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ABSTRACT: We demonstrate the combined use of NMR-enhanced crystallography and solvent-free synthesis by accelerated
aging (AA), for the discovery and structural characterization of a novel cadmium-based open metal-organic framework be-
longing to the class of zeolitic imidazolate frameworks (ZIFs). Whereas solid-state NMR spectroscopy has been used to assist
in structural characterization of crystalline solids by powder X-ray diffraction (PXRD), typically through quantification of the
contents of the asymmetric unit, this work highlights how it can take a more active role in guiding structure determination,
by elucidating the coordination environment of the metal node in a novel metal-organic framework. Exploration of AA reac-
tions of cadmium oxide (CdO) and 2-methylimidazole (HMelm) enabled the synthesis of the previously reported yqt1-topol-
ogy framework, but also a new material (1) exhibiting a Cd:Melm ratio of 1:3, contrasting the 1:2 ratio expected for a ZIF.
Structural characterization of 1 was enabled by using 111Cd solid-state nuclear magnetic resonance (SSNMR) to provide in-
formation on the coordination environment of the cadmium node. Specifically, 111Cd SSNMR experiments were conducted on
a series of model compounds to correlate the cadmium coordination environment to the observed isotropic chemical shift,
Siso(111Cd), followed by multinuclear SSNMR experiments on 1 to determine the nature of the metal coordination environment
and the number of distinct chemical sites. This information was used in refinement of the molecular-level structure from the
available powder X-ray diffraction data, a technique termed NMR-enhanced crystallography, revealing that 1 is an open dia-
mondoid (dia) topology Cd(Melm): framework based on Cd?* ions tetrahedrally coordinated with MeIm- ligands, and addi-
tional HMeIm guest molecules within the framework pores. Whereas accelerated aging was initially devised as a clean, mild
route for making MOFs, these results provide a proof-of-principle of how, by combining it with SSNMR spectroscopy as a
means to overcome limitations of PXRD structure determination, it can be used to screen for new solid phases in the absence
of solvents, high temperatures or mechanical impact that are inherent to other thermally-, solution- or mechanochemically-
based techniques.

templating salt additives. So far, AA has been used to gener-
ate several commercially relevant MOFs, including Zn- and

Introduction
Metal-organic frameworks (MOFs)'2 represent a rapidly

developing class of materials with proposed applications in
many fields.3-® Recent commercialization and anticipated
large-scalel9-12 use of MOFs have highlighted the need for
simpler, cleaner synthetic routes, and efficient techniques
to screen the landscape of possible open MOF phases in or-
der to clearly understand the factors contributing to their
formation and stability.13-1> Solvent-free reactions are
promising in both contexts by enabling both clean synthe-
ses directly from metal oxides or carbonates and discovery
of new phases - even in systems that have been well stud-
ied.’¢ One example of a solvent-free technique is accelerated
aging (AA), a recently developed simple, solvent-free, low-
energy synthetic technique inspired by naturally occurring
spontaneous mineral neogenesis processes.!” The principal
aim of AA is to enable chemical synthesis utilizing minimum
amounts of the simplest available reactants under low-en-
ergy conditions (i.e., moderate temperatures and high hu-
midity). The methodology is based on promoting reactivity
in static mixtures of suitable reactants, typically mineral-
like metal oxides or carbonates, by exposure to high relative
humidity (RH) and/or addition of catalytic or structure-

Co(II)-based zeolitic imidazolate frameworks (ZIFs),18-20
and zirconium-based UiO systems.2!

Solid-state NMR (SSNMR) spectroscopy is a powerful
technique for providing molecular-level information on the
structure and dynamics of solids. It is well-suited to studies
of both ordered and disordered materials,22-2¢ providing
valuable information on short-range order. NMR-enhanced
crystallography combines information on local structure
(SSNMR) with details on long-range order (powder X-ray
diffraction, PXRD) for elucidating structures of solids.2>2¢
While SSNMR has been used to study crystalline or amor-
phous MOFs and guest inclusion,?7-38 there have been rela-
tively few reports of the elucidation of the full structure of
MOF using NMR.3940 Importantly, the role of NMR spectros-
copy in structural characterization of new organic or metal-
organic materials is typically limited to quantification of the
contents of the asymmetric unit, specifically determination
of Z' (i.e, the number of molecules in the asymmetric
unit).41-45

