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This work focuses on three 2-D MOFs based on the ligand tetrapyridyltetraphenylethylene (tppe) with the metal ions:
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manganese(ll), nickel(ll) and copper(ll). These all networks are highly microporous with rhomboid channels measuring
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(TCE)

~14x17A giving approximately 49% solvent accessible void space. These voids are filled with ordered tetrachloroethylene
molecules that act as structure directing agents, and the structures remain porous even after removal of TEC

Molecules. The networks were characterised via single crystal X-ray diffraction, powder XRD, TGA, FTIR, fluorescence

spectroscopy, and elemental analysis. Gas absorption measurements on the desolvated networks indicate that the

networks are moderately selective, and their behaviour was typical of similar MOF networks. The Ni** based tppe-MOF

exhibited greater capacity to absorb polar gases despite structural similarities to the other networks.

Introduction

Metal organic frameworks (MOFs) are a significant class of
porous, tuneable crystalline networks which consist of metal
ions or clusters connected by organic ligands. They have
generated tremendous interest due to their low density, ultra-
high porosity and topologically diverse structures, with
applications in gas storage1'9, catalysislo'ls, sensingls'18 and
various other functions'®. A vast number of networks with a
large range of pore sizes and adjustable properties have been
synthesised. The fundamental challenge in MOF synthesis is
designing a target structure that has predictable behaviour for
its intended application. Several attempts have been made to
systematise this processs, but no universally successful
approach has emerged to predict these structures. A further
synthetic complication is the possible role of solvent as a
template agent akin to the role of dissolved Me,N* ions, for
example, in tailoring zeolite sites during hydrothermal
synthesis.20

Tetraphenylethylene (TPE) is the parent of a family of
compounds comprised of four phenyl rings around a central
ethylene bond. The rings are orientated in a characteristic
‘propeller’ conformation around the central bond, where each
phenyl ring is staggered relative to the opposite ring. This
orientation persists for its derivatives and prevents reduction
of the ethylene. The extended m-conjugation gives TPE
derivatives which possess exploitable optical propertie521.
They are non-emissive in solution, as rotation of the phenyl
rings and twisting of the C=C bond in the excited state allows
for non-radiative relaxation, however when aggregated in
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solution, and in the solid state, these processes no longer exist.
Therefore aggregation-induced enhanced fluorescent emission
(AIEE) occurs in almost all TPE derivatives.?’In recent years,
tetrapyridyl-substituted TPE (tppe) derivatives have been
reported for various applications such as supramolecular
building blocks? , organic and metal—organic networks>* %,
mercury sensing26 and halogen bonded networks?’. The tppe
molecule (Fig. 1) is of particular interest due to its ability to act
as a ligand, its size, rigidity and propensity to undergo
aggregation-induced enhanced emission (AIEE)*. Networks
utilizing carboxylic substituted tppe have demonstrated tuning
of the fluorescence of tppezg, highly thermally stable NHj .
sensors®® and the sensing of volatile organic compounds31.
Recently, several crystal engineered structures of tppe-based
derivatives have been described, such as those of the Wang et
al. group,25 who reported a discrete 3D tetragonal prism of
TPE, dipyridine and a platinum metal. In another report, Icli's
group32 described a similar phenomenon utilizing borole
benzenes with various pyridyl ligands. Recently, Gong et al®
reported a novel Zn(ll) organic framework of tppe with the co-
ligand btc(benzene-1,3,5-tricarboxylic acid).

Herein, we report the synthesis of three novel porous
metal organic frameworks (PMOF), using tppe as an organic
building block and Mn** Ni** and Cu® as metal linkers. The
structures of the PMOFs were characterized by their single—
crystal X-ray structures, PXRD, fluorescence and FTIR
spectroscopy. The thermal and gas absorption properties
reported exhibit predicted structural hysteresis properties.

J. Name., 2013, 00, 1-3 | 1
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Fig. 1 Tetrapyridyltetraphenylethylene (tppe) derivative used for this study.

