ClO4)2·6H2O and Cu(NO3)2·2.5H2O 
respectively as metal source. Attempts to synthesize compound 2 
by using Ni(NO3)2·6H2O results same structure. Compound 1-3 
are synthesized at neutral pH conditions.  It is worthy to note that 
although the same diffusion technique was followed to prepare all 70 

the three compounds (1-3), compounds 1 and 3 exhibits 2D 
framework whereas compound 2 reveals 3D framework structure.  
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Scheme 1 Synthetic details for compounds 1-3.  

 
 

Chart 1 Various bridging modes of pyromellitate ligand (a) and orientation of pyridine groups in the flexible aldrithiol linker (b) found 5 

in compounds 1-3.  
 
(a) Various bridging modes of pyromellitate ligand. 

 
(b) Orientation of pyridine groups in the flexible aldrithiol linker. 10 
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Table 1 Crystallographic Data Parameters for Compounds 1-3. 

 1 2 3 

Emperical formula C15H13N2O6S2Co C34H52N4O25S4Ni2 C30H22N4O10S4Cu 
CCDC number 973648 973650 973649  
Formula weight 440.33 1162.43 790.32 

Color Pink Green Blue 
Size (mm) 0.40 x 0.34 x 0.26 0.42 x 0.34 x 0.29 0.42 x 0.38x 0.28 

Crystal system Orthorhombic Monoclinic Monoclinic 
Space group F d d d C 2/c P 2/c 

a /Å 15.7239(19) 15.8979(12) 8.315(2) 
b /Å 16.158(2) 15.7892(12) 10.205(3) 
c /Å 40.866(10) 20.3288(16) 20.279(5) 
α (˚) 90.0 90.00 90.0 
β (˚) 90.0 106.324(8) 113.120(12) 
γ (˚) 90.0 90.00 90.00 

Cell volume V(Å3) 10383(3) 4897.1(7) 1582.6(7) 
Cell formula units Z 16 4 2 

Wave length (Å) 0.71073 0.71073 0.71073 
Temperature (K) 296(2) 296(2) 296(2) 

Theta range for data collection 2.34 to 27.50 1.86 to 25.68 2.00 to 27.45 
Total reflections 2990 2187 3617 

Unique reflections 2987 1878 3564 
F(000) 3552 2280 798 

R factor all 0.0848 0.1013 0.0582 
wR2 0.2475 0.2606 0.1713 

Goodness-of-fit 1.117 1.162 1.009 
(∆ρ)max, (∆ρ)min (e A-3) 0.465, -0.874 0.420, -0.616 0.334, -0.771 

 
The observed dimensionality change might be due to the versatile 
bridging modes of pyrometlitate ligand (Chart 1(a)) and the 
flexibility of the aldrithiol linker (Chart 1(b)). The diffuse 5 

reflectance UV/Vis spectra of compounds 1-3 are displayed in 
Fig. S1 which shows different absorption features. The absorption 
of compounds 1-3 in UV region are observed at ~260 nm which 
corresponds to the intra-ligand n→π* and π→π* transition. In 
comparison with the free pyromellitate16a, b and aldrithiol16 c,d 

10 

ligands, the absorptions in compounds 1-3 have been changed, 
suggesting that coordination of the metal ions alters the intrinsic 
electronic properties of the ligands. The absorptions of 
compounds 1-3 in the visible region are observed at 493 nm for 1, 
635, 738 nm for 2, and 609 nm for 3 respectively which are due 15 

to the spin allowed d–d transition. It has been noticed that, the 
absorption intensities of compounds 2 and 3 are markedly higher 
than that of the compound 1 which attribute to the different 
bridging modes of both the ligands to the metal centre. 
 20 

Structural Description of compound 1 

Compound 1 crystallizes in the orthorhombic system with space 
group Fddd. The asymmetric unit contains a Co(II) centre, half of 
pyromellitate ligand, half of aldrithiol linker and a coordinated 
water molecule (Fig. S2). Each Co(II) centre possess distorted 25 

octahedral geometry and the coordination environment is 
furnished by two carboxylate oxygen atoms (O1, O1A) of two 
different pyromellitate ligands, two nitrogen atoms (N1, N1A) 
from two aldrithiol linker and two coordinated water molecules 
(O3, O3A) (Fig. 1). It has been observed that the coordinated 30 

oxygen atoms of two pyromellitate ligands, nitrogen atom of one 
aldrithiol linker and one water molecule are at the equatorial 
positions, whereas, nitrogen atom of another aldrithiol linker and 
water molecule are located in the axial positions respectively. So, 
around each Co(II) centre, the pyromellitate ligands are trans to 35 

each other (O1-Co1-O1A = 178.7(1)°), whereas, both the 
aldrithiol linkers (N1-Co1-N1A = 96.2(1) °) and water molecules 
(O3-Co1-O3A = 89.3(2) °) are cis to each other (Fig. 2).  