Whereas the principal goal of AA is minimalistic synthe-
sis, here we show that it also offers an opportunity to



discover new open-framework materials. We have used
multinuclear SSNMR to guide PXRD structure solution for a
novel open-framework ZIF (1) of diamondoid (dia) topol-
ogy, discovered while investigating an AA synthesis of ZIFs
from CdO and 2-methylimidazole (HMeIm, Scheme 1). The
role of SSNMR in this process is much more active than typ-
ically encountered, as it provided a direct way to spectro-
scopically determine the coordination geometry of the
framework nodes.
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Scheme 1. Accelerated aging (AA) reactivity of CdO and
HMelm in the presence of catalytic amounts (4 mol% with re-
spect to the metal) of selected ammonium salts leads to the for-
mation of a novel dia-topology phase (1), whose structural
characterization was enabled by NMR-enhanced crystallog-
raphy. The dia-phase 1 was either the final product (with
NH4NOs as the AA additive) or an intermediate towards yqt1-
Cd(Melm): framework (CCDC code GUPBO]J) (with (NH4)2SO4
or HCafHSO4 as an additive).

The discovery of 1 is notable, as the Cd(Melm)2 system is
well-investigated, with several MOFs of SOD, MER, yqt1, ict,
and RHO topologies reported since 2010.46-48 As direct
structural solution of 1 from PXRD data* was complicated
by an unexpected and unusual 1:3 ratio of metal to ligand,
its discovery and structural characterization followed this
series of steps: (i) discovery of the new phase and evalua-
tion of metal: HMeIm ratio using PXRD analysis, (ii) estab-
lishing correlations between the Cd chemical shift (CS) ten-
sor parameters and Cd coordination environments via 111Cd
SSNMR of reference materials, (iif) determination of the
Cd?* coordination environment in 1 via 111Cd SSNMR, (iv)
examination of HMelm speciation by multinuclear (1H, 13C,
and *N) SSNMR of 1, and (v) NMR-directed structural solu-
tion and refinement of the PXRD data.

Experimental details

Reagents. Cadmium oxide (CdO), 2-methylimidazole
(HMelm), imidazole (HIm), ammonium nitrate (NH4NO3),
and ammonium sulphate ((NH4)25S04) were purchased from
Sigma-Aldrich and used without further purification. Caf-
feinium hydrogensulfate (HCafHSO.) was synthesized
based on a previously described procedure.20

Accelerated Aging (AA). In a typical reaction, the reactants
were milled on a one-gram scale in the pre-determined stoi-
chiometric ratio using a Retsch MM400 ball mill to produce
a homogeneous mixture. Milling was done for 5 minutes at
30 Hz, using a 10 mL volume stainless steel milling jar
equipped with two 7 mm diameter (1.3 g weight each)
stainless steel balls. The resulting mixtures were analyzed

by PXRD, and placed in an acrylic hydration chamber main-
tained at 100% RH and 45 °C. Progress of AA reactions was
followed by periodically removing a small fraction of each
sample for analysis by PXRD. Samples in which there was no
remaining CdO and for which the product consisted of one
pure crystalline product were washed in MeOH overnight
and dried in vacuo at 80 °C overnight prior to further solid-
state analysis (PXRD, TGA, FTIR-ATR).

Synthesis of dia-Cd(Melm)z-HMelm (1): A 1:3 stoichio-
metric mixture of CdO (2 mmol, 0.257 g) and HMelm (6
mmol, 0.493 g) was prepared by milling the components to-
gether for 5 minutes in the presence of NH4NO3 (0.08 mmol,
6.4 mg, 4mol% with respect to CdO). The resulting mixture
was then placed in an incubator at 45 °C and 100% RH for 4
days, after which PXRD indicated complete disappearance
of CdO. The product was further analyzed by TGA, FTIR, and
ssNMR.