Experimental
General details

MnCl,®4H,0, NiCl,#6H,0, CuCl,®2H,0, tetrabromo-TPE,
Pd(PPhs),, 4-pyridine boronic acid, 2,3-dimethyl-2-butene),
methanol (MeOH) tetrachloroethylene (TCE) and CHCIl; were
all used as received from Sigma-Aldrich, unless otherwise
stated. FTIR spectra were collected on a Perkin-Elmer
Spectrum 100 FTIR spectrometer at room temperature in the
range 650-4000 cm™ using an ATR attachment. Nitrogen
absorption-desorption measurements were carried out on a
Micromeritics ASAP2000 at 77K. Prior to the tests, the samples
were degassed at 150 °C in order to remove the
tetrachloroethylene trapped in the pores. Specific surface
areas were determined using the Brunauer-Emmett-Teller
(BET) equation over the range of relative pressures between
0.01 and 0.3p/p°. The pore size distribution was calculated by
applying the non-local density functional theory (NLDFT)
method. TGA analysis was performed under nitrogen gas (20 c
min'l) using a Pyrexis-7. PXRD patterns were collected under
ambient conditions on a Bruker D4 ENDEAVOR diffractometer,
fitted with a Lynx-Eye position sensitive detector, using CukKa
radiation (A = 1.5406A). Calculation of the structural and
electronic properties of [(MnCl,)tppe] was carried out using
the pseudopotential density functional theory (DFT) code
CASTEP* (v6.1) within the local density approximation
exchange correlation functional. Calculations were performed
using plane waves with a 300 eV kinetic energy cut-off and on-
the-fly generated pseudopotentials. A single gamma centred k
point was using to sample the brillouin zone. A Pulay density
mixing scheme was used in the self-consistent field
calculations with a minimum total energy/ atom convergence
tolerance of 1x10° eV. The program Jmol®® was used for
visualization.

Fluorescence measurements were performed on a Horiba
FluoroMax Plus using a solid-state holder. Samples were
excited using a 150W Xenon arc lamp at 400nm and then the
emission measured from 415nm to 650nm.

Synthesis of tetrapyridyltetraphenylethylene (tppe)

The ligand tppe was prepared via a Suzuki coupling reaction of
tetrabromo-TPE with 4-pyridine boronic acid in the presence
of Pd(PPhs),, following a literature procedure (Fig 1).28’36

2| J. Name., 2012, 00, 1-3

Preparation of [(MnCl,)tppe]®3.5TCE

[(MnCl,)tppe]*3.5TCE was prepared by dissolving 95mg
(0.48mmol) of MnCl,*4H,0 in 40mL methanol and then gently
layering this over a solution of 75mg (0.12 mmol) of tppe in
60mL 3:1 TCE:MeOH. After 3 days, small yellow crystals
formed on the walls of the vessel. These were separated from
the solution by centrifugation at 30,000RPM for 10 minutes,
air dried and obtained in 46.1% yield. Elemental analysis: calcd
for [(MnCl,)tppe]*3.5TCE C,46.28; N,3.92; H,2.26%. Found: C,
46.62; N,3.85; H,2.28%. The elemental analysis suggests that
the compound undergoes a partial loss of TCE molecules at
room temperature.

Preparation of [(NiCl,)tppe]*3TCE

[(NiCl,)tppe]*3TCE was prepared by dissolving 100mg
(0.48mmol) of NiCl,#6H,0 in 40mL methanol and then gently
layering this over a solution of 100mg (0.16mmol) of tppe in
60mL of 3:1 TCE:MeOH. After 3 days, small green crystals
formed at the solvent interface. These were separated from
the solution by centrifugation at 30,000 RPM for 10 minutes,
air dried and obtained in 66.6% yield. Elemental analysis: calcd
for [(NiCl,)tppe]*3TCE C,49.26; N,4.15; H,2.54%. Found
C,49.21; N,4.06; H,2.49%.

Preparation of [(CuCl,)tppe]*3.5TCE

[(CuCl,)tppe]*3TCE  was prepared by dissolving 108.8mg
(0.48mmol) of CuCl,#2H,0 in 40mL methanol and then gently
layering this over a solution of 100mg (0.16mmol) of tppe in
60mL of 3:1 TCE:MeOH. After 3 days, small green crystals
formed at the solvent interface. Elemental analysis was not
performed due to the instability of the Cu® network when
separated from solution.

