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Ball-Milling-Induced Amorphization of Zeolitic Imidazolate Frameworks
(ZIFs) for the Irreversible Trapping of Iodine
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Abstract: The I,-sorption and -reten-
tion properties of several existing zeo-
litic imidazolate frameworks (ZIF-4, -8,
-69) and a novel framework, ZIF-
mnlm ([Zn(mnIm),]; mnlm =4-methyl-
S-nitroimidazolate), have been charac-
terised using microanalysis, thermogra-
vimetric analysis and X-ray diffraction.
The topologically identical ZIF-8 ([Zn-
(mIm),]; mIm=2-methylimidazolate)

Anthony K. Cheetham*!®!

and ZIF-mnlm display similar sorption
abilities, though strikingly different
guest-retention behaviour upon heat-
ing. We discover that this guest reten-
tion is greatly enhanced upon facile
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amorphisation by ball milling, particu-
larly in the case of ZIF-mnlm, for
which I, loss is retarded by as much as
200°C. It is anticipated that this gener-
al approach should be applicable to the
wide range of available metal-organic
framework-type materials for the per-
manent storage of harmful guest spe-
cies.

Introduction

Zeolitic imidazolate frameworks (ZIFs), a family of metal-
organic frameworks (MOFs) that adopt zeolitic topolo-
gies,' have been the focus of much attention in the litera-
ture, primarily because of their promising sorption and sepa-
ration properties.**! The frameworks (which consist of MN,
tetrahedra linked by organic imidazolate ligands, M = Co*™,
Zn** or alternating Li* and B** cations)®” are particularly
attractive candidates for fabrication into membranes or thin
films because of their high chemical and thermal stabilities,
although recent work suggests that the family might not be
as mechanically stable as first believed.® !

ZIFs are of specific interest for the sequestration of
carbon dioxide,'"” and it has been shown that one member
of the family—ZIF-8 ([Zn(mIm),]; mIm =2-methylimidazo-
late)—is an excellent sorbent for molecular L.**) Further-

[a] Dr. T. D. Bennett, Prof. A. K. Cheetham
Department of Materials Science and Metallurgy
The University of Cambridge
Cambridge, CB2 3QZ (UK)

Fax: (444)1223-334567
E-mail: akc30@cam.ac.uk

[b] Dr. P.J. Saines
Department of Chemistry, University of Oxford
Oxford, OX1 3QR (UK)

[c] Prof. D. A. Keen
ISIS Facility, Rutherford Appleton Laboratory
Harwell Oxford, Didcot, OX11 0QX (UK)

[d] Dr. J.-C. Tan
Department of Engineering Science
University of Oxford, Oxford, OX1 3PJ (UK)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201300216.

Chem. Eur. J. 2013, 19, 7049 -7055

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

more, I, sorption into ZIF-8 followed by subsequent pres-
sure-induced amorphisation has been used to trap I, within
an amorphous matrix.'¥ This is important because of the
widespread interest in radioactive I, capture following its re-
lease in the Fukushima nuclear incident in 2011. It is not yet
clear, however, whether ZIF-8 is the optimal choice among
the ZIFs, given the wide range available. On the other hand,
the extension of the high-pressure method to other ZIFs
could be problematic, given the variable responses of ZIFs
to applied pressure.'>!) We have recently shown that sever-
al different ZIFs can be amorphised by ball milling at room
temperature for 20 min, thereby resulting in a loss of porosi-
ty."!! This facile procedure works irrespective of whether the
imidazolate ligand is substituted or not. This work first pres-
ents the synthesis and characterisation of a new ZIF, ZIF-
mnlm ([Zn(mnIm),]; mnIm=4-methyl-5-nitroimidazolate),
before evaluating its ability (along with three existing ZIFs)
to absorb I, over short timescales and to trap the iodine by
amorphisation induced by ball milling.

Results and Discussion

Synthesis and characterisation of ZIF-mnIm: Whereas large
quantities of toxic amides such as N,N-dimethylformamide
(DMF) have traditionally been used in the synthesis of
Z1Fs, ZIF-mnlm [Zn(mnIm),] was synthesised solvothermal-
ly in isopropyl alcohol (IPA). A cobalt analogue [Co-
(mnIm),] was also synthesised. Synthesis and crystallograph-
ic details of ZIF-mnIm are given in the Experimental Sec-
tion.