Synthesis of dia-Cd(Im)z (2): A 1:2 stoichiometric mixture
of CdO (0.51 g) and HIm (0.55 g) was milled in the presence
of HCafHSO4 in a 10 mL stainless steel milling jar with one
7 mm diameter (1.3 g weight) stainless steel milling ball for
5 minutes at 30 Hz. The reaction mixture was subsequently
aged at 45 °C and 100% RH for 4 days. The resulting off-
white product was washed in MeOH and dried in vacuo at
80 °C before analysis.

Synthesis of yqt1-Cd(Melm): (3): A 1:2 stoichiometric mix-
ture of CdO (0.51 g) and HMelm (0.66 g) were milled in the
presence of HCafHSO4 in a 10 mL stainless steel milling jar
with one 7 mm diameter (1.3 g weight) stainless steel mill-
ing ball for 5 minutes at 30 Hz. The reaction mixture was
subsequently aged at 45 °C and 100% RH for 2 days. The
resulting off-white product was washed in MeOH and dried
in vacuo at 80 °C before analysis.

Synthesis of Cd(HIm)s:3Hz0 (4): A sample of 2 was aged in
CO2z atmosphere at 45 °C and 100% RH for 5 days. The re-
sulting off-white product was washed in MeOH and dried in
vacuo at 80 °C before analysis.

Mechanochemistry: Following the initial discovery via accel-
erated aging, 1 was subsequently also synthesized by a tar-
geted exploration of different mechanochemical reaction
conditions, eventually finding that it can also be obtained by
milling of Cd(OH)2 and HMelm at elevated temperature (60
°C), using an in-house modified Form-Tech Scientific ball
mill. For this purpose, a 1:3 stoichiometric mixture of
Cd(OH): (146 mg, 1 mmol) and HMelm (246 mg, 3 mmol)
was milled in a 15 mL volume stainless steel milling jar
along with two stainless steel balls of 7 mm diameter (1.3 g
each) for 90 minutes, at a frequency of 30 Hz and with jar
temperature maintained at 60 °C using an electronically-
controlled Peltier-based thermostat. After milling, the prod-
uct was washed briefly with 10 mL water on a vacuum fun-
nel. Rietveld analysis indicated the product after washing
and evacuation contained small amounts (ca. 3% by weight)
of Cd(OH)z, which was included in the final refinement (Fig-
ure 5a).

Powder X-ray Diffraction. PXRD patterns were collected us-
ing either a Bruker D2 Phaser benchtop diffractometer or a
Bruker D8 Discovery diffractometer. Both diffractometers
are equipped with CuK. (A = 1.54056 A) sources operating
at a power setting of 30 kVand 10 mA (D2 Phaser) or 40 kV



and 40 mA (D8 Discovery). Powder patterns were collected
in the range of 260 = 4° to 40°. Analyses of PXRD patterns
were done using DASH 3.3.6, CrystalDiffract 6.7.1, and Pan-
alytical X'Pert HighScore software packages.

Fourier-transform infrared total attenuated reflection (FTIR-
ATR) spectroscopy. FTIR-ATR spectra were collected in the
solid state using a Bruker Vertex 70 FTIR-ATR spectrometer
in the range of 400 cm to 4000 cm . FTIR spectra were an-
alysed using Bruker OPUS software.

Solid-State NMR (SSNMR) spectroscopy. All SSNMR experi-
ments were conducted on a Varian Infinity Plus console
with an Oxford 9.4 T (vo(*H) = 400 MHz, vo(11Cd) = 84.86
MHz, vo(*3C) = 100.58 MHz, vo(*N) = 28.91 MHz) wide-bore
magnet. Samples were finely ground with a mortar and pes-
tle and packed into either 4 mm outer diameter (0.d.) zirco-
nia rotors (1H, 13C, 111Cd MAS NMR experiments) or 5 mm
o.d. glass tubes (14N static NMR experiments). Spectra were
processed using the NUTS program from Acorn software
and analytical simulations were performed using the WSol-
ids50 software package. Uncertainties in the 111Cd CS tensor
parameters were estimated through bidirectional variation
of parameters and visually comparing the resulting simu-
lated and experimental spectra.