Preparation of [(MnCl,)tppe]®3.5(2,3-dimethyl-2-butene)

[(MnCl,)tppel®3.5(2,3-dimethyl-2-butene) was prepared by
dissolving 108.8mg (0.48mmol) of MnCl,*6H,0 in 40mL
methanol and then gently layering this over a solution of
100mg (0.16mmol) of tppe in 60mL of 3:1 2,3-Dimethyl-2-
butene:MeOH. After 14 days, small colourless crystals formed
on the walls of the vessel. These were separated from the
solution by centrifugation at 30,000 RPM for 10 minutes, air
dried and obtained in 26.7% yield.

Preparation of networks in the absence of TCE

Similar layered systems were prepared using CHCl;, MeOH and
THF in place of TCE. None of these systems produced any solid
product.

Crystallography

Single crystal X-ray diffraction intensities were collected on a
Bruker APEX Il diffractometer with a PHOTON 100 CCD and
Mo-Ko radiation (A = 0.71073A) at 200K. The data were
corrected for Lorentz and polarization effects. Absorption
corrections were carried out based on multiple-scanned
reflections. The crystal structures were solved by direct
methods using SHELX-2014/7 and refined by full-matrix least

This journal is © The Royal Society of Chemistry 20xx
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square refinement on F? using SHELX-2014/7. All non-
hydrogen atoms were refined with anisotropic displacement
parameters. The refinement of the solvent molecules in
[(CuCl,)tppe]*4TCE required some distance and similarity
restraints. The [(MnCl,)tppel*4(2,3-dimethyl-2-butene)
structure exhibited some disorder in both rings in the central
TPE and the outer pyridine rings. Distance and position
restraints were required for both these and for the solvent
molecules. The hydrogen atoms were all placed at
geometrically calculated positions and refined with a site
occupancy factor of 0.5 while allowing them to ride on the
parent atom. Crystal and refinement details are given in Table
1 for the Cu(ll) and Mn(ll) derivatives. The largest difference
peaks were 0.87eA™ in the structure of [(CuCl,)tppe]*4TCE
0.88eA® for [(MnCl,)tppe]e4TCE and 0.34eA® for
[(MnCl,)tppel®4(2,3-dimethyl-2-butene).

Gas absorption

A crystalline sample of [(MnCl,)tppe] *4TCE was transferred to
a sample cell and heated overnight at a temperature of 250 °C
under dynamic vacuum. The activated sample, of weight
85mg, underwent CO,, H, and CH, isothermal
absorption/desorption measurements. During the
measurements the sample was heated at a temperature of
250 °C under dynamic vacuum for a period of two hours. High
pressure CO,, H, and CH, volumetric gas sorption data were
measured using a Sieverts-type BELsorp-HP automatic gas
sorption apparatus (BEL Japan Inc.). Ultra-high purity CO,, H,,
CH, and He (helium was used as an inert gas) used for sorption
studies were purchased from BOC or Air Liquide. Non-ideal gas
behaviour at high pressures of each gas at each measurement
and reference temperature was corrected. Source data were
obtained from the NIST fluid properties website.’’ Sample
compartment temperatures ranging from 258-298K were
controlled by a Julabo F25-ME chiller/heater that re-circulated
fluid at +/- 0.1 °C through a capped, jacketed stainless steel
flask housed within a polystyrene box. A calibrated external Pt
100 temperature probe monitored the flask temperature.
Cryogenic temperatures were maintained with a BEL liquid N,
level controller. Samples were kept at the measurement
temperature for a minimum of 1 hr after the desired
temperature had been achieved to allow full thermal
equilibrium to be attained before data measurement
commenced. The isosteric heats of CO, and CH, sorption were
calculated using a least-squares fitting of a virial -type thermal
absorption equation that modeled In(P) as a function of the
amount of surface excess of gas sorbed over the measurement
temperatures 258K and 273K°8, Optimized virial coefficients
and R? values are given (see ESI Table S1-2). Data was collected
in a similar manner for [(NiCl,)tppe]*4TCE.

