PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6

PhysicatChemistry Chemical Physics

Journal Name

ROYAL SO

SOCIETY
OF CHEMISTRY

A Combined Experimental and Computational NMR Study of
Crystalline and Amorphous Zeolitic Imidazolate Frameworks

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Emma F. Baxter,® Thomas D. Bennett,” Caroline Mellot-Draznieks,’ Christel Gervais,®
Frédéric Blanc® and Anthony K. Cheetham®’

Zeolitic imidazolate frameworks (ZIFs) have attracted great interest in recent years due to their high chemical and thermal

stability with promising applications in gas storage and separations. We investigate the structures of three different
crystalline ZIFs - ZIF-4, ZIF-8, ZIF-zni - and their amorphous counterparts using high field B¢ and N CP MAS NMR. The high
field (20 T) allows for the observation of all crystallographically independent carbon and nitrogen atoms in the crystalline

ZIFs. Combining our experimental results with density functional theory calculations enabled the assignment of all

chemical shifts. The crystalline spectra reveal the potential of high field NMR to distinguish between two ZIF polymorphs,
ZIF-4 and ZIF-zni, with identical [Zn(C3H3N3),] chemical compositions. B¢ and N CP MAS NMR data obtained for the
amorphous ZIFs clearly showed signal broadening upon amorphization, confirming the retention of chemical composition

and the structural similarity of amorphous ZIF-4 and ZIF-zni. In the case of amorphous ZIF-8, we present evidence for the

partial de-cordination of the 2-methly imidazole linker.

Introduction

Metal-organic frameworks (MOFs) are three-dimensional
polymeric networks consisting of inorganic metal-ion nodes
interconnected by organic linkers. The zeolitic imidazolate
framework (ZIF) family, a subset of MOFs, are microporous.
These frameworks can possess network topologies identical to
those of inorganic zeolites, courtesy of the 145° angle
subtended at the bridging imidazolate (C;Hs;N,, Im) based
Iigand.l' 2 However, ZIFs are significantly more porous than
their inorganic cousins due to the greater interatomic
separation of the metal ions, which is beneficial
greenhouse gas capture3 and drug delivery.4

for

Solid state nuclear magnetic resonance (NMR) is a well-
established technique for atomic scale structural
characterization.” Both NMR and diffraction methods provide
structural, dynamic and host-guest interaction information on
metal-organic frameworks.> 7 NMR has previously been used
to study organic-sub units in MOFs and their role within the
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framework, for example the mixed ligand MIL-53(AI)8 and the
functional groups in multivariant MOF-5.° Through NMR
studies, information on gas adsorbate location, motion and
binding can also be revealed, as studied for the uptake of CO,
in Mg,(dobdc) (H,dobdc = 2,5-dihydroxyterephtalic acid).10
When the sole use of X-ray techniques is inadequate for
resolving new structures, combination with solid state NMR
allows for detailed information to be gained on local chemical
environments, such as analysis of the structure, topology and
coordination environments in MIL-110."

ZIF NMR studies have been used to monitor the flexibility of
ZIF-4 and ZIF-8 at variable temperatures,12 whilst combination
with powder X-ray diffraction (PXRD) permitted the analysis of
packing and topology in crystalline ZIF-8 and Zn(Etlm),, using a
low magnetic field (7 — 11.7 T).13 NMR techniques applied to
ZIF-8 have been successful in monitoring orientations and
movement of benzene within the framework,14 the self-
diffusion of adsorbed gases,15 and structural changes at low
temperatures.'®

Recent advances in computational methodology have allowed
for accurate and efficient prediction of NMR chemical shifts in
solids.”” *® For example, this approach has been used to
elucidate the structure of new MOFs, such as [ZnAlF;.TAZ] (TAZ
= triazolate ligand, C3H2N302).19 High field 21.1 T 7Zn NMR and
computational work on ZIF-8 was able to provide structural
information on the Zn environments.”® A further example
includes the use of high resolution 'H NMR, in conjunction
with DFT calculations, has recently been used to resolve the
super cell structure of a new ZIF-8 analogue material, sim-1.2*
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Temperature,22 pressure23 and ball milling24 have been shown
to induce structural collapse for a range of crystalline ZIFs,
resulting in a loss of porosity and the formation of amorphous
MOFs. In the latter instance, the highly disordered structures
formed have been termed a,ZIFs, where the subscript m
refers to amorphization induced by ball-milling. Despite work
confirming the retention of intra-organic and organic-inorganic
bonding, in aZIF materials, many amorphous reaction products
are still discarded due to the lack of a facile first
characterization technique.25

