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Crystal Engineering of Dynamic Metal-Organic Frameworks for Applications in
Chromic Sensing and Capturing of Small Molecules

Crystal engineering of metal organic frameworks (MOFs) has developed rapidly over the
years. This has been fuelled by useful properties endowed by these materials. MOFs
present a unique platform to control chemical and physical properties through manipulation
of the components that construct these materials. In this thesis a series of MOFs prepared
from 3-(4-pyridyl)benzoate or 4-(4-pyridyl)benzoate with Co(ll), Zn(ll) and Ni(ll) are
presented. Most materials were synthesised under solvothermal conditions. The link
between the phenyl and pyridyl ring in the ligand allows for conformational change through
varying the dihedral angles between these two parts. The carboxylate moiety can also rotate
relative to the phenyl ring and its ability to assume different coordination modes under
different environments is of utmost importance in achieving flexibility for the design.
Structural elucidation of compounds was performed by single crystal X-ray diffraction.
Topological analysis was performed on the networks formed by the compounds to have a
better understanding of the network connectivity. Bulk material was characterised by thermal
methods such as thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
variable temperature powder X-ray diffraction (PXRD) studies and by hot stage microscopy
(HSM). Thermochromic and solvatochromic properties of the activated phases were
investigated by spectroscopic techniques. Dynamic motion of the networks upon guest loss
and absorption by activated phases were evaluated by single crystal X-ray diffraction studies
using Pawley fitting methods. Standard kinetic models were used to analyse the kinetics of
guest uptake from isothermal experiments. Non-isothermal experiments were conducted
using the TGA and the activation energies were determined for guest desolvation using the
Ozawa and Flynn method.

This study demonstrates the application of MOFs as sensing devices thanks to changes in
the coordination geometry around the metal centre, solvent interactions with host framework
or changes in the ligand conformation upon guest loss or absorption, all of which can trigger

d-d and T to T transitions to occur resulting in a visible colour change.
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EXPERIMENTAL

Thermogravimetric analysis was used to model the number of guest molecules in the crystal
structure and to determine the thermal stability of the host framework. Before performing
TGA, samples were surface dried on a filter paper. Samples in the range of 1-5 mg were
placed in open aluminium pans. To get the best resolution different heating rates were used
depending on the nature of the sample under analysis. The most commonly used heating

rate was 10 K-min™.

This technique measures the difference in the heat flow between the sample and a reference
as a function of temperature under controlled heating and atmosphere. This allows for the
determination of the enthalpy of various thermal events as well as the melting point of the
sample. Crystals were thoroughly surface dried on a filter paper before performing DSC
experiments. Samples weighing between 0.5 and 1.5 mg were transferred to a closed
vented aluminium pans. Different heating rates which ranged from 1 to 20 K-min™ were used
to obtain the best resolution. However the most commonly used heating rate was 10 K:-min™.
The upward and downward peaks on the DSC traces correspond to exothermic and
endothermic reactions respectively.

DSC runs were performed on a TA instruments DSC-Q200 machine. The instrument was
calibrated using standard materials. A nitrogen purge gas flowing at a rate of 50 cm'min”
was used for this machine. The data was analysed using the Universal Analysis 2000
program and plotted using Microsoft Excel.

Using the hot stage microscopy, the physical processes occurring on a crystal under
controlled heating were correlated with the thermal events recorded on the TGA and DSC.
HSM experiments may also be used to observe visual changes (thermochromic effects)
which may not be detected by DSC or TGA. The instrument allows one to observe
recrystallisation, polymorphic transitions, solvent desorption and melting points amongst
others. The events recorded with the HSM occur at slightly higher temperatures than those
of events recorded with DSC and TGA temperatures recorded for the same events. This is

e differences in the crystal size and the conditions under which the HSM, TGA
and DSC experiments were performed.
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EXPERIMENTAL

In a typical experiment crystals were placed on a cover slip under silicone oil and viewed
under a Nikon SMZ-10 stereoscopic microscope fitted with a Linkam THMS600 hot stage
and a Linkam TP92 temperature control unit. A real-time Sony Digital Hyper HAD colour
video was used to capture the images at different temperatures. Images were viewed with
the Soft Imaging System program analysis." A heating rate of 10 K-min™" was used to study
the thermal behaviour of the crystals over a temperature range of 25 °C to 400 °C.