      
Fig. 1. Octahedral co-ordination environment around Co(II) centre in 40 

compound 1. Colour code: Cobalt (magenta). Nitrogen (blue), 
Oxygen(red). 

The Co-O and Co-N bond lengths are in the range of 2.030(3)-
2.159(4) Å respectively. In 1, each pyromellitate ligands holds 
four Co(II) centres in a monodentate fashion {(κ1)-(κ1)-(κ1)-(κ1)-45 

µ4} leaving the remaining oxygen atoms uncoordinated (Chart 
1(a)). Joining those four Co(II) centres by imaginary lines 
consequence a rectangular unit  of dimensions 7.942 x 8.157 Å2 
(Chart 1(a). Furthermore, the uncoordinated oxygen atoms of 
each pyromellitate ligands are involved in strong hydrogen 50 

bonding interactions (O(2)···O(3) = 2.586(7) Å) with coordinated 
water molecules (Table S2). In 1, the two pyridine rings of each 
flexible aldrithiol linker, are nearly perpendicular (~85 °) to each 
other having a torsional angle of (C3-S1-S1A-C3A = 94.2(3) °) 
(Chart 1(b)) and coordinated to two nearby Co(II) centres. The 55 

distance between two Co(II) centres bridged by aldrithiol linker is 
11.27Å. Each Co(II) centres bridged by aldrithiol linkers are 
extended either in a or b- direction (Fig. 3) to form two 
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independent 1D chains. It is worthy to mention that those 
independent chains are stitched by pyromellitate ligands to form a 
2D sheet in ab-plane (Fig. 4). 

 
Fig. 2. Ball stick model showing the arrangement of pyromellitate 5 

ligands, aldrithiol linkers and coordinated water molecules around Co(II) 
centre found in 1; colour codes, Co (magenta), O (red), N (blue), S 

(yellow) and C (grey). 

 
Fig. 3. 1D chain of compound 1 along the b-axis. Colour code: same as in 10 

Fig. 2. 

Careful analysis reveals that each aldrithiol bridged 1D chains are 
crisscrossed over one another i.e. arranged on top and bottom of 
the plane containing pyromellitate ligands and Co(II) centres as 
shown in Fig. 5. Hence each aldrithiol linker occupies axial 15 

position at one Co(II) centre and equatorial position at another 
Co(II) centre in a particular 1D chain and creates a rectangular 
shaped voids along the c-direction as shown in Fig. 5. The 
rectangular voids are partially filled by the pyromellitate ligands. 
PLATON analysis reveals ~39% pore accessible void volume 20 

(4033.4 Å3 per unit cell volume of 10383.0 Å3) in 1.  It can be 
seen that a basic unit, [Co(pyromellitate)2(aldrithiol)2(OH2)2] is 
repeated to form complete 2D sheet and hence can be termed as 
Secondary Building Unit (SBU). Each SBUs are connected to six 
neighbouring SBUs by pyromellitate ligand and two SBUs by 25 

aldrithiol linkers to form the extended structure.  

 
Fig. 4. Illustration of 2D sheet found compound 1. Colour code: same as 

in Fig. 2. 

 30 

Fig. 5. Illustration of extended rectangular voids and the arrangement of 
pyromellitate ligands inside it found in 1. Colour code: same as in Fig. 2. 

Structural Description of compound 2 

Compound 2 crystallizes in monoclinic crystal system with space 
group C2/c. The asymmetric unit consists of one Ni(II) centre, 35 

half of a pyromellitate ligand, one aldrithiol linker, six guest 
water molecules and one ethanol molecule respectively (Fig. S3). 
each Ni(II) centre is hexa coordinated and bridged by two 
nitrogen atoms (N1 and N2) from two aldrithiol linkers, two 
oxygen atoms (O2 and O3) from two pyromellitate ligands and 40 

two coordinated water molecules (O5 and O6) creating a 
distorted octahedral geometry (Fig. S4). Similar to 1, in 2, two 
pyromellitate ligands, one aldrithiol linker and one coordinated 
water molecule are at the equatorial positions and the remaining 
aldrithiol linkers, coordinated water molecule are in axial site. 45 

The pyromellitate ligands are located trans to each other (O2-
Ni1-O3 = 178.8(4) °), whereas, aldrithiol linkers (N1-Ni1-N2= 
94.9(5) ° and the position of coordinated water molecules (O5-
Ni1-O6 = 87.0(4) °) are cis to each other (Fig. 6). The Ni-O and 
Ni-N bond lengths are in range of 2.029(9)-2.123(9) Å 50 

respectively.  