IH MAS NMR. Experiments were conducted on a Var-
ian/Chemagnetics 4 mm HX MAS probe. A Bloch decay pulse
sequence with calibrated m/2 pulse widths of 3.56 us (vi =
70 kHz) was used for all experiments, which were con-
ducted under MAS (viot = 16 kHz). 4 K of points were col-
lected with a dwell time of 6.67 ps (spectral width of 150
kHz). The recycle delays were calibrated for each sample to
maximize S/N and are shown in Table S1. Peaks were ref-
erenced to TMS using adamantane as a secondary reference
(8iso = 1.87 ppm).

1H-13C CP/MAS NMR. 13C SSNMR experiments were con-
ducted on the same spectrometer and probe using the vari-
able-amplitude cross polarization (VACP) pulse sequence
under MAS conditions>! (vt = 10 kHz). Optimized contact
times and recycle delays are shown in Table S2. The
n/2(*H) pulse width was 7.4 ps. The spin locking powers
were 34 kHz for 'H and 24 kHz for 13C. TPPM !H decoupling
was used, with vz = 46 kHz. 8 K of points were collected with
a dwell time of 16.67 ps (spectral width of 60 kHz). Peaks
were referenced to TMS using adamantane as a secondary
reference (8iso = 38.57 ppm).

1H-11Cd CP/MAS and CP static NMR. 111Cd SSNMR experi-
ments were conducted using the variable-amplitude cross
polarization (VACP) pulse sequence under both MAS (viot =
5 kHz) and static conditions. Optimized contact times and
recycle delays are shown in Table S3. The n/2(*H) pulse
width was 3.5 ps. The spinning locking powers were 52 kHz
for 'H and 42 kHz for 111Cd. TPPM 'H decoupling was used,
with vz = 58 kHz. 2 K points were collected with a dwell time
of 20 ps (spectral width of 50 kHz). Peaks were referenced
to Cd[Cl04]2:6H20 using Cd[NOs]2-4H:0 as a secondary ref-
erence (8iso = -100 ppm). While 113Cd (n.a. = 12.22%, y = -
9.487 MHz/T) is usually preferred over 111Cd (n.a. = 12.80
%, Y = -9.069 MHz/T) for NMR experiments, 113Cd spectra
acquired at 9.4 T in Windsor are subject to interfering, semi-
coherent signals from local FM radio stations. For this rea-
son, 111Cd was chosen as the target nuclide, without incur-
ring any significant losses in signal-to-noise.

1H-1#N BRAIN-CP/WURST-CPMG. *N SSNMR experiments
were conducted using the Broadband Adiabatic INversion
Cross Polarization pulse sequence coupled with a WURST-
CPMG echo train (BRAIN-CP/WURST-CPMG).52-55 A 4.9 ps
(51 kHz) m/2 excitation pulse was used on the 'H channel
and 45 kHz of spin-locking power was applied on both chan-
nels for the optimized contact time. The WURST spin-lock-
ing pulse was swept over 1000 kHz on the “N channel. The
CPMG refocusing portion of the sequence used 50 ps
WURST-80 pulses, with vi1 = 28 kHz and 1000 kHz sweep
ranges. The spectral width was 2000 kHz (0.5 ps dwell
time). The acquisition period of a single echo was 100
points (50 ps). Since the excitation bandwidths associated
with the WURST pulses are insufficient to excite the entire
breadth of the 1*N powder patterns, the full 1#N NMR spectra
were acquired using the frequency-stepped or variable-off-
set cumulative spectrum (VOCS) technique,>¢-58 where a se-
ries of subspectra were acquired with transmitter steps of
100 kHz over the low frequency half of the Pake-like dou-
blet. The subspectra were processed by co-addition of the
echoes in the FID into a single echo, application of 20 kHz of
Gaussian broadening, Fourier transformation, and subse-
quent magnitude calculation. The subspectra were then co-
added and mirrored about the *N Larmor frequency to give
the total spectrum.53,59-61

Structure Refinement. The PXRD pattern of 1 was indexed
and the unit cell parameters were determined using the
McMaille software package.62 The initial structure solution
was performed using DASH® and refined using
EXPGUI/GSAS.6465