Results and discussion

Crystals of the manganese complex [(MnCl,)tppe]*4TCE adopt
an orthorhombic structure (Acaa) with octahedrally-
coordinated metal centres (Table 1). Each manganese ion is
coordinated to four pyridine rings in the equatorial positions

This journal is © The Royal Society of Chemistry 20xx

and two chloride ions in the axial positions. The asymmetric
unit contains three crystallographically-independent MnCl,,
four TCE molecules and one tppe moiety. The structure
consists of polymeric 2D flat layers with rhombohedral pores.
The topology of the 2D network is a square grid of (4,4) type as
shown in Fig. 2 and ESI Fig. S1.
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Fig. 2 3D structure of [(MnCl,)tppe]*4TCE along a axis

The Mn?" ion and the central tppe ethylene bond reside on
a crystallographic centre of inversion around a twofold axis.
The crystallographic position of the Mn?" ions requires that
each alternate ion coordinates with pairs of pyridyl rings that
are either co-planar or in a ‘propeller’ coordination (Fig. 3).
The Mn-N and Mn-Cl distances are in the range of 2.31-2.36A
and 2.45-2.48A respectively. The N-Mn-N angles are in the
range 91.83-93.89° and 86.11-88.18°, and the CI-Mn-Cl angles
are 180°. These are typical bond lengths and angles for an
octahedral manganese complex (see ESI Fig. S2-4 and Table S5-
6). The channels are rhomboidal in section, as a result of the
orientation of the ligand, and propagate through the network.
They are either 14.716 x 17.211A or 13.339 x 17.211A
depending on the orientation of the central tppe ethylene
bond relative to the pore TCE guest molecules occupy the
rhomboid pores within the sheets.

Fig. 3 Structure of [(MnCI2)tppe]*4TCE along the b axis.

The 2D layers in the structure are offset along the a
axis(Fig 3.) with an interlayer distance of 3.40A. The chlorides
are placed directly over the ethene bonds in the adjacent
layers. The rings are adjacent to their counterparts in the other
layers but show no significant m-m interaction. The TCE
molecules are positioned between the 2D planes. The
alternating nature of the pores organises the TCE into a regular

J. Name., 2013, 00, 1-3 | 3
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motif of two TCE molecules contained within the confining
phenyl rings. Therefore, there are four TCE molecules for every
tppe molecule. They form a chain of alternating molecules
with each pair of two TCE molecules perpendicular to the
following two. The crystallographic centre of inversion lies
between the pair of TCE molecules. This is noteworthy as it
resembles the work of Seidel,39 using a similar layered system
with porphyrin as the ligand and TCE as the solvent. However,
neither of the two porphyrin systems exhibit the alternating
motif (Fig. 4) observed in the [(MnCl,)tppe]*4TCE structure, as
both have layers intercalated by solvent molecules.

Fig. 4 Void space visualization of [(MnCl,)tppe]

The network junctions resemble classical Werner clathrates
in that they have the general formula M(py),X,, where X is a
halide and M is a divalent metal ion. Werner clathrates are
known to be highly stereoselective for intercalated molecules
and this has been observed in our networks. Previous attempts
to synthesize similar PMOFs based on Mn”>* and Ni**, using
DMF as a solvent in a solvothermal method, have failed.
However, some success has been reported for the formation
of these PMOFs with zinc(ll)lo. Our own attempts in polar
solvents such as MeOH and in non-polar chlorinated solvents
were unsuccessful. Only by using a similarly structured non-
chlorinated 2,3-dimethyl-2-butene(DMB) as a replacement
solvent, was the synthesis successful. When used in place of
TCE, it performs a similar role. Indeed the butene adopts an
identical orientation in the pores to TCE.(See ESI Fig. S9-10)
The crystal structure remains essentially unchanged with some
alterations to symmetry elements. The network also exhibits
more disorder around both the central tppe moiety and the
outer pyridine rings. Therefore the sterochemical positioning
of TCE and DMB in the voids, and their relationship with the
tppe, are key to understanding the crystallization of these
networks.

In order to better understand the nature of the interaction
between the TCE molecules and the network molecules,
calculation of the electronic properties of [(MnCl,)tppe] was
carried out using the pseudopotential density functional
theory (DFT) code CASTEP34, with the structural data used as
the model to investigate the interaction between the solvent
and the MOF skeletal framework. The pseudopotential
electron density calculations confirm the alternating structural
nature of the pores as the cause of the TCE molecule
orientation. As seen in Fig. 5, there is a uniform electron

4| J. Name., 2012, 00, 1-3

density over the framework with a very low electron
population in the voids. The calculations also confirm the

alternating nature of the pores (Fig. 5).