 
Fig. 6. Ball stick model showing the arrangement of pyromellitate 

ligands, aldrithiol linkers and coordinated water molecules around Ni(II) 
centre found in 2. colour codes, Ni (Green), O (red), N (blue), S (yellow) 55 

and C (grey). 

Similar to 1, in 2 each pyromellitate ligands holds four Ni(II) 
centres in a monodentate fashion {(κ1)-(κ1)-(κ1)-(κ1)-µ4} leaving 
the remaining oxygen atoms uncoordinated (Chart 1(a)) and 
extended in the ab-plane to form a 2D layered structure. Joining 60 

those four Ni(II) centres by imaginary lines consequence a 
distorted molecular rectangle. The Ni···Ni distances in the 
rectangles are 7.299(3), 7.998(2) and 8.739(3) Å respectively 
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(Chart 1(a)). The above distortion is due to the flexible 
arrangement of carboxy groups of pyromellitate ligands. On 
comparing the orientation of carboxy groups of pyromellitate 
ligand in 1 and 2, it is very interesting to note that in 1, each 
carboxy groups are orientated at an angle of ~45 ° whereas in 2 5 

two carboxy groups are orientated at an angle of ~12 ° and other 
two are at ~83 ° to the mean plane containing phenyl ring of 
pyromellitate ligand (Chart 1(a)). Thus, the different 
arrangements of carboxy groups of pyromellitate ligands enforce 
two Ni(II) centres in the same plane containing phenyl ring of 10 

pyromellitate ligand and other two Ni(II) centres at a distance of 
1.386 Å on the above and below of that plane. The uncoordinated 
oxygen atoms of the pyromellitate ligand are involved in strong 
hydrogen bonding interaction (O1-O6 = 2.640(1) and O4-O5 = 
2.680(1) Å) with coordinated water molecules as well as solvated 15 

water molecules respectively (Table S2). In 2, the two pyridine 
rings of aldrithiol linker are subtended at an angle of 77° to each 
other having a torsional angle of (C3-S1-S2-C6 = 75.9(7)°) and 
coordinates to two nearby Ni(II) centres in a “V” shape manner 
and forms centrosymmetric dimer (Fig. S5). The distance 20 

between two Ni(II) centres in the dimer is 9.917(2)Å. The nearby 
centrosymmetric dimers are stabilized by a π···π interaction of 
3.592 Å (cg···cg) between pyridine rings of two adjacent 
aldrithiol linkers. Each Ni(II) dimers are further connected 
perpendicularly to the afore mentioned 2D layer and extended it 25 

to form a 3D framework structure (Fig. 7). In the 3D framework 
one basic unit [Ni(pyromellitate)2(aldrithiol)2(OH2)2] is repeated 
to form the complete framework and hence can be termed as 
Secondary Building Unit (SBU). Each SBUs are connected to one 
nearby SBU through aldrithiol bridge and six SBUs through 30 

pyromellitate ligands. 3D framework houses two types of 
extended channels (A and B); channel A is formed by the 
[Ni2(aldrithiol)2] centrosymmetric dimers and channel B by 
[Ni4(aldrithiol)4(pyromellitate)2] (Fig. 7). It is interesting to note 
that those channels are arranged alternatively and are hydrophilic 35 

in nature i.e. they are filled by the solvent water and ethanol 
molecules. PLATON analysis reveals no solvent accessible area 
in the 3D framework. However, the desolvated framework 
contains ~39% pore accessible void volume (1904.7 Å3 per unit 
cell volume 4897.1 Å3). 40 

 

 
Fig. 7. Illustration of 3D framework with channels (A and B) found in 

compound 2. Colour codes same as in Fig. 6. 

The solvent molecules inside each channel are stabilized by 45 

hydrogen bonding interaction between themselves and also with 
the uncoordinated oxygen atoms of the pyromellitate ligands 
(Fig. S6). The hydrogen bond parameters are listed in Table S2.  
 