ZIF-mnlIm crystallises in the cubic space group 43 (a=
16.7541(4) A, V=4702.87(19) A*) and adopts a sodalite
structure topology. Both microanalysis and infrared spectro-
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scopy (see the Supporting Information) are consistent with
the presence of the —CH; and —NO, substituents, although
they appear disordered as a result of the symmetry of the
system (full details on the crystallography can be found in
the Experimental Section). Thermogravimetric analysis re-
veals [Zn(mnIm),] to be optimally evacuated of pore-occu-
pying IPA molecules by heating to 150°C under vacuum
(see the Supporting Information), in contrast to other ZIFs
(including ZIF-8), which need temperatures in excess of
200°C to remove pore-occupying molecules. Powder X-ray
diffraction confirmed the structural integrity of ZIF-mnlm
at these temperatures (see the Supporting Information). Cu-
riously, despite possessing the same network topology as
ZIF-8, ZIF-mnIm undergoes abrupt thermal degradation at
375°C, which is over 100°C lower than ZIF-8. This is a simi-
lar temperature to ZIF-69, [Zn(nIm)(cbIm)], which also
contains an —NO, substituent on the imidazolate ring.'”!
Thermal amorphisation was not witnessed, although the
structure was observed to collapse to an amorphous phase
upon ball milling, which is in agreement with the behaviour
of all other ZIFs with substituted imidazolate linkers.
Gas-sorption and pore-distribution analysis were per-
formed on ZIF-mnIm by using N,, H, and CO, (Figure 1).
All three gas isotherms show type-I behaviour. Whereas the
lower Brunauer-Emmett-Teller (BET) surface area of ZIF-
mnIm compared to ZIF-8 (520 and 1060 m*g~!, respective-
ly),”) manifests itself in lower H,- and N,-uptake capacities,
the CO, uptake is higher (Figure 1a). Recent work has sug-
gested that quadrupolar interactions between CO, and the —
NO, substituent found in some ZIFs might be responsible.*!

Judicious selection of ZIFs: The ability of ZIF-mnIm to ir-
reversibly capture I, upon amorphisation by ball milling was
studied, given the ease and low cost of synthesis. ZIF-8 was
also chosen to enable comparison with the closely related
ZIF-mnIm, both of which possess similar pore sizes and
framework densities. ZIF-mnlm is, however, less porous
than ZIF-8, although it does benefit from the enhanced
functionality of the —NO, group. The inclusion of ZIF-8 as a
candidate also provided the opportunity to compare I, cap-
ture by two different methods of amorphisation (ball milling
and pressure-induced; data for the latter are already availa-
ble in the literature'*).

I, capture and storage was also examined in two other
frameworks, ZIF-4 ([Zn(Im),]; Im =imidazolate) and ZIF-
69 ([Zn(nIm)(cbIm)]; nIm=2-nitroimidazolate, cbIm=
chlorobenzimidazolate). The former was chosen owing to
the wealth of information collected to date on its amorphi-
sation, which, along with its lower porosity, smaller pore
sizes and limited chemical functionality, make it an ideal
control sample. It forms the lower boundary of the candi-
date porosity spectrum. ZIF-69, which adopts a gmelinite
(GME) topology, has previously been shown to have an ex-
tremely high CO,-uptake capacity (1 L ZIF-69 holds 83 L
CO, under ambient conditions).P! It also possesses signifi-
cantly larger pore apertures than either of the sodalite-type
ZIFs and it is for these reasons that it was selected as an ad-
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Figure 1. a) CO,, N, and H, isotherms for ZIF-mnIm, along with maxi-
mum uptake values for each. Maximum uptake values for ZIF-8 and
ZIF-mnIm are given in units of cm®g~'. b) Pore-size analysis showing the
existence of two pores related to the structure as shown in the inset (N:
blue, Zn: pink, C: green).

sorption candidate. The structures and other details of these
materials are presented in Figure 2, alongside the relevant
imidazolate linkers.

Sorption procedure and initial I, sorption: Multigram sam-
ples of ZIFs-4, -8 and -69 were synthesised and optimally
evacuated in accordance with previous literature.*!"1 A
sample of the novel ZIF-mnIm was also synthesised and
evacuated following the procedures set out in this work.
Evidence of the ball-milling-induced amorphisation of evac-
uated ZIF-69 and ZIF-mnIm was collected (Figure S3b in
the Supporting Information), thus underlining the suscepti-
bility of the ZIF family as a whole to facile amorphisation
due to their low shear moduli.®! To maintain consistency
with previous publications, the materials amorphised by ball
milling are given the prefix a,,.