Results and Discussion

Brief (five minutes) milling of a solid 1:2 stoichiometric
mixture of CdO and HMelIm did not induce any reaction, as
evidenced by PXRD (Figure S7, ESI). However, PXRD analy-
sis after 12 days at 100% relative humidity (RH) and 45 °C
revealed partial conversion of CdO into 1 (Figure 1A).
Bragg reflections of 1 did not match any cadmium- or other
transition metal-based imidazolate structure in the Cam-
bridge Structural Database (CSD). In an attempt to achieve
faster, complete conversion into 1, aging was repeated in
the presence of a catalytic protic salt (4 mol% with respect
to CdO) such as NH4NOs3, (NH4)2S0s4, or caffeinium hydro-
gensulfate (HCafHSO4). The use of these salts to facilitate AA
syntheses of MOFs was previously demonstrated, and ex-
plained via a proton transfer mechanism involving interme-
diate imidazolium species.17.66 With NH4NO3, PXRD analysis
again revealed the formation of 1, with X-ray reflections of
residual CdO still observable after 7 days (Figure 1B). How-
ever, with (NH4)2S04 and HCafHSO4, the formation of 1 was
followed by appearance of the known Cd(Melm): frame-
work with a yqt1-topology (CCDC code GUPBO]) (Figure 1,
also S9). After 7 days, both reaction systems quantitatively
converted to yqt1-Cd(Melm)z, as shown by PXRD and ther-
mogravimetric analysis (TGA, Figure S11).

The persistence of CdO in AA reactions leading to 1 sug-
gests that the reactant ratio should be different from the 1:2
that was expected for a typical Cd(Melm): framework. Re-
peating the reaction with NH4NO3s as the catalytic additive,
but using different stoichiometric ratios of reactants re-
vealed that complete conversion of CdO was achieved with
a CdO:HMelm stoichiometric ratio of 1:3 or higher (Figures



1C, D). Thermogravimetric analysis of a washed sample in
air (Figure S12) indicated that 1 consists of Cd and MeIm
species in a 1:3 ratio, suggesting the formula
Cd(Melm):-HMelm. Indeed, we subsequently found that
the material can also be synthesized mechanochemically, by
milling Cd(OH)2 and HMelm at an elevated temperature (60
°C) in a 1:3 ratio, which further supports the formula
Cd(Melm).-HMelIm. The presence of neutral HMelm in 1
was confirmed by FTIR-ATR, which exhibited absorption
bands resembling both solid HMeIm and yqt1-Cd(Melm):
(Figure S15).

As all attempts to obtain single crystals of 1 from solution
have failed, we targeted structure solution from PXRD data.
The unusual 1:3 metal:ligand ratio required us to consider
two structural models for 1: (i) an open ZIF consisting of
tetrahedral Cd2* nodes bridged by MeIm- anions, with addi-
tional HMelIm included as a guest, or (ii) a ZIF with addi-
tional HMelm coordinated to Cd?+ along with Melm-, lead-
ing to a 5- or 6-coordinate Cd?* environment. To resolve
this, we turned to 111Cd SSNMR, as the Cd CS tensor is highly
sensitive to the coordination number of the metal and na-
ture of coordinated ligands.67.68
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Figure 1. Selected PXRD patterns for AA reactions of CdO and
HMelm in different ratios: (A) 1:2 ratio, aged for 12 days; (B)
1:2 ratio, aged for 7 day in presence of NH4NOs3; (C) 1:6 ratio,
aged in presence of NH4NOs for 6 days; (D) 1:3 ratio, aged in
presence of NH4NOs for 6 days; (E) 1:2 ratio, aged 1 day with
(NH4)2S04; (F) 1:2 ratio, aged with (NH4)2S04 for 7 days; (G)

simulated pattern for yqt1-Cd(MeIlm): (CSD code GUPBOJ);
(H) simulated pattern for 1, and (I) CdO reactant. X-ray reflec-
tions corresponding to the dia-phase are indicated with an ar-
row ({). Reflections corresponding to unreacted CdO are indi-
cated with an asterisk (*).

In addition to previous reports of the study of MOF materi-
als using 113Cd SSNMR, %70 two studies of systems analogous
to those herein have been reported: one on the cadmium an-
alogue of SOD-topology Zn(Melm): (ZIF-8), consisting of
metal nodes tetrahedrally coordinated by Melm-,7* which
has a 6iso(113Cd) = 408.3 ppm, and one on the discrete com-
plexes Cd(HIm)s(NOs3)2 and Cd(HIm)s(OH)NO3-4H20, which
feature octahedral Cd sites with 8iso(113Cd) = 238 and 272
ppm, respectively.”?