Structural description of compound 3 50 

Compound 3 crystallizes in monoclinic system with P2/c space 
group. The asymmetric unit of 3 consists one Cu(II) centre, half 
of a pyromellitate ligand, one aldrithiol linker and one solvated 
water molecule respectively (Fig. S7). Each Cu(II) centre is hexa-
coordinated and bridged by four nitrogen atoms from four 55 

different aldrithiol linkers (N1, N1A, N2, N2A) and two oxygen 
atoms from two different pyromellitate ligands (O4, O4A) 
forming a distorted octahedral geometry (Fig. 8). It is important 
to note that in compound 1 and 2, two coordinated water 
molecules are present whereas in 3, they are absent and their 60 

positions are now occupied by two more aldrithiol linkers. In 1 
and 2 the pyromellitate ligands are sited in equatorial positions 
and aldrithiol linkers in both equatorial and axial positions, 
whereas, in 3 all the equatorial positions are occupied by 
aldrithiol linkers (N3-Cu1-N3A = 91.6(1) ° and N4-Cu1-N4A = 65 

92.2(1) °) and the axial positions by pyromellitate ligands (O4-
Cu1-O4A = 177.0(1) °) (Fig. 9). The Cu-N and Cu-O bond 
lengths are in range of 2.020(3)-2.542(4) Å respectively. It is key 
to note that the observed longer Cu-O bond length in 3 in 
comparison to 1 and 2 due to the smaller size of Cu(II) in 70 

comparison to Co(II) and Ni(II).  

    
Fig. 8. Octahedral coordination environment around Cu(II) centre in 

compound 3. 

 75 

Fig. 9. Ball stick model showing the arrangement of pyromellitate ligands 
and aldrithiol linkers around Cu(II) centre found in 3. colour codes, Cu 

(cyano), O (red), N (blue), S (yellow) and C (grey). 

Page 5 of 11 CrystEngComm

C
ry

st
E

n
g

C
o

m
m

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  6 

The observed longer Cu-O bond length in 3 in comparison to 1 
and 2 due to the smaller size of Cu(II) in comparison to Co(II) 
and Ni(II). Compare to to compound 1 and 2, in 3 only two 
carboxy group of pyromellitate ligand coordinates to two Cu(II) 
centres in monodentate bridging mode {(κ1)-(κ1)-µ2} and the 5 

remaining oxygen atoms from two other carboxy groups do not 
participate in coordination (Chart 1(a)). The distance between 
two Cu(II) centres bridged by single pyromellitate ligand is 
8.315(2) Å. Such bridging mode pyromellitate ligands extend the 
dimer units to form a 1D chain along the a-direction. The 10 

uncoordinated oxygen atoms of two carboxy groups are strongly 
(O2-O2A = 2.362(6) Å) H-bonded to each other. Besides, the 
oxygen atoms of uncoordinated carboxy groups are stabilized by 
various C-H···O interactions (3.239(6) - 3.473(6) Å) with the 
aldrithiol linkers. In 3, two pyridine ligands of the flexible 15 

aldrithiol linkers are oriented at an angle of ~72.58 ° and subtend 
a torsional angle of 82.5 ° (C7-S1-S2-C3) between them. Similar 
to compound 2, in 3, each aldrithiol linker bridged to two 
different Cu(II) centres at a distance of 10.205(3) Å to form a 
centrosymmetric dimer. Each dimer further extended through 20 

aldrithiol linker to form 1D chain along the b-direction (Fig. 10). 
These 1D chains are further extended by the pyromellitate ligands 
along the a-direction to form a 2D layer in the ab-plane (Fig. 11). 

 

Fig. 10 1D chain of compound 3 along the b-axis. Colour codes 25 

same as in Fig. 9. 

 
Fig. 11 Illustration of 2D framework showing the arrangements of 

pyromellitate ligands and aldrithiol linkers found in compound 3. Colour 
codes same as in Fig. 9. 30 

 
Fig. 12 Illustration of 2D framework showing the arrangements of 
pyromellitate ligands on the above and below of channels found in 

compound 3. Colour codes same as in Fig. 9. 