Whereas structural modelling of a,ZIF-69 and a,ZIF-
mnlm is ongoing, it is likely that they adopt amorphous top-
ologies that are similar to the well-defined, continuous
random networks already discovered for a,ZIF-4 and
a,ZIF-8.[1:19

Chem. Eur. J. 2013, 19, 7049 -7055
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Figure 2. Structures of ZIF-4, ZIF-69, ZIF-8 and ZIF-mnlm with associat-
ed densities, network topologies and solvent-accessible volumes (SAV).
The sodalite topology of ZIF-mnIm is not apparent owing to the number
of substituents on the imidazolate ring. The largest aperture and pore di-
ameters (d, and d,) are also included. C: green, N: blue, Zn: red; H and
Cl are omitted for clarity. Void spaces, as calculated by Mercury CSD,
can be found in the Supporting Information. FD is framework density in
tetrahedral atoms per 1000 nm’.

Samples (approximate mass 1 g) of each ZIF were placed
into a sealed glass vessel and exposed to I, vapour at 77°C
for 1, 2.5 and 4 h. After exposure, each sample was heated
to 125°C for 5 h to remove any I, adsorbed onto the sample
surface (as opposed to within the framework pores). The re-
sulting crystalline ZIF-I, adducts were then amorphised by
ball milling for 30 min at 25 Hz (Figure 3), and the surface
iodine was again removed at 125°C.

ZIF-8 ZIF-mnim ZIF-69

A A\ o
[T P

Intensity / Arb. units

5 Diffraction Angle /20 25

Figure 3. PXRD traces of evacuated ZIFs (bottom), after exposure to I,
for 4 h (middle) and after subsequent ball milling for 30 min (top). A
slight contraction in unit-cell volume with I, sorption can be seen in each
case.
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Attempts to locate I, within the crystalline and amor-
phous ZIFs were made by collecting X-ray total scattering
data using Ag X-ray radiation (1=0.561 A). Although
sample fluorescence and low-quality statistics at high Q ulti-
mately prevented sufficiently robust Fourier transform of
the data to obtain pair distribution functions, the decrease
in first sharp diffraction peak (FSDP) intensity with increas-
ing I, content in both a,ZIF-8 and a,ZIF-69 is consistent
with the gradual filling of internal cavities. Both S(Q) values
are given in Figure 4, and whereas the decrease in FSDP in-
tensity indicates a reduction in void volume, the invariance
in its position suggests a retention of internal void structure
upon guest loading. Data on a,ZIF-mnIm were not collect-
ed because of the problems already mentioned, although is
expected to show the same decrease in FSDP intensity.

The exact iodine content of the samples at each stage was
quantified by microanalysis. The initial amounts of I, absor-
bed after 1 and 2.5 h were as expected; the least porous ZIF
studied here (ZIF-4) was found to contain 5.46% after
2.5h, whereas the highly porous ZIF-69 was observed to
contain 13.75% after the same amount of time. The struc-
turally analogous ZIF-8 and ZIF-mnIm displayed similar I,-
uptake capacities (Table 1), lying below that of ZIF-69. Cu-
riously, after 4 h, ZIF-4 was observed to lose crystallinity
(Figure S3c in the Supporting Information). Given the rela-
tively low pore volume of ZIF-4, it is likely that the loss of
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Figure 4. Structure factors of various ZIFs: a) a,ZIF-69 after 0 (blue), 2.5
(red) and 4 h (green) of I, sorption; b) a,ZIF-8 after 1 (blue), 2.5 (red)
and 4 h (green) of I, sorption. The gradual reduction of the first sharp
diffraction peak (FSDP) in each case is consistent with the reduction in
void volume (i.e., cavity filling). The position of the peak is invariant,
which suggests that no distortions of the porous substructure take place.
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Table 1. Microanalysis results giving the initial percentage by weight of 1
content of the crystalline ZIFs, after varying amounts of time of exposure
to I, vapour. The figures in brackets denote the new figure after the sur-
face-iodine removal. The increase in the percentage content of I, of the
frameworks between milling and reheating is likely to be the removal of
impurities picked up during the ball-milling process.