To gain clear insight into correlations between Cd coordi-
nation environment and CS tensors, we conducted 111Cd
SSNMR experiments on selected four- and six-coordinate
systems with nitrogen-donor ligands: the imidazolate
frameworks dia-Cd(Im): (2, CCDC BAYQAU) and yqt1-
Cd(Melm): (3),%64” both having four-coordinate Cd?* sites,
and the carbonate [Cd(HIm)e]2*[CO3]2--3H.0 (4, CCDC
IMCDCP01)73 which has a six-coordinate octahedral Cd2*
site (Figures S16-S18, see Experimental for details on sam-
ple preparation).

1H-111Cd cross-polarization (CP) experiments were con-
ducted under both magic-angle spinning (MAS) and static
conditions. MAS experiments allow for the accurate deter-
mination of 8iso(111Cd); however, since the Cd CS aniso-
tropies are relatively small, they are challenging to accu-
rately measure from some of the MAS NMR spectra (Figure
2). Hence, static H-111Cd CP experiments were conducted to
obtain spectra that provide Cd CS tensor parameters (Table
1) and further information on the geometries of Cd environ-
ments. The 111Cd MAS NMR spectrum of 2 (Figure 2A) re-
veals 8iso(111Cd) = 436(1) ppm and a clearly resolved nonet
coupling pattern corresponding to indirect spin-spin cou-
pling of 111Cd to four N (spin I = 1) nuclei (2NI + 1 =9
peaks, intensity ratio: 1:4:10:16:19:16:10:4:1), with
1J(111Cd, 14N) = 140(5) Hz. The value of &iso(111Cd) is con-
sistent with 8iso(113Cd) values reported by Baxter et al.,’* and
Ellis et al.’* for four-coordinate Cd?* with different geome-
tries and mixed ligand types (Figure S3). The Cd environ-
ment in 2 is non-tetrahedral, as indicated by the large span
(2 =225 ppm).

The MAS spectrum of 3 (Figure 2B) is more complex and
appears to consist of two patterns arising from magnetically
distinct 11Cd nuclei, with 8is0(*1'Cd) of 437 and 417 ppm,
both consistent with four-coordinate CdN4 environments.
The signal at 437 ppm has a resolved nonet pattern
(YJ(*11Cd, #N) = 125(5) Hz), and is much more intense than
the peak at 417 ppm, which lacks resolvable fine structure.
However, the static spectrum of 3 reveals three overlapping
patterns of magnetically distinct Cd sites, two of which have
virtually identical 8iso(111Cd) of 437 ppm (sites I and III, Ta-
ble 1), but disparate CS tensor parameters; this almost cer-
tainly accounts for the broadening and increased intensity
of the signal at 437 ppm in the MAS spectra, representing a
rare case where distinct patterns are more easily resolved
using static SSNMR.

Table 1. Experimentally determined cadmium chemical shift tensor parameters.



. Siso? Qb 8114 8224 8334
Compound Formula Site c
(ppm) (ppm) (ppm)  (ppm) (ppm)
dia-Cd(Melm):-HMeIm - 441(1) 40(3) 0.0(2) 461(2) 441(3) 421(2)
dia-Cd(Im): - 436(2) 225(5) -0.19(2) 556(3) 422(3) 331(3)
3 yqt1-Cd(Melm): I 437(1)  85(5) ~0.68(2) 489(3) 418(2)  404(2)
I 417(3)  280(5)  -0.51(2) 589(4) 354(4)  308(4)
m o 437(1) 200(5)  -0.40(2) 550(3) 41020 350(2)
4 [Cd(HIm)e]2*[COs]2- - 251(2)  42(2) 055(2)  268(2) 259(2)  226(2)

aIsotropic shift: Siso = (811 + 622 + 633)/3; P Span: Q = 811 - 833; < Skew: k = 3(822 - iso) /.

4 The principal components of the chemical shift tensor are defined as