Fig. 5 Pseudopotential density visualization of [(MnCl,)tppe]

Altering the metal ion causes the network to undergo
subtle changes as evidenced from the SCXRD. The
[(CuCl,)tppe] *4TCE structure is isomorphous to that of the
Mn?* analogue with small differences in the bond
distances(2.32-2.51A, 2.44-2.48A) and angles (92.11-94.01°
and 85.99-87.90°), which show no evidence of any significant
Jahn-Teller structural distortion. The pores have a similar
alternating structure with TCE in identical positions as would
be expected if TCE was acting as a structure directing agent.
(See ESI Fig. S6-8 and Table S11-12). The network is unstable
upon exposure to air and changes from a crystalline blue solid
to an amorphous green powder. FTIR Analysis of the
amorphous solid (See ESI Fig S11) confirms the presence of
water, which We
hypothesise that the structure absorbs water from the air,

is also supported by TGA analysis.

which displaces the tppe ligand and the network subsequently
collapses. It is noted that Tan et al.** observed similar
behaviour with the displacement of DABCO by water
molecules in a related system.

This journal is © The Royal Society of Chemistry 20xx
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An isostructural Ni** network has also been synthesised
which was characterised by FTIR, PXRD and GC-MS/TGA.
Unfortunately, SCXRD analysis was unsuccessful. However,
there is considerable evidence to suggest that the network is
similar to that of the Cu2* and Mn?* structures. For example,
the PXRD pattern of the Ni** network (Fig. 7a) is a close match
to that of the experimental PXRD data of the Mn?* network,
and the simulated PXRD data created from the SCXRD data of
the Cu®* network. This is also supported by similarities in the
FTIR data of the three networks (see ESI Fig. 12-14). The FTIR
spectra of each of the three networks have a strong sharp
peak around at 910cm™ and a series of sharp peaks at 802cm™,
776cm'1, 757cm'1, which indicate the presence of C-Cl bonds.
The presence of the ligand was also confirmed via FTIR(see ESI
Fig.15).

Fluorescence spectra

Both [(MnCl,)tppe]*4TCE and [(NiCl,)tppe] *4TCE are markedly
fluorescent in the solid state, and their spectra are significantly
different to the spectra of pure tppe ligand (Fig. 6). The
spectrum of the manganese network is more intense and

ARTICLE

centred around the ligand wavelength without an increase in
intensity or a shift in wavelength. The lack of an increase in
intensity may be attributed to an alternative relaxation
pathway.

Fluorescence spectra of the evacuated networks were also
collected (See ESI Fig. 16-17). Removal of the TCE had no
significant effect on the fluorescence. Given what has been
hypothesized about the pathways for the fluorescence of the
network, this is to be expected.

Table 1. Details of crystal data and structure refinemeatgmeters of [(MnCI2)tppe]*4TCE and [(CuCI2)tppé]-<CE

[(MnCI2)tppe]*4TCE (ccdc:1412453)

Empirical formula C46 H32 CI2 Mn N4, 4(C2 Cl4)

Mr 1429
Crystal size 0.555 x 0.075 x 0.058
Crystal color Clear yellow

Crystal system Orthorhombic
Space group Acaa
TIK] 200(1)
alA] 23.717(4)
bl[A] 29.432(5)
clA] 34.422(6)

afo] 90

Blo] 90

v[o] 90

z 16

Dcalc 1.581
u[mm-1] 1.062
26max[o] 25.002

Data collected 229353
Refined 698/34
Goodness of Fit on 1.031
R1[I>20(1)] 0.0875

wR2(all data) 0.2856

[(CuClI2)tppe]@E (ccdc:1412223)
CHB2 CI2 Cu N4, 4(C2 Cl4)