¢ [h] 1 25 4

ZIF-4 2.9 2.9) 55 (3.8) n/a (n/a)
ZIF-69 47 (1.3) 138 2.5) 174 (6.83
ZIF-8 48 (43) 113 (11.0) 158 19.7)

ZIF-mnIm 47 (4.0) 113 (10.5) 15.8 (18.0)

crystallinity is linked to over-filling of the framework, as
seen in previous studies." In light of the fact that the struc-
tures of the other three ZIFs were observed to remain intact
under similar conditions and continued to absorb increasing
amounts of I,, ZIF-4 was not pursued further for this appli-
cation.

The I, content of both ZIF-8 and ZIF-mnlm changed
little upon heating to remove surface I,, although the con-
tent of ZIF-69 samples fell drastically (from 17.41 to 6.83 %
in the case of the 4 h experiment). Given that the I-I bond
length of 2.7 A lies close to that of the pore apertures of
ZIF-8 and ZIF-mnIm (3.4 and 3.1 A, respectively) but is
smaller than that of ZIF-69 (4.4 A), it is probable that facile
diffusion of iodine out of ZIF-69 upon mild heating is re-
sponsible for this phenomenon.

Framework amorphisation and subsequent I, retention:
Broadly speaking, ball-milling amorphisation of the I,-con-
taining frameworks did not change the iodine content signif-
icantly. Further heating to remove surface iodine had a simi-
larly negligible effect on pore content levels, which suggest-
ed that little iodine was lost during the amorphisation proc-
ess and it is largely trapped within the solid (Table 2). ZIF-8
displays a slightly greater capacity, which is in line with its
larger porosity (50 compared to 27 % for ZIF-mnIm).

Table 2. Microanalysis results giving the percentage by weight of I con-
tent of the ZIFs after amorphisation by ball milling. The figures in brack-
ets denote the new figure after the surface iodine removal.

¢ [h] 1 25 4

ZIF-4 2.6 2.5) 52 (5.1) n/a (n/a)
ZIF-69 1.6 (1.5) 3.0 2.5) 72 (7.0)
ZIF-8 42 (4.1) 103 (102) 192 (19.1)
ZIF-mnlm 42 (42) 103 (102) 182 (18.1)

To investigate whether guest retention was enhanced by
the amorphisation procedure, samples of ZIF-8, ZIF-69 and
ZIF-mnIm after 4 h exposure to iodine and subsequent sur-
face I, removal were selected and heated to 500°C at a rate
of 5°Cmin~". The same process was applied to those materi-
als after ball-milling-induced amorphisation and subsequent
I, surface removal (which was already shown to have a neg-
ligible effect on I, levels). Despite its lower overall capacity,
the relative benefit of amorphisation with respect to I, trap-
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ping can be clearly observed for ZIF-69 (Figure Sa). Mass
loss from the crystalline, iodine-filled ZIF-69 was observed
to start at 90°C, whereas amorphised ZIF-69 (with the same
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Figure 5. Thermogravimetric analysis of a) ZIF-69, b) ZIF-8 and c) ZIF-
mnlm after I, sorption for 4h and subsequent removal of surface I,
(solid curves), in comparison with the same samples amorphised by ball
milling and subsequently heated to remove surface I, (dashed curves).
Single and double arrows indicate the onset of I, loss in each form, re-
spectively. Thin solid lines indicate the expected mass of the sample after
I, removal in the amorphous forms, which differ very little from that of
the crystalline forms.

iodine content levels) was not observed to undergo mass
loss until over 200°C. More striking than the retardation of
the onset of guest escape, however, is the observation that
at this onset of mass loss from a,ZIF-69, crystalline ZIF-69
contains almost no iodine. Complete guest loss from a,ZIF-
69 is not evident until around 350°C, at which point, by
using previous literature and the TGA trace of the crystal-
line framework as references, both undergo thermal degra-
dation." The effect of amorphisation in this case was hence
to retard the onset of guest loss by over 100°C and to delay
complete pore-content loss by 150°C.

An identical experiment was performed on samples of
crystalline iodine-containing, and amorphous iodine-contain-
ing ZIF-8. The difference in the onset of mass loss between
crystalline and amorphous frameworks was once again ob-
served to be around 100°C, with amorphisation preventing
any iodine escape until over 200°C (Figure 5b). The occlud-
ed guest (=19 wt%) was observed to be completely re-
moved at 350 and 450°C in ZIF-8 and a,,ZIF-8, respectively,
although the loss is far more gradual compared with the
sharp steps in ZIF-69.