It is very interesting to note that in the aforementioned 2D layer, 35 

the pyromellitate ligands are sandwiched between the two nearby 

aldrithiol bridged 1D chains and located at above and below the 
channels (Fig. 11). This peculiar arrangement of the pyromellitate 
ligands restrict the opening of channels (Fig. 12). PLATON 
analysis reveals no solvent accessible area in the 2D layer. 40 

However the desolvated framework contains only ~9% pore 
accessible void volume (135.5 Å3 per unit cell volume 1582.6 
Å3). The arrangements of pyromellitate ligands in the channels 
are favoured by the weak C-H···π (3.470(6) Å) and C-H···O 
interactions (3.239(6)- 3.473(6) Å) respectively. Further the 45 

aforementioned 2D layers are interlinked through hydrogen 
bonding interaction (O3···O5 = 2.671(5) Å; O5···O5 =2.726(4) Å) 
with the solvated water molecules residing in the 2D interlayer 
space to form a 3D framework (Fig. S8). It can be seen that, one 
basic unit [Cu(pyromellitate)2(aldrithiol)4] is repeated to form the 50 

complete framework and hence termed as Secondary Building 
Unit (SBU). Each SBUs are connected to two nearby SBU 
through aldrithiol bridge and two SBUs by pyromellitate ligands. 

Thermal and PXRD Analysis 

To check the thermal stability of compounds 1-3, thermo 55 

gravimetric analysis (TGA) was carried out in the temperature 
range of 30 - 500 °C under a flow of N2 with a heating rate of 10. 
°C min-1 (Fig. S9). Compound 1 shows a weight loss of ~ 8% 
(Calcd. ~9%) in the temperature range of 93 - 145 °C which 
corresponds to the weight loss of two coordinated water 60 

molecules from the framework. In 2, weight loss of ~23% (Calcd. 
~25%) was observed in the temperature range of 40 – 154 °C 
which corresponds to the loss of eleven solvated water and one 
ethanol molecules from the framework and the desolvated 
framework is stable up to 230 °C. Similarly compound 3 shows a 65 

weight loss of ~5% (calcd. ~5%) in the temperature range of 36 - 
105 °C, which corresponds to the loss of two solavated H2O 
molecules from the framework. The powder XRD (PXRD) 
analyses of compounds 1-3 (Fig. S10-S12) are in very good 
correspondence with their corresponding simulated patterns 70 

obtained from the single crystal, indicating the phase purity of 
bulk samples. 
 

Magnetic studies 

Magnetic properties of compound 1 75 

A variable temperature magnetic susceptibility data of a powder 
sample of 1 was measured at 0.1T as shown in Fig. 13. At 300 K, 
a χMT (χM = molar magnetic susceptibility) value of 2.56 cm3 
mol-1 K is obtained with an effective magnetic moment (µeff) of 
4.54 µB per formula unit, which is higher than the spin-only value 80 

of 3.87 µB for a high spin Co(II) ion. This might be due to the 
orbital contribution typical for the 4T1g ground state of octahedral 
high-spin Co(II) ion.17 The 1/χM data for complex 1, within the 
temperature range of 1.8 - 300 K, were fitted to the Curie-Weiss 
equation, [χM = C/(T-θ)], which afforded the Curie constant, C = 85 

2.62 cm3 mol-1 K, and Weiss constant, θ = -11.39 K (Fig. S13 
inset), indicating an antiferromagnetic exchange interaction 
between the Co(II) centres. The χMT plot shows a continuous 
decline to a minimum value of 1.39 cm3 mol-1 K at 1.8 K. 
Further, on lowering the temperature, both the FC and ZFC 90 

susceptibilities gradually increase following each other and the 
value of χM at 1.8 K is about 0.77 cm3 mol-1, showing no phase 
transition (Fig. S13). Thus, the temperature-dependency of both 
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χM and χMT are in accordance with the antiferromagnetic 
behaviour in 1. The isothermal magnetization curve (M/NµB vs. 
H plot, Fig. 13 inset) shows a saturation value of 1.79 NµB per 
formula unit at 2 K and 7 T, which is lower than the saturation 
value of 3 NµB for spin-only Co(II) ion (S = 3/2 and g = 2).18 5 

This behaviour also supports an antiferromagnetic coupling 
between the Co(II) ions in 1. 

 
Fig. 13. χMT vs T curve measured at 0.1 T for complex 1. The inset curve 

presents field dependence of magnetization of 1 at 2, 6 and 10 K. 10 

Magnetic properties of compound 2 
A variable-temperature magnetic susceptibility data was collected 
for 2 at an applied dc field of 0.01 T in the temperature range of 
1.8 - 300 K as shown in Fig. 14. At around 300 K, the value of 
χMT is 1.25 cm3 mol-1 K with a µeff  of 3.17 µB per formula unit, 15 

which is slightly higher than the spin-only value of 2.83 µB for a 
Ni(II) ion. As the temperature is lowered from 300 K, χMT value 
shows small decrease up to about 1.01 cm3 mol-1 K at 15 K as 
expected for isolated Ni(II) ions with S = 1. This is in agreement 
with the lack of suitable magnetic exchange pathways between 20 

the metal centres because of appreciable metal-metal distance 
(7.3 – 11.2 Å). Below 15 K, χMT decreases sharply and reaches a 
value of 0.72 cm3 mol-1 K at 1.8 K.  