[(MnCI2)tppe]+4DMB(ccdc: 1423185)
C46 H32 CI2 Mn N4, 4(Cé6i1

1438 996.81
0.115 x 0.1@4047 0.417x0.358x0.326
Clear blue Clear colesd

Orthorhombic monoclinic
Acaa P2/n
200(1) 200(1)
23.675(3) 14.5708(13)
29.299(4) 12.2088(12)
34.539(4) 17.3624(17)
90 90
90 90.061(2)
90 90
16 2
1.595 1.072
1.209 0.338
24.300 29.998
70692 29104
698/34 524/313
1.016 1.098
0.0857 0.0522
0.3088 0.1908

centred around 523nm. This enhanced emission is significantly
red-shifted compared to the corresponding band for the ligand
(463 nm). We attribute this shift to the network reducing non-
radiative decay pathways by hindering vibrational and
rotational relaxation processes. This is also believed to
contribute to the increased emission. In contrast, the
[(NiCl,)tppe]*4TCE exhibits a series of fine structure peaks

This journal is © The Royal Society of Chemistry 20xx
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6000000 and 767 cm™, and a broad weak peak at 2350 cm™. The sharp
[(MnCI2)tppe] peaks at the lower frequency correspond to the expected

range for a C-Cl stretching. This is confirmed by comparison

5000000 [(NiCI2)tppe] with literature spectra. The broader 2350cm™ peak was seen

— = Tppe ligand throughout the analysis and corresponds with the anti-

4000000 symmetrical stretch of carbon dioxide. This is expected as
f%) carbon dioxide impurities are known to be present in the
§3oooooo carrier gas. Once the sample had lost 10% of its weight, GC-MS
8 was performed on the exhaust. The resultant spectra had

peaks at 166, 131, 94 m/z corresponding both the calculated

2000000
mass of TCE and its literature spectrum (see ESI Fig. 20).

1000000 There is a second weight loss at 425-475°C, which can be

attributed to the loss of the remaining 0.5 mol TCE and
pyrolysis of the ligand. Above 750°C air was introduced,
365 465 565 leading to an immediate combustion, leaving only a small

Wavelength/nm amount (9%) of metal oxide residue. By measuring the
variation in the intensity of a single infrared frequency over
the course of the thermal analysis (see ESI fig. S21), we
endeavoured to identify  the departing species.
Thermogravimetric analysis Tetrachloroethene (910cm™) dominated the intial weight loss
and was also present in the second weight loss. In addition
carbon dioxide, although absolute measurements were
unreliable, was generated during the second weight loss.
These measurements indicate that the TCE can be removed
without distortion of the structure at temperatures lower than
450°C, and this is confirmed by PXRD (Fig. 6a). Identical
measurements were performed on the Ni%* network, which

Fig. 6 Fluorescence comparison of [(MnCl,)tppe], [(NiCl,)tppe], and tppe ligand.

The thermal decomposition behaviour of [(MnCl,)tppe]*4TCE
in N, was studied in the range 50-750°C (see ESI Fig. S18).
Thermogravimetric analysis indicated a weight loss of 35%
over the temperature range 75-200"C, which correlated with
the loss of 3.5 mol TCE per 1 mol tppe. The gaseous exhaust
generated by this weight loss was analysed via FTIR(see ESI fig.
S19) and was found to contain strong, sharp peaks at 910cm™

a) 250 b) 150
—— [(MnCL2)Tppe]+4TCE
200 L [(NCI2)tppe] — [(MnCl.?:r)Twe]-ilTCE after
— [(MnCIZ w
E Y505 [C Jtppe] E
5 ' simulated S

‘ — [(CuCl2)tppe]

¢) 100-
d)
- 150
B 75 Y
£ &
= g
2 T 1007 ——258 K CO2
= 50 —-258 K CO2 2 — 258K des CO2
@ —=— 258 K des CO2 g ——258 K CH4
=) ——2358 K CH4 = —— 258K des CE4
- = | —
8 258 K des CH4 g0 504 —o—T77 K des H2
= 254 ‘s ..’
2 2
E - o0 9 —B—0_ E
9 W ' : : ’ 0 5{;0 1060 15|00 2:}'00
0 500 1000 1500 2000 '
P (kPa) P (kPa)