Elemental analysis experiments were performed on a Fisons EA1108 CHNS-O Elemental
Analyser to determine the percentage of carbon, hydrogen and nitrogen present in a sample.
The results were then compared to the percentages calculated from compound compositions
determined from single crystal X-ray diffraction.

IR studies were carried out on a Perkin-Elmer Spectrum 100FT-IR using KBr pellets or a
Bruker Alpha spectrometer equipped with an ATR platinum Diamond reflectance for solid
samples. Samples were scanned over a range of 4000 cm™ to 450 cm™'. These instruments
were used to study the changes in the coordination mode of the carboxylate moiety to the
metal centre and change in the absorption characteristic bands in the ligands and guests.

Diffuse reflectance electronic spectra were measured on polycrystalline samples using an
Analtikjena Specord 210-plus UV-Vis spectrophotometer over a range of 300-800 nm, at a

scanning rate of 5nm s

Good qu: ty ngle crystals were selected from the mother liquor to perform single crystal
X-ray diffraction. To prevent loss of solvent molecules or decomposition crystals were

' covered in paratone oil. A suitable single crystal was selected under a
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3-(4-PYRIDYL)BENZOATE COMPOUNDS OF Co(ll)

temperature . ...._ studies which is shown in Figure 4.20. ..ile . ....J shows that the
compound collapses upon loss of water molecules around 120 °C. This suggests that the
inclusion of water in the network results in an irreversible phase change accompanied with

chromotropism.
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Figure 4.19: PXRD traces of 1, 1d and other solvated forms of 1d
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Figure 4.20: (a) Variable temperature PXRD of 1d-water, (b) an overlay of TGA (blue) and DSC (red) of
iter.The loss in crystallinity observed on the PXRD is associated with complete water loss as seen or
1GA.
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Table 4.8: Loading parameters of the cavities in 1

Boi
POire of
) solvent

1d-MeOH 10.3 1:1.6 65 67 1:2.6 62
1d-EtOH 9.9 1:1.1 . 3.4 97 1:1.8 61
1d- 85 1:0.7 57 122 1:1.4 50
acetone
1d-DMF 14.8 1:1.1 153 128 1:1.4 79
1d-water 15.4 1.4.6 100 30 1:5.8 79

*The experimental TGA results were used to calculate the network:solvent ratios. The results were modelled on
{[Co(34pba)2]-xsolvent}, and expressed as 1:x. ®Solvent molecular volumes M, were determined from their liquid
density.

A plot of the molecular volume of the solvent M, vs the number of moles of each solvent
captured in the network reveals a third order polynomial function trend. An overlay of the
expected and experimental values shows a similar trend, with the theoretical curve above
the experimental curve (Figure 4.22). These curves illustrate that as the molecular volume
increases, the network absorbs less solvent molecules. This suggests that big molecules
may be excluded from entering the cavities of the host material or could just suggest that
fewer large molecules fit into the cavity. Table 4.8 reveals that high percentage loading
capacities (79%) are observed with solvents with high boiling points (DMF and water). For
solvents with low boiling points such as acetone, methanol and ethanol, the loading of the
cavities ranges from 50 to 62%. The results clearly indicate that for solvents with low boiling
points, the amount of solvent absorbed is not close to the maximum loading capacity. This
poor retention of the solvents in the cavities may be explained in terms of the equilibrium
between the solvent in its gaseous phase and its enclathrated phase and we seem to
observe that the equilibrium favours the gaseous phase. These results might be expected
since the experiments were conducted at room temperature and atmospheric pressure. High
loading values for low boiling solvents may be achieved by carrying out the experiment at

high pressure and low temperature.
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framework (hydrogen bonding or other weak dispersion forces) and (iii) the amount of DMF
in the network and its boiling point. The results obtained for 1 compare well with those
documented in literature, where activation energies are reported over the range of
75 to 160 kJ-mol".?*% The higher activation energies obtained for 1 in comparison to 2
concur with conclusions drawn from thermal analysis and the crystal packing of the
compounds. In 1, the DMF were described as confined in closed cages which suggest that
high energy is required to open the cages through dynamic rotation of the rings of the ligand,
while for 2 the DMF are sandwiched between the 2D layers which may easily glide past one
another allowing for the easy release of the guest.