 
Fig. 14. χMT vs T curve measured at 0.01 T for complex 2. The inset 25 

curve presents field dependence of magnetization of 2 at 2, 6 and 10 K. 

The inverse susceptibility data (1/χM) obeys the Curie-Weiss law 
with C = 1.24 cm3 mol-1 K and θ = -5.08 K (Fig. S14 inset), 
indicating very weak antiferromagnetic exchange interaction 
between the Ni(II) centres. In case of 2 also the FC and ZFC 30 

susceptibility data increase with temperature following each other 

and the χM value at 1.8 K is about 0.39 cm3 mol-1, showing no 
phase transition (Fig. S14). The M/NµB vs H curve measured at 2 
K displays no hysteresis loop (Fig. S15) and variable field 
magnetization measurements at 2 K and 7 T shows a saturation 35 

value of 1.56 NµB per formula unit (Fig. 14 inset), which is 
slightly lower than the saturation value of 2 NµB for spin-only 
Ni(II) ion (S = 1 and g = 2). 
 
Magnetic properties of compound 3 40 

A variable-temperature dc magnetic susceptibility data has also 
been obtained for complex 3 at 0.01 T in the temperature range of 
1.8 - 300 K and is shown in Fig. 15 in the form of χMT vs T. At 
room temperature, a χMT value of 0.36 cm3 mol-1 K and a µeff of 
1.70µB is observed and upon cooling, the susceptibility value 45 

remains nearly constant up to ~20 K wherefrom the value 
decreases more rapidly to ~0.26 cm3 mol-1 K down to the lowest 
temperature of 1.8 K. Fit of the magnetic data was done by using 
the Curie - Weiss law which afforded C = 0.36 cm3 mol-1 K and θ 
= -1.53 K (Fig S16 inset). The slow decrease in χMT and effective 50 

magnetic moment in high temperature region and the low 
negative θ indicates weak antiferromagnetic coupling between 
Cu(II) sites, which is due to the long  Cu(II)··· Cu(II) distance in 
the range of 8.3 - 13.1 Å. The FC and ZFC susceptibility data 
increase with temperature following each other and the χM value 55 

at 1.8 K is about 0.14 cm3 mol-1, showing no phase transition 
(Fig. S16). Variable field magnetization measurements (Fig. 15 
inset) show that the reduced magnetization value rises fairly 
rapidly and begins to plateau at higher magnetic fields reaching a 
saturation value of 0.85 NµB per formula unit at 2 K and 7 T. 60 

 

 
Fig. 15. χMT vs T curve measured at 0.01 T for complex 3. The inset 

curve presents field dependence of magnetization of 3 at 2, 6 and 10 K. 

Adsorption properties 65 

To explore the porous properties of compounds 1-3 adsorption 
measurements were carried out with gases like N2, CO2 and H2 
(Fig. S17-S20). Adsorption isotherms of N2 at 77 K and CO2 at 
195 K and 298 K show very less uptake whereas no uptake was 
observed with H2 at 77 K in all three compounds. 70 

To understand the interaction of host frameworks with solvent 
molecules, we carried out vapour adsorption measurements with 
different polar solvents. Sorption Isotherm with H2O shows 80 
mL g-1, 161 mL g-1 and 124 mL g-1of uptake in compounds 1, 2 
and 3 respectively (Fig. 16). Compared to 1 and 3, large volume 75 
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of H2O adsorption in the case of 2 is expected as in the crystal 
structure of compound 2, there are large numbers of guest water 
molecules present in the pores. In 1 and 3 the carboxylate oxygen 
atoms of the pyromellitate ligands pointed towards the middle 
portion of 1D channel which might also causes the decrease in 5 

adsorption amount. 

 

Fig. 16. H2O adsorption isotherms of compounds 1-3. 1(blue), 2(red) and 
3 (green). 