More remarkable, however, was the effect of ball-milling-
induced amorphisation on the guest-retention capacity of

Chem. Eur. J. 2013, 19, 7049 -7055
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ZIF-mnlm. The crystalline, iodine-containing framework
shows two extremely well-defined mass-loss steps in the
heating experiment, which correspond first to loss of occlud-
ed iodine molecules (~18 wt%) at approximately 100°C,
before a plateau and degradation at 325°C. By contrast,
iodine loss from a,ZIF-mnlm is retarded up to 200°C, with
an extremely gradual loss continuing until a similar degrada-
tion temperature to the crystalline ZIF-mnIm (Figure 5c).
The performance of ZIF-mnlm is vastly superior to ZIF-69
because the latter loses much of its absorbed I, during the
initial heating at 125°C.

It is somewhat surprising that the effect of amorphisation
was, in all three cases, to delay any pore-content loss until
200°C. This retention effect is greatest in ZIF-69 and ZIF-
mnlm and points to the irreversible trapping of guest mole-
cules by ball-milling-induced amorphisation of the frame-
works. The exact reasons for the uniform release of I, at
200°C remain unclear, though most crystalline solvent-con-
taining ZIFs have been shown to lose this solvent at 200°C,
despite their pore apertures appearing to be too small to let
the occluded solvent pass.

Kinetic study of I, retention in ZIF-8 and ZIF-mnlm: The
kinetics of I, desorption from both crystalline and amor-
phous ZIF-8 and ZIF-mnlm were studied by means of an
isothermal TGA experiment in which the materials were
first heated to and then held at 200°C for 3 h (Figure 6).
ZIF-69 was not considered due to its relatively low I, pore
content.

200°C
100 — 0
——4——a——4 ZIF-mnim
ékffﬁf:::— —
= 75— g
7
5
£ 50 —f s
. A
: $
& é % amZIF-mnim

¢ amZIF-8

Time / min

Figure 6. Pore-content loss from ZIF-8 and ZIF-mnlm crystalline sam-
ples, after I, sorption for 4 h and removal of surface I, (triangles) and
after amorphisation and removal of surface I, (diamonds). The samples
were heated to 200°C before their mass loss at this temperature was
monitored over time. The initial pore content figures were taken from
the microanalysis results for each sample.

Figure 6 shows the cumulative pore-content loss (using
the initial pore content of each ZIF and the mass loss meas-
ured at each stage during the experiment). The rapid initial
loss in terms of the pore content of crystalline ZIF-mnIm
during heating to the holding temperature of 200°C is fol-
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lowed by negligible loss over time, which is different to the
lower initial loss of ZIF-8 pore content before continued
loss at the holding temperature.

By contrast, upon amorphisation of both ZIFs, the initial
pore-content loss up to 200°C is vastly reduced and both
show very little loss of I, after reaching the holding tempera-
ture. These results agree well with the continuous heating
experiment. The difference for ZIF-mnlm is particularly
striking. Whereas after 3 h the crystalline form exhibits an
iodine loss of 90 %, this figure is reduced to just 25% for
a,ZIF-mnlm. The corresponding difference in ZIF-8 is from
50% 1, loss after 3h for the crystalline form to approxi-
mately 15% for a,ZIF-8.

Perhaps most noticeable is that upon reaching the holding
temperature of 200°C, both a,ZIFs lose very little further
iodine, and it is here that an important distinction can be
made between a,ZIF-8 and a,ZIF-8 (pressure-amorphised
ZIF-8). The latter continued to lose iodine at a holding tem-
perature of 200°C in a similar experiment, whereas the
former does not."! The difference in behaviour is likely to
stem from a,ZIFs and a,ZIFs that possess different struc-
tures, although no modelling of the a,ZIFs has yet been at-
tempted. Indirect evidence for the difference in structures
does exist, with pressure-amorphised ZIF-8 possessing some
residual porosity and ball-milled-amorphised ZIF-8 being
non-porous.*?!