Solid state kinetics is a complex area of study associated with many assumptions and
mathematical manipulations. If these studies are accompanied by visual techniques such as
scanning electron microscopy perhaps one could obtain greater insight into the mechanisms
of a certain kinetic process.

The two MOFs 1 and 2 exhibit the same composition of the framework, as well as of the
guest residing in the cavities. 1 has a bcu topology with DMF guest molecules confined in
cages, while 2 has an sql net with DMF molecules sandwiched between the interdigited the
2D layers. These compounds are assembled from different molecular building blocks
generated in situ, and have been referred to as molecular building blocks structural isomers.

Optimisation of the reaction conditions lead to the isolation of 1 exclusively at 120 °C, while
2 was produced inclusively with an unknown phase at 75 °C. Hence, 1 has been referred to
as the thermodynamic product while 2 is a kinetic one.

The change in crystal colour from purple to blue above 300 °C in both compounds was
associated with a change in coordination environment of the metal centres. This was
confirmed by IR studies. It was also observed that 1 undergoes a subtle change upon
desolvation of DMF as revealed by PXRD studies. The activated phase [Co(34pba),], (1d)
absorbs methanol, ethanol, acetone and DMF while retaining its pink-purple colour. The
solvatochromic behaviour of 1d was observed upon uptake of water. The compound
displayed a dramatic colour change from purple to a bright yellow colour accompanied with
reduction in crystallinity.

The ability of 1 to change colour upon heating and on solvent absorption, demonstrates
desirable characteristics that could be exploited for the production of sensing materials. The
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The reaction of 3-(4pyridyl)benzoic acid with zinc nitrate hexahydrate at room temperature or at
elevated temperatures afforded two new compounds 3 and 4: both have structural formula
{[Zn(34pba)],DMF},. Compound 3 is very similar to the reported structure by Niu et al but
differs in the guest type and B angle." Compound 3 was formed as a colourless material with
DMF molecules in the channels while the one reported by Niu et al ({{Zn(34pba)],1.5H,0},) is
yellow and includes water as guest molecules in the cavities. The PXRD patterns of 3 and 4
simulated from their single crystal data is given in Figure 5.1.
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Figure 5.1: PXRD of 3 and 4 calculated from single crystal data

Table 5.1 gives the experimental conditions that lead to the isolation of 3 and 4. In experiment
a, Zn(NO3),.6H,0 (290 mg, 1 mmol) was dissolved in 4 cm® of DMF and 80 mg (0.4 mmol) of 3-
(4-pyridyl)benzoic acid was dissolved in 4 cn. of _.AF. ..ie two solutions were combined in a
large vial. The solution was left to evaporate at room temperature. Coloul crystals were
formed after two weeks. Two crystal forms were identified based on their shapes (Figure 5.2).
The first reaction batch (experiment a) produced compound 3 as the predominant phase which
was confirmed by PXRD studies, shown in figure 5.3. Repeating the experiment (experiment b)
under the same conditions produced compound 4 as the predominant phase. Altering the
reactions conditions to enhance the chances of producing compound 3 did not yield any results.

In all experiments the total volume of the solvent used was 8 cm® of DMF. Compound 4d,
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3-(4-PYRIDYL)BENZOATE COMPOUNDS OF Zn(Il)

at room temperature and pressure and the extent of breathing is controlled by the size and
hydrophobicity of the alcohol guest molecules.

Vapour phase competition studies between methanol and n-butanol show that the 2D network
selectively absorbed n-butanol in the presence of a high vapour pressure of methanol. The
observed selectivity may be predicated on factors that permit the MOF inclusion compound to
assume the most relaxed conformation.

Although the structure of 4d-butanol could not be refined to acceptable levels, the desorption
kinetics of n-propanol and n-butanol suggests that both guest molecules are located in the
same chemical environment. Hence, it was concluded that n-butanol has the same
conformation as n-propanol in the host framework.
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4-(4-pyridyl)benzoate compounds of Co(ll) or Ni(ll)













4-(4-PYRIDYL) BENZOATE COMPOUNDS OF Co(ll) OR Ni(ll)