This investigation presents high field 3¢ and N solid-state
NMR spectra of several crystalline ZIF structures. The NMR
data accurately distinguish between ZIFs that possess different
network topologies, identifying all crystallographically
independent carbon and nitrogen atoms. Combination of the
experimental data with modern computational methods
allows for the assignment of 3¢ and >N NMR chemical shifts.
We also, for the first time, use high field CP (cross polarisation)
MAS (magic angle spinning) NMR to study a range of a,ZIFs,
demonstrating the ability of NMR to gain useful structural
information on these highly disordered materials.

Methods

Sample preparation and crystallographic details

ZIF-zni  ([Zn(C3H3N,),]) synthesized according to a
previously published proc.:edure,13 ZIF-8 ([Zn(C4HsN5),1) was
purchased from BASF, and ZIF-4 ([Zn(C5H3N,),]) was prepared
using a modified synthesis protocol, as described in the
Supplementary Information (SI-1). Note that ZIF-8 contains 2-
methyl imidazole as the linker, whereas the ZIF-zni and ZIF-4
contain  unsubstituted imidazole and are therefore
polymorphs. ZIF-zni crystallises in the space group /4;cd and
contains 4 crystallographically independent organic Iinkers,26
(a=23.481A, b=23.481A, c=12.461 A, V = 6870.464 A). ZIF-
4, exists in the orthorhombic space group Pbca (a = 15.402(7)
A, b = 15.459(7) A, ¢ = 18.408(8) A, V = 4383(3) A%).” ZIF-8
(topologically identical to the inorganic zeolite sodalite),
crystallises in the isotropic space group /43m (a = 16.9856(16)
R, v = 4900.5(8) &*) and contains only 5 crystallographically
independent atoms (Fig. 1a).!

was
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ZIF-8
Coordination Sphere

ZIF-4 Unit Cell

ZIF-zni Unit Cell ZIF-8 Unit Cell

Fig. 1 (a) The asymmetric units of ZIF-4, ZIF-zni and ZIF-8. (b)
ZIF-8 coordination sphere generated using the Mercury
software.”’ zn - light blue, N - purple, C - grey. H atoms have
been omitted for clarity. (c) The unit cells of the three ZIFs

Solid-state NMR Analysis

All solid-state NMR experiments were performed on a 20 T
Bruker Avance |l solid-state NMR spectrometer equipped with
a 3.2 mm HXY triple-resonance MAS probe at vo(lH) =850.227
MHz, with the X channel tuned to B¢ at VQ(BC) =213.81 MHz
and Y channel tuned to °N at VO(ISN) = 86.17 MHz. All
experiments were performed under magic angle spinning
(MAS) at v, = 21 kHz at room temperature and with a 2 s
recycle delay (independent calibration of the probe gives a
temperature of 26 °C under MAS at 21 kHz). All 'y pulses and
SPINAL-64 heteronuclear decoupling28 were performed at a
radio-frequency (rf) field amplitude of 83 kHz. 'H B¢ cp MAS
experiments were obtained with contact times of 2 ms and
with a *3C rf field of 55 kHz, while the 'H rf field amplitude was
ramped to obtain maximum signal at a 'H rf field of
approximately 75 kHz. 'H N CP MAS experiments were
obtained with contact times of 5 ms and with a >N rf field of
38 kHz, while the 'H f field amplitude was ramped to obtain
maximum signal at a 'Y rf field of approximately 57 kHz.
Additional *C CP MAS spectrum of ZIF-4 was obtained on a 9.4
T Bruker Avance Il HD solid-state NMR spectrometer equipped
with a 4 mm HXY triple-resonance MAS probe (in double-
resonance mode) at vo(lH) = 400.13 MHz and v0(13C) = 100.62
MHz under MAS at v, = 21 kHz at room temperature and with
a 3 s recycle delay. 'y pulses and SPINAL-64 heteronuclear
det:oupling28 were performed at a radio-frequency (rf) field
amplitude of 83 kHz. 'y Bc cP MAS experiments were
obtained with a contact time of 2 ms and with a *>C rf field of
40 kHz, while the 'H f field amplitude was ramped to obtain
maximum signal at a 'H rf field of approximately 60 kHz. The
number of scans for each sample is given in Table S6. 3¢ and
>N chemical shifts (+ 0.2 ppm) were externally referenced at
room temperature to the CH3 group of alanine at 20.5 ppm
(corresponding to the CH, group of adamantane at 29.45
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ppm)29 and the NH;" group of alanine at 52.4 ppm

(corresponding to liquid NH; at O ppm). All samples were
packed in air.