The incomplete desorption in compounds 1 and 3 is might be due 10 

to the hydrogen bonding interaction between the free carboxylate 
oxygen atoms and adsorbed H2O molecules and for 2 it is due to 
the re-accumulation of H2O molecules in pores. The PXRD 
patterns after complete H2O vapour adsorbed samples of 
compounds 1-3 (Fig. S21-23) are similar to that of the as-15 

synthesized compounds which further supports that compounds 
1-3 achieved its original structure as a result of re-accumulation 
of H2O molecules inside the pores and coordination sites. 
Interestingly, encouraging results were obtained in the 
MeOH/CH3CN sorption profiles of 1 and 3. In comparison to 20 

H2O adsorption, the uptake amounts were increased in 
compounds 1 and 3 whereas the adsorption amount was 
drastically decreased in the case of 2. The adsorption profile with 
MeOH in 1 and 3 shows 155 mL g-1 and 195 mL g-1 with two-
step isotherm whereas less uptake (67 mL g-1) was obtained for 25 

compound 2 with no steps in isotherm (Fig. 17). Similar sorption 
profiles were obtained in the case of CH3CN with less adsorption 
amounts compare to MeOH (Fig. 18). The less adsorption amount 
and different sorption profile of compound 2 in comparison to 1 
and 3 suggest that some additional adsorption sites are available 30 

for MeOH/CH3CN in compounds 1 and 3. From the crystal 
structures of 1 and 3 it can be observed that the hydrophobic 
benzene moieties of pyromellitate ligands were exposed to the 
middle of the pores (Fig. 5 and 12). As MeOH/CH3CN molecules 
containing both hydrophilic –OH/CN as well as hydrophobic –35 

CH3 parts they could strongly interact with the hydrophobic 
benzene rings of pyromellitate ligands which enhances the 
MeOH/CH3CN uptake in 1 and 3.19 The first step adsorption is 
might be due to pore filling and the second step could be ascribed 
by the strong interaction with the hydrophobic channel surface 40 

through the methyl group.19b The less adsorption amount in case 
of CH3CN can be justified by correlating the large molecular 
diameter (4.3 Å) and less polarity of CH3CN compared to 
MeOH.20 

 45 

Fig. 17. MeOH adsorption isotherms of compounds 1-3. 1(blue), 2(red) 
and 3(green). 

 
Fig. 18. Acetonitrile adsorption isotherms of compounds 1-3. 1(blue), 

2(red) and 3(green). 50 

Conclusions 

We havesuccessfully synthesized two 2D MOFs and one 3D 
MOF using mixed-ligand strategy along with three different 
paramagnetic transition metal ions. The change in structural 
dimensionality highlights the impact of the flexibility of aldrithiol 55 

linker and diverse bridging mode of pyromellitate ligands on the 
synthesis of flexible MOFs. Variable-temperature and variable-
field magnetic moment measurements demonstrate that 
compounds 1-3 show weak antiferromagnetic interactions among 
the metal centres. Vapour adsorption studies reveal that 60 

compounds 1 and 3 show high methanol adsorption, whereas, 
compound 2 show considerable amount of H2O adsorption. The 
above findings conclude that suitable choice of ligand 
combination along with metal ions engender adsorption as well as 
magnetic or other properties in the resulting materials and make 65 

them multi-functional in nature. Further work in this direction is 
underway. 

Experimental section 

General Information 

All the metal salts and solvents were commercially available and 70 

were used as obtained. 1,2,4,5-Benzene tetracarboxylic acid 
(Pyromellitic acid) and Aldrithiol  were obtained from the Sigma-
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Aldrich Chemical Co. India.   

Physical measurements 

Thermo gravimetric analysis was recorded on Perkin-Elmer TGA 
4000 instrument. IR spectrum of the compounds 1-3 were 
recorded on Perkin-Elmer FT-IR Spectrum BX using the KBr 5 

pellets in the region 4000 - 400 cm-1. Elemental analysis was 
carried out on Elementar Micro vario Cube Elemental Analyzer. 
PXRD patterns were measured on PAnalytical EMPYRIAN 
instrument by using Cu Kα radiation. Magnetic measurements 
were performed using a Quantum Design SQUID VSM 10 

magnetometer. The measured values were corrected for the 
experimentally measured contribution of the sample holder, while 
the derived susceptibilities were corrected for the diamagnetism 
of the samples, estimated from Pascal’s tables.21 Gas adsorption 
measurements were performed by using BelSorpmax (BEL 15 

Japan) automatic volumetric adsorption instrument. All the gases 
used were of Ultra-pure research grade (99.999%). HPLC grade 
solvents were used for vapour adsorption studies. 