Fig. 7 a) PXRD of [(MnCl,)tppe] ®4TCE, [(NiCl,)tppe]®4TCE and simulated [(CuCl,)tppe]®4TCE b) PXRD of [(MnCIthppe]ulTCE before and after solvent
removal c) Gas absorption isotherm for CO;and CH, on [(MnCl,)tppe]. d) Gas absorptionisotherm for CO, and CH,4 on [(NiCl;)tppe].
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exhibited similar behaviour with a weight loss of 40% over 75-
200°C and a second weight loss at 425-475 °C. It also
demonstrated complete combustion of the ligand when
exposed to oxygen at 750°C with 6.5% metal oxide residue
remaining. The thermal behaviour of [(CuCl,)tppe]*4TCE
proved difficult to obtain as the network rapidly decayed when
exposed to air, which also frustrated attempts to directly
determine a PXRD. Therefore, a simulated version was
obtained using the software program, Mercury (see ESI Fig.
S24). Thus, the [(MnCl,)tppe]*4TCE and [(NiCl,)tppe]*4TCE
networks are believed to be stable after solvent removal, as
they do not undergo any weight loss or structural changes
between 200-400°C. This is noteworthy, since it
extremely high thermal stability for a pyridine network. Given
the porosity of the networks upon removal of the solvent, it is
likely other molecules could be inserted into the voids that are
present in the network. Appropriate candidates for this are the
gases: CO,, CH, and H..

is an

Gas absorption

Prior to the gas absorption studies on the ([MnCl,]tppe), the
solid samples were heated at 250°C in vacuum to remove the
TCE solvent. The PXRD patterns observed before and after
solvent removal are presented in Fig. 7b, and suggest that the
overall network structure remains essentially unchanged upon
removal of the clathrated TCE from the voids. The CO, and CH,
isotherms are depicted in Fig. 7c. The data for CO, absorption
corresponds to a type-l isotherm characteristic of a
microporous material. The BET and Langmuir areas are
405.9m*/g and 501.4m?/g respectively.

The CO, absorption isotherm for [(MnCl,)tppe] at 258K
demonstrates a maximum uptake of 8.07wt%, which is
comparable to existing networks*’. The CO, isotherm does not
exhibit a plateau at higher pressures suggesting a cooperative
absorptive process.

The CH, absorption isotherm exhibited a maximum uptake
of only 0.88wt%; the enthalpy of absorption is 27.2kJ/mmol
for CO, and 13.1kJ/mmol for CH,. The significantly lower CH,
absorption is typical of all reported networks to date. In
addition, the network does not appear to uptake either N, or
H, gas suggesting that it can only absorb polar gases.

The CO, absorption isotherm for [(NiCl,)tppe] at 258K (Fig. 7d)
demonstrates a maximum uptake of 13.7wt%, a considerable
improvement over the Mn?* network.

The CH, absorption isotherm exhibited a maximum uptake
of only 1.11wt%; the enthalpy of absorption is 27.2kJ/mmol
for CO, and 19.4kJ/mmol for CH,. The H, absorption isotherm
indicates fully reversible uptake of 0.63wt % at 1kPa. In
contrast, to the Mn** network, the Ni** network absorbs both
N, and H,, although only weakly. It also exhibits stronger
absorption of both CH, and CO, compared to the Mn?*
network (see ESI Fig. S25-30). Similar measurements on the

Cu®" network were precluded by its instability in air.

Conclusions

This journal is © The Royal Society of Chemistry 20xx

Three metal organic frameworks [(MnCl,)tppe]*4TCE,
[(NiCl,)tppe]®4TCE and [(CuCl,)tppe]*4TCE have been
synthesised and the structures of the Mn?" and Cu®* networks
determined via X-ray crystallography. The syntheses were only
possible in the presence of TCE and 2,3-dimethyl butene,
suggesting that the molecular topography about the ethylene
bond is acting as a structure directing agent during the
synthesis. This demonstrates the crucial, but unpredictable
role, that foreign molecules can perform during molecular self-
assembly in solution. The copper network collapses upon
removal from solvent. This appears to be due to hydrolysis.
The structures resemble Werner clathrates. The work reported
here highlights the potential of TPE to act as an easily-
synthesised ligand based on a rigid ethylene platform. The
networks also continue to display the fluorescent properties of
tppe modulated according to the coordinating metal. The
resultant PMOF networks were shown to be stable upon
removal of the clathrated solvent up to 450°C, and to retain
their porosity upon Gas absorption
measurements on the desolvated networks indicate that the

solvent removal.
networks are moderately selective, and their behaviour was
typical of similar MOF networks. The [(NiCl,)tppe] exhibited
greater capacity to absorb polar gases despite structural
similarities to the other networks.
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