Further improving I, retention: Various strategies for im-
proving the retention of guest species are possible. For ex-
ample, we return to the case of ZIF-69 and the almost com-
plete loss of I, at low temperatures. As already mentioned,
we attribute the loss of the I, from ZIF-69 upon heating to
diffusion effects. A repeat of the 4 h I,-sorption experiment
with ZIF-69 was undertaken, immediately followed by
amorphisation and subsequent surface I, removal (i.e., this
time crystalline I,-loaded ZIF-69 was not subjected to heat-
ing to remove any surface iodine prior to amorphisation).
The resultant a,ZIF-69 was found to contain 17.04% I by
weight (compared to 7% for the first sample), which is of
the same order as ZIF-8 and ZIF-mnIm. Upon removal of
surface I, by heating to 125°C, this was reduced to 14.35%
(Table 3). This result, although not appropriate for ZIF-8

Table 3. Microanalysis study of the ZIF-69 samples (4 h set) using the
two methods of I, capture.

Initial Heating Milled Milled and
sorption [%] step [%] [%] heated [%]

with 125°C desorption 17.4 6.8 72 7.0
without 125°C desorption 17.4 n/a 17.0 14.4

and ZIF-mnIm (due to negligible loss of I, upon heating of
the crystalline ZIF to 125°C), is of particular interest for
other highly porous systems that might exhibit rapid diffu-
sion of guest molecules (e.g., MOF-5 and HKUST-1).
Opportunities also exist for post-synthetic modification of
I,-retention capacity of the frameworks. Gradual densifica-
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tion upon ball milling of amorphous ZIF structures is
known!""! and thus far has not been mentioned in this work.
It is likely, however, to play a large role in determining the
potential for ZIFs to irreversibly capture guest species. All
a,ZIFs studied here were formed by ball milling for 30 min,
although it has been directly shown for ZIF-8 that milling
for longer times results in a further decrease in internal void
volume."! Whereas milling for longer times would be ex-
pected to be beneficial for the trapping of guest molecules
(the dense structures might offer better confinement of 1,),
they might also be expected to result in a reduction in abso-
lute I, storage capacity by virtue of decreased pore volume.
Further investigation into these effects should be made so
that a balance between them might be struck to enable prac-
tical applications.

Conclusion

This work presents the synthesis and characterisation of a
new ZIF, ZIF-mnlm, and determines its I,-adsorption prop-
erties along with those of a range of known ZIF frame-
works. Whereas the framework with the largest pore aper-
tures (ZIF-69) has the highest initial adsorption, its reten-
tion properties are much poorer owing to its larger aper-
tures. Overall, it would seem from analysis of the samples
exposed to I, for 4 h that ZIF-8 is the best candidate in the
present work with regards to I, uptake and retention
(Table 1), whereas ZIF-mnIm displays the greatest change
in retention. This probably stems from the role of the
methyl group in the 4-ring windows in controlling ingress
and egress of adsorbed species. We have also shown that
amorphisation by using mechanical grinding of loaded sam-
ples significantly increases the temperature to which I, is re-
tained by up to about 100°C. The results presented here
should be applicable not only to I, capture, but to the wider
use of amorphisation by ball milling to enable ZIFs, and
perhaps MOFs in general, to act as permanent storage
media for harmful guest species. We are therefore starting
to explore the generality of our findings.

Experimental Section

Synthesis of Zn-ZIF-mnIm [Zn(mnIm),]: Zn(NO,),-6H,0 (0.04 g,
0.13 mmol) and 4-methyl-5-nitroimidazole (0.04 g, 0.32 mmol) were com-
bined along with IPA (6 mL) in a 12 mL Teflon-capped borosilicate glass
vial. The mixture was heated to 100°C in a programmable oven for 48 h,
before being cooled to room temperature at a rate of 5°Ch™". The prod-
uct was obtained by filtering as a set of colourless cubic crystals (yield
22%). Elemental analysis caled (%) for Zn,CeNgHO,: C 30.2, H 2.5, N
26.5; found: C 29.7, H 2.4, N 26.0.