Computational Methods

All electronic and structural calculations on the ZIFs were
performed with the Kohn-Sham DFT framework using periodic
boundary conditions. Starting from each experimentally
determined crystal structure, both lattice parameters and
atomic positions were fully relaxed in space group P1 with the
semi-local Perdew-Burke-Ernzerhof  exchange-correlation
functional using D2 dispersion corrections by Grimme et al.®®
The Vienna ab initio package (VASP)31 a planewave code, was
employed for these geometry optimizations. A 500 eV plane-
wave cutoff was found suitable for the convergence of the
systems to within 0.01 eV/atom.

It is important to highlight here the key role of the dispersion
interactions in the modelling of ZIFs. It has been in a number
of computational studies that the long-range dispersion
interactions play a key role in the energy landscape of hybrid
frameworks, such as the highly flexible MIL-53%2 or the family
of ZIFs solids® whereby the simple inverse relationship
between density and thermodynamic stability is captured.
More recently, we have shown how DFT-D calculations may
predict the structure-directing influence of functionalized
linkers in ZIFs.** Also DFT-D calculations are necessary to
predict the mechanical properties of the Zn- and LiB-zni.*®

The first principles NMR calculations were performed within
Kohn-Sham DFT using the QUANTUM-ESPRESSO software
(available online).36 The PBE generalized gradient
approximation37 was used and the valence electrons were
described by norm conserving pseudopotentials38 in the
KIeinman-ByIander39 form. The wave functions are expanded
on a plane wave basis set with a kinetic energy cut-off of
1088eV. The integral over the first Brillouin zone are
performed using a Monkhorst-Pack 2x2x2 k-point grid for the
charge density and chemical shift tensor calculation. The
shielding tensor is computed using the GIPAW?® approach
which permits the reproduction of the results of a fully
converged all-electron calculation. The isotropic chemical shift
i is defined as 8= -[c— o™ where o is the isotropic
shielding and " is the isotropic shielding of the same nucleus
in a reference system. In the present case, the comparison
between the experimental §;;, and calculated o, 3¢ and ®N
chemical shift values for carboxylate of oc-glycine41 (8iso = 176.2
ppm)42 and for CH3N0243 (3iso = 380.2 ppm corresponding to
NH; at O ppm) respectively, allowed to determine " for these
nuclei.

Amorphization

Amorphization of the ZIFs was performed by following a
published procedure.24 Typically, 0.2 g of crystalline ZIF

This journal is © The Royal Society of Chemistry 20xx

material was placed in a stainless steel jar along with an 8 mm
stainless steel ball. The jar was oscillated at 20 Hz for various
times using a Retsch MM200 mill resulting in an amorphous
material.

Results and Discussion

Solid-state NMR analysis of crystalline ZIFs

The C and N CP-MAS NMR spectra of the ZIF samples
recorded at 20 T are presented in Fig. 2 (and Figs. S3 and S4).
Use of a high field allows observation of all individual carbon
and nitrogen atoms in the asymmetric units, which is not
possible at lower fields of 7 T.12 Furthermore, the 3¢ and N
spectra for the two polymorphs, ZIF-zni and ZIF-4, are strikingly
different, reflecting their very different structures (Fig. 2(c))
Note that the 3C line widths are slightly broader for ZIF-4 than
for ZIF-zni,
crystallinities. The asymmetric unit of ZIF-8 contains 1 N, 1 Zn
and 3 C atoms (Fig. 1a). The 3¢ cP-MAS NMR spectrum of ZIF-
8 displays 3 peaks (Fig. 2a), as anticipated. The peak at 13.7
ppm is typical for a methyl group, whereas the two other
peaks, downfield at 124.2 (NCC) and 151.2 ppm (NCCH3N)
correspond to the carbons within the aromatic ring. As cross-

which we ascribe to differences in their

polarised e spectra are not quantitative, the intensities of the
peaks do not correspond with populations of the different
sites.” The single nitrogen present in the asymmetric unit is
recorded at 214.4 ppm in the 5N NMR spectrum and is in

. . 12,13
agreement with previous reports.