Synthesis of [Co(aldrithiol)(pyromellitate)0.5(H2O)2]n (1): 

An aqueous solution of (5 mL) sodium salt of pyromellitate (0.05 20 

mmol, 17.1 mg) was added stepwise to the ethanol solution (5 
mL) of aldrithiol (0.1 mmol, 22 mg) while being stirred and the 
resulting solution was further stirred for 1 hour more to mix well. 
Co(NO3)2·6H2O (0.1 mmol, 29.1 mg) was dissolved in 10 mL of 
water and kept in a narrow tube. 2 mL of the above mixed ligand 25 

solution was slowly and carefully layered over 2 mL of the metal 
solution and tube was kept undisturbed at room temperature. X-
ray quality pink colored single crystals were obtained from the 
junction of the layer after 10 days. The crystals were separated 
and washed with ethanol and air-dried (yield = 43% based on 30 

cobalt). Elemental analysis: Anal. Calcd: C, 40.9%; H, 2.9%; N, 
6.3%; S, 14.5%.; Found: C, 40.1%; H, 2.4%; N, 5.8%; S, 13.9%.; 
FT-IR (KBr pellet, cm-1): 3411(br), 3169(w), 1631(m), 1583(w), 
1433(s), 1058(br). 

Synthesis of [Ni2(aldrithiol)2(pyromellitate)(H2O)2]n 35 

·2n(C2H5OH)·11n(H2O) (2) 

Compound 2 has been synthesized following the same diffusion 
technique applied for compound 1 using the Ni(ClO4)2·6H2O in 
place of Co(NO3)2·6H2O. X-ray quality green colored single 
crystals were obtained from the junction of the layer after 15 days 40 

Yield (33% based on nickel). Elemental analysis. Anal. Calcd: C, 
35.1%; H, 4.5%; N, 4.8%; S, 11.0%. Found: C, 34.5%; H, 4.1%; 
N, 4.1%; S, 10.5%. FT-IR (KBr pellet cm-1) 3440(br), 1590(s), 
1480(w), 1401(s), 1324(w), 1213(m), 1102(br). 

Synthesis of [Cu(aldrithiol)2(pyromellitate)]n·2n(H2O) (3) 45 

The same diffusion technique as followed for compound 1 was 
employed for the synthesis of compound 3 using 
Cu(NO3)2·2.5H2O in place of Co(NO3)2·6H2O. X-ray quality blue 
colored single crystals were obtained from the junction of the 
layer after 20 days.Yield (31% based on copper) Elemental 50 

analysis. Anal. Calcd: C, 45.5%; H, 2.8%; N, 7.0%; S, 16.2% 
Found: C, 44.9%; H, 2.4%; N, 6.4%; S, 15.5%. FT-IR (KBr pellet 
cm-1) 3424(br), 1636(m), 1607(s), 1434(s), 1309(w), 1239(w), 
1009(w).  
 55 

X-ray Crystallographic Analysis 

Single crystal data for compounds 1-3 were collected on a Bruker 
SMART diffractometer equipped with a graphite monochromator 
and Mo-Kα (λ = 0.71073 Å, 296 K) radiation. Data collection 
was performed using φ and ω scan. The structures were solved 60 

using direct methods followed by full matrix least square 
refinements against F2 (all data HKLF 4 format) using 
SHELXTL.22 Subsequent difference Fourier synthesis and least-
square refinement revealed the positions of the remaining non-
hydrogen atoms. Determinations of the crystal system, orientation 65 

matrix, and cell dimensions were performed according to the 
established procedures. Lorentz polarization and multi-scan 
absorption correction were applied. Non-hydrogen atoms were 
refined with independent anisotropic displacement parameters 
and hydrogen atoms were placed geometrically and refined using 70 

the riding model. All calculations were carried out using 
SHELXL 97,23 PLATON 99,24 and WinGXsystemVer-1.64.25 As 
compound 1 contains solvent accessible void, SQUEEZE25 
programme was applied and details about the squeezed material 
from the .SQF file is included in the final .CIF file. For 75 

compounds 1-3, the hydrogen atoms of the coordinated water 
molecules and solvent molecules were not located by riding 
methods, however are included in the molecular formula. Data 
collection and structure refinement parameters and 
crystallographic data for the compounds 1-3 are given in Table 1. 80 

Selected bond lengths and bond angles for compounds 1-3 are 
given in Table S1.  
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