Co-ZIF-mnIm [Co(mnIm),]: Co(NO;),-4H,0O (0.045 g, 0.15 mmol) and 4-
methyl-5-nitroimidazole (0.04 g, 0.32 mmol) were combined along with
IPA (6 mL) in a 12 mL Teflon-capped borosilicate glass vial. The mixture
was heated to 100°C in a programmable oven for 48 h before being
cooled to room temperature at a rate of 5°Ch~". The product was ob-
tained by filtering as a set of purple cubic crystals (yield 21 %).
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Single-crystal X-ray crystallography: Single-crystal X-ray diffraction data
of ZIF-mnlm were obtained at 120 K using an Oxford Diffraction
Gemini Ultra diffractometer with Cuyg, radiation. This instrument was
equipped with an Eos CCD detector and the crystals were mounted on a
cryoloop. Absorption corrections were carried out using empirical meth-
ods implemented in CrysAlis Pro!! and the structure was solved in 743
by Patterson synthesis using DIRDIF 2008.%?) Attempts were made to
solve the structure in other /-centred cubic space groups consistent with
the observed systematic absences and in rhombohedral symmetries but
these were either unsuccessful or resulted in models that were poorer fits
for the data than that reported in this work. The possibility of merohe-
dral twinning was also investigated for likely space groups but we were
unable to use this approach to obtain a better fit to the data. All subse-
quent refinements were carried out against | F|? using SHELX-97% with
the Win-GX interface (see Table S1 in the Supporting Information for a
summary of crystal data).” The displacement parameters of all non-hy-
drogen atoms were refined anisotropically but the disorder of the methyl
and nitro substituents, required by the symmetry in which the structure
was solved, necessitated the carbon and nitrogen atoms of these groups
to be constrained to occupy the same position and the nitrogen—oxygen
bond lengths to be restrained to a value of 1.2 A, typical for a nitro
group. The thermal parameters of the non-hydrogen atoms of these
groups were restrained to be equal and approximately isotropic, and it is
thought that it is the extensive disorder induced by these substituents
that is responsible for the high residual factors and the lower quality of
the resultant structure. As discussed, both infrared data and microanaly-
sis results provide clear evidence for the presence of both substituent
groups in ZIF-mnIm, in support of the model used in this crystal struc-
ture. The positions of the methine and methyl hydrogen atoms were geo-
metrically constrained using the appropriate AFIX commands in
SHELX-97 and their displacement parameters were constrained to be 1.2
and 1.5 times the size of the carbon to which they were attached, respec-
tively. It was not possible to model the IPA in the pores of the structure
owing to their extensive disorder; this was therefore determined by the
electron count within the pore. This was calculated using the SQUEEZE
algorithm within PLATON and subtracted from the obtained data; re-
sults from this indicated the presence of about 1.2 molecules of IPA per
Zn cation.” A complete data set was also collected for the cobalt ana-
logue of ZIF-mnIm and the unit cell and systematic absences are consis-
tent with the two compounds being isostructural. The Co compound has
a unit-cell length of 16.8822(5) A at 103 K but the data obtained yielded
a poorer-quality crystal structure and it is therefore not reported in this
work.

Crystal data for ZIF-mnIm: Zn(CgHgN(O,); colourless prism, M,=
317.59; crystal size 0.12 mm x 0.10 mm x 0.08 mm; cubic, space group: /43;
a=16.7541(4) A; V=4702.8719) A>; Z=12; pu=1.346gem™>; T=
120(2) K; ©=2.35124 cm™'; 6115 reflections observed, unique reflections
(Riy) 890 (3.46%), R1(all)=15.70%, wR2(all)=42.69%, R1(obsd)=
15.47% and wR2(obsd)=41.84%; for which w=1/[c*(F2)+ (aP)*+bP]
and m (MG RhmR i — | Fel [/SIF| and
q@%ﬁﬁze#z%gﬁw&Fzgzh """"""""

WwR2 = w F2 —

Thermogravimetric analysis: Thermogravimetric analysis was performed
using a TA Instruments Q-500 series thermal gravimetric analyser, with
the sample (15 mg) held on a platinum pan under a continuous flow of
dry N, gas. The TGA curves were obtained using a heating rate of
5°Cmin".

Powder X-ray diffraction: PXRD data were collected using a Bruker-
AXSDS diffractometer using Cuy,, (A=1.540598 A) radiation and a Lyn-
xEye position sensitive detector in Bragg Brentano parafocusing geome-
try. Analysis of the data was carried out using the X'pert HighScore Plus
Program.

Gas-sorption analysis: Gas-sorption isotherms were measured using a Mi-
cromeritics ASAP 2020 instrument. Samples were outgassed under
vacuum for at least 5 h at approximately 373 K before starting the sorp-
tion measurements, up to a maximum pressure of 1 bar.

X-ray total scattering: X-ray total scattering data were collected at room
temperature using a PANalytical Ag-source X'Pert Pro MPD lab diffrac-
tometer at the ISIS facility, which is capable of measuring data in the
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range 0.5< Q<22 A~!. The data treatment followed the methods set out
in previous studies."!
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