The asymetric unit of ZIF-4 contains 8 N, 12 C and 2 Zn atoms
(Fig. 1a). The B¢ spectra display two groups of peaks in the
region of 120-145 ppm. The 6 peaks at 123.9-125.8 ppm are,
to a good approximation, well resolved and correspond to the
8 carbon environments NCC (the signal at 125.6 ppm
integrating for 3 carbons), labelled C2, C3, C4, C5, C6, C9, C10
and C12 in Fig. 1. The NCN carbon signals appear well resolved
at 142.5-143.9 ppm for the remaining C1, C7, C8 and C11 (Fig.
1a) carbon environments, showing that the spectrum can be
fully resolved for all 12 carbon environments. The 7 nitrogen
atom signals are well resolved in the e\ spectrum: the signal
at 212.0 ppm corresponding to 2 nitrogens. The peak at 215.6
ppm in the BN spectrum is slightly lower in intensity and is
broader with a full width half maximum (FWHM) of 32 Hz vs.
22-24 Hz for the other N signals. Full assignment of the BN
ZIF-4 NMR spectrum is not practical without recourse to
computational work.

ZIF-zni possesses 8 N, 12 C and 2 Zn atoms in the asymmetric
unit (Fig. 1a) and is chemically identical to ZIF-4 yet adopting
as previously mentioned.
Similarly to ZIF-4, the 3¢ ZIF-zni spectrum contains two sets of
peaks in the range of 120-145 ppm belonging to the
imidazolate-based carbon atoms. The 4 peaks at 142-142.7
ppm represent the NCN environments, C1, C4, C7 and C10, and
are partially resolved. The 8 NCC environments appear in the

different network connectivity,
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spectrum in the range of 124.5-128.3 ppm, where the peak at
125.4 represents 2 carbons, and are assigned to C2, C3, C5, C6
C8, C9, C11 and C12. It is, however, apparent in the spectra of
ZIF-zni that there are two outlying peaks within the NCC set,
which we later show on the basis of the computational
calculations (vide infra), are assigned to C9 at 128.3 and C12 at
127.8 ppm. The
nitrogen environments,
combination with DFT calculations.

BN spectrum displays 8 partially resolved
which again can be assigned in

The highly resolved NMR spectra of ZIF-4 and ZIF-zni are in
agreement with the presence of 4 crystallographically
independent imidazolate ligands, as previously determined by
single crystal diffraction.! More importantly, this demonstrates
the different °C and N NMR spectra of the two ZIF
polymorphs at high field (20 T),
differences in the coordination of the tetrahedral zn**

corresponding to subtle
ions.
These findings complement the information that is obtained
from neutron and X-ray diffraction data.”?

ZIF-8

%

ZIF-4

ZIF-z

"
J/L:] |
_N

200 15 100 50 0 225 220 215 210
3C Chemical Shift / ppm N Chemical Shift / ppm

Fig. 2 (a) 3¢ cP MAS and (b) °N CP MAS spectra of crystalline
ZIFs recorded on a Bruker 20 T Avance Il solid-state NMR
spectrometer with vo(*H) = 850.23 MHz, vo(*3C) = 213.81 MHz
and vo(*°N) = 86.17 MHz under MAS at v, = 21 kHz and SPINAL-
64 'H decoupling28 with vl(lH) = 83 kHz. Further details about
the acquisitions parameters are given in Table S6. Spinning
sidebands are marked with asterisks. In (a), inserts show
magnified views of the 155-120 ppm region.

s
,JM
A

%%

205

Computational results

In order to make further progress with NMR assignments,
Density Functional Theory (DFT) methods were used to
calculate NMR shifts for the three crystalline frameworks.
Assignments of the experimental chemical shifts were carried
out according to the DFT calculations. On this basis, the two
outliers in the ZIF-zni *C spectra could be assigned (SI-Table
S2). It should be noted that 3¢ and >N NMR parameters were
calculated for all carbon and nitrogen positions obtained after
dispersion-corrected DFT-D2 full relaxation calculations of the
structures, taken from our previous computational study of ZIF
energy Iandscapes.33 The calculations were performed in space
group P1, and the values obtained for crystallographically
atoms averaged to allow for direct

equivalent were

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

comparison with the experimental crystal structures. An
attribution of the different sites could then be proposed by
comparing the isotropic experimental and calculated chemical
the results (Fig. 3, SI-Tables S1-3) showing

excellent agreement.