The thermal stability of the compound was evaluated by TGA, DSC and HSM studies. The
TGA and DSC trace of compound 5 are displayed in Figure 6.3. The two profiles show that
no guest was included as they are featureless until decomposition above 200 °C. In the DSC
trace, a double endotherm is observed at about 342 and 370 °C which correspond to melting
and decomposition respectively. HSM studies were conducted within a temperature range of
25 to 340 °C. HSM images of 5 were captured at different temperatures as shown in
Figure 6.4. Crystals turned opaque on heating to high temperatures and melting was
observed at about 340 °C. This concurs with the thermal events observed on the DSC.
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Figure 6.3: An overlay of the DSC(red) and TGA (blue) of the compound 5

Figure 6.4: Hot Stage Images of compound 5. Crystals of 5 melts at about 340 °C. This is in agreement with the
endothermic peak observed on the DSC of §
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wnapter 7

Guest exchange studies in metal organic frameworks of Co(ll) and

Ni(ll) assembled from 4-(4 _ sr’ "/I)t _1zoaf






















GUl  ZXCHANGE S IN METAL ORGANIC FRAMEWOR )  SEMBLED
FROM 4-(4-PYRIDYL) BENZOA
Ya-x, Vaty, -z respectively. The one located at (x ¥ 0) which run along the [100] axis is
centred between independent 44pba ligands which connects the metal centres.

Compound 8 has the same dia topology as that found in compound 6, hence its topological

description will not be given.

Compound 9 crystallises in the monoclinic space group P2/c. Two crystallographically
independent Co(ll) centres (Co1 and Co2) were modelled in the asymmetric unit each with a
site occupancy of 0.5. Both Co1 and Co2 are located at special positions of (2 y %) and
(0 2 -¥2) respectively. These differ in their coordination environments as depicted in
Figure 7.7. Co1 is bonded to four 44pba ligands via two nitrogens of the pyridyl moiety and
two oxygen atoms of the carboxylate in a monodentate fashion. The two pyridyl moieties are
coordinated to the metal ion in a cis fashion while the carboxylate groups are trans to each
other. Two methanol molecules are coordinated to Co1 in a cis-fashion and these act as
terminal ligands. Co2 is similarly co ilinated to four 44pba ligands and two methanol
molecules but in this case the methanol molecules and pyridyl groups are trans to each
other while the ¢ oxylate groups remain in the same configuration as in Co1. The Co - N
bond distance range from 2.133(2) to 2.161(2)A while the Co — O bond length is within a
ran¢ of 2.033(2) to 2.158(2)A (Table 7.5). Majority of the bond angles around the two metal
centres are close to 90°. The overall geometry around the cobalt centre is a distorted

octahedron.
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(a) (b)

0,b
c *_\
a
Figure 7.9: (a) Solid state structure of 9 viewed along the c-axis. The hydrogen atoms and guest molecules have

been omitted. (b) Solid state structure drawn with the guest molecules shown in van der Walls radii and the
framework in stick form

Figure 7.10 displays the packing diagram of compound 9 and an overlay of the symmetry
elements present in P2/c space group. The centres of inversion are shown as black circle
while the two-fold rotation axes are depicted in black. The (0, 0, 0) centres of inversion with a
symmetry operator of —x, -y, -z are located at the metal centres. The (0 y ¥4) two-fold rotation
axes which run along [010] pass through a water molecule. There also are glide planes not
shown on the diagram which are perpendicular to [010] with a glide component of 0 0 2
related by a symmetry operator of x, -y, ¥%.+z.
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on

Figure 7.10: The packing diagram of 9 viewed along the [010] axis with an overlay of the symmetry elements
given in black.

Network analysis in TOPOS revealed a 4,4—connected binodal net with a pts topology.
Topologically each cobalt centre can be considered as 4-connected. Due to the different
configuration of the coordinated methanol molecules, the Co1 centre results in a tetrahedral
node while the Co2 gives a square planar node. The vertex symbols for each of these nodes
are different; Co1 has a vertex symbol of 4.4.8,.8,.8,.8,.8; while that of Co2 is 4.4.8,.8,.85.8
all having the same point symbol 4°.8%. Figure 7.11 displays several representations of the
pts net found in 9. The 3D net is generated by alternating connecting square planar nodes
and distorted tetrahedral nodes to those in adjacent layers above and below. Furthermore,
8-membered rings can be identified in the projection shown in Figure 7.11, these rings
represent the largest circuit of the essential rings that define the topology. When tetrahedral
nodes and square planar nodes are linked in a single net, three topologies may arise. These
are pts (platinum sulphide), ppt (PtS twisted) and mog (moganite). In a pts net the ratio of
the square planar to tetrahedral nodes is equal. The mog net has a 1:2 ratio of the square
planar to ~ ‘rahedral not"  while a ptt net has two tyr  of square f 1ar nodes , | it
may be regarded as a trinodal net. In compound 9, the square planar node arises as a resuilt
of the trans geometry exhibited by all the ligands around the Co2 centre. In contrast, the Co1
centre has methanol and the pyridyl moiety in a cis geometry. This  ults in a distorted
tetrahedral geometry. Methanol molecules act as terminating ligands and are not considered
in the topological geometry. Despite the fact that methanol molecules are not considered in
deriving the topology of compound 9, these molecules play an important role in directing the

overall topology of this compound. For example if all the methanol molecules in the two
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FROM 4-(4-PYRIDYL) BENZOATE
Thermal ani ,'sis of compound 10 is shown in Figure 7.17.b. The TGA shows rapid loss of
guest molecules within a temperature range of 25 — 125 °C. A broad endothermic peak
(25 - 125 °C) is observed on the DSC trace of the compound which concurs with the mass
loss seen on the TGA. The total mass loss of 17.5% observed on the TGA corresponds to
simultaneous loss of coordinated and uncoordinated solvent molecules modelled in the
crystal structure (calculated 18.6%). An exothermic peak is observed around 314 °C which
may be associated with a phase transition as already noted with other compounds presented
in this thesis. The guest free compound decomposes above 425 °C as suggested by both
TGA and DSC analysis.

Both 8 and 10 decompose at temperatures above 400 °C. The high thermal stability may be
associated with their structural features. Interpenetration of independent networks and
hydrogen bonding interactions of the nets may account for the observed high thermal
stabilities of the compounds.
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network connectivity as evidenced by network analysis. Furthermore, such changes are
expected to influence other properties such as luminescence, magnetism and catalytic
activity. The generation of coordinatively unsaturated metal sites by removal of bound guest
molecules has received great attention. Open metal sites promise very specific control over
host-guest chemistry and this has been recognised as having potential applications in
hydrogen storage.? Hence, compound 9 and 10 may find application in this area since they
posses bound guest molecules. Although 9 and 10 were obtained concurrently, we believe
that 9 is an intermediate phase undergoing a transformation to 10. This is due to the fact that
9 has two cobalt centres and one of the centres has a similar coordination to the Co(li) in 10
(see precceding section on structural description). in this regard, it is likely that the methanol
molecules coordinates first to the cobalt centre in a trans fashion followed by rotation of the
methanol molecules around the metal centre to give a cis-conformation in 10. This may be
influenced by the nature of the other ligands in the coordination sphere or the metal centre
itself. It seems this process would require a lot of energy to change from trans conformation
to a cis conformation. Due to steric hindrance effects, one would expect the frans form to be
the most favourable configuration. However, analysis of the torsion angles between the
phenyl and the pyridyl ring shows that compound 9 exhibits high torsion angles compared to
10. Thus compound 9 is likely to be unstable and should transform to a favourable form
(10). An overlay of the ligand fragments found in 9 and 10 is depicted in Figure 7.19. The
phenyl and the pyridy! rings in 9 are heavily twisted while those in 10 are aimost coplanar to
each other (Table 7.9). The orientation of the carboxylate moiety in 9 is very unusual and is
highly strained, hence this should transform to a less strained geometry.® All this information
gives evidence that compound 9 is an intermediate phase between compound 8 and 10.

Table 7.9: Torsion angles in 9 and 10

Compound 9  PP? 38 38
CP® 26 24
Compound 10 PP? 13
CP® 1.7

®torsion angle between the pheny: and pyridyl ring; “torsion angle of the carvoxylate moiety relative to the phenyl
ring.
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Figure 7.21: IR spectra of 6 (blue), 10 (red) and the reconstituted material (green).

The IR spectra of the compounds 6, 10 and the reconstituted material after soaking 10 in
DMF/ethanol mixture is displayed in Figure 7.21. The successful incorporation of DMF in the
reconstituted material is evidenced by the presence of a carbonyl stretch at about 1666 cm’
which is not present in 10 since it does not contain DMF molecules. Similar absorption
bands to 6 are observed after the soaking process which reinforces the reestablishment of

the framework in 6.
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