shift values,

155
g 160 150
o 140
£ 120 145
[z
w 100 140
k)
§ 80 135
S 60
0
130
€ 1
5 125
§ 20
0 120
160 140 120 100 80 60 40 20 0 155 150 145 140 135 130 125 120

Exp. 3C Chemical shift / ppm

220

215

2107 o

205

Calc. "N Chemical shift / ppm

200

225 220 215 210 205 200

Exp. SN Chemical shift / ppm

Fig. 3 Combined plots of the 3¢ and N calculated isotropic
chemical shifts 8, versus the experimental values of ZIF-8
(open diamonds), ZIF-zni (open squares) and ZIF-4 (open
circles) structures. Insert shows a magnified view of the 155-
120 ppm region. The lines are given as a guide to the eye and
correspond to perfect fits between experiments and
calculations.

Solid-state NMR analysis of amorphous ZIFs

All amorphous ZIFs were prepared by ball-milling following a
known procedure.24 Previous X-ray total scattering
measurements of amorphous ZIF were unable to distinguish
samples derived from different crystalline
precursors.44 Our NMR results for a,,ZIF-4 and a,,ZIF-zni
confirm that the imidazole linker remains intact in the
amorphous products, but also shows that their Bcand

spectra are indistinguishable (Fig. 4, SI-Table S5); two broad
peaks at 126 (NCC) and 143 ppm (NCN) are observed in the B¢
spectra while a single broad signal centred at 215 ppm is
detected in the °N spectra. The coalescence of peaks, post
amorphization, indicates not only a loss of distinct
environments, but also the averaging of the previously distinct
Note that there is no significant

between

chemical environments.
difference between the 'H T, relaxation times of crystalline
and amorphized ZIF-4.

The three different *C signals observed for crystalline ZIF-8
(Fig. 2a) are retained upon amorphization, though they
broaden significantly, as do those in the BN spectrum. Two
additional signals at 148 and 118 ppm are observed in the B¢

This journal is © The Royal Society of Chemistry 20xx
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spectrum of a,,ZIF-8. Given the absence of such signals in
crystalline ZIF-8, we propose that ligand de-coordination
arising from the breaking of Zn—2-methylimidazolate bonds
results in free 2-methylimidazolate which could not be
detected in the previous X-ray studies. The 3¢ NMR spectrum
of 2—methy|imidazo|e45 contains peaks at 144.8, 125.4, 115.6
and 13.8 ppm; those at 125.4 and 13.4 ppm are obscured by
a,ZIF-8 itself (Table S5), but the remaining two match well
with our additional peaks at 148 and 118 ppm.It is also
consistent with previous work on the ball milling of zeolites,
which involves breaking Si-O-Si external
formation of quasicrystalline particles.46

linkages and

a, ZIF-zni
N

A\

S | W | W S

200 150 100 50 0 " 260
13C Chemical Shift / ppm

20 ' 180 | 140
SN Chemical Shift / ppm

Fig. 4 (a) 3¢ and (b) >N cP MAS spectra of amorphous ZIFs
recorded on a Bruker 20 T Avance Il solid-state NMR
spectrometer with VQ(IH) = 850.23 MHz and VO(BC) = 213.81
MHz under MAS at v,o; = 21 kHz and SPINAL-64 "H decoupling®®
with vl(lH) = 83 kHz. Further details about the acquisitions
parameters are given in Table S6. Spinning sidebands are
marked with asterisks and the additional peaks due to free
ligand in the case of a,,ZIF-8 are indicated by # symbols. In (a)
and (b), inserts show a magnified view of the 155-120 ppm and
230-200 ppm region, respectively.

Conclusions

3¢ and N MAS NMR spectra of three crystalline ZIFs were
obtained and the peaks were assigned using DFT chemical shift
calculations. All crystallographically independent carbon and
nitrogen atoms were identified. The chemically identical but
topologically different ZIF-4 and ZIF-zni were distinguishable
through NMR analysis. The B¢ and N spectra obtained for
the chemically equivalent amorphous ZIFs confirm their
structural similarity and are in agreement with prior PDF
results suggesting that a,ZIF-4 and a,ZIF-zni phases are
identical. a,,ZIF-8, however, shows evidence of ligand de-
coordination that was not detected in previous X-ray studies.
NMR is a promising technique for gaining structural insight
into amorphous MOFs, before recourse to more time-
consuming structural analysis via total X-ray scattering
measurements.

This journal is © The Royal Society of Chemistry 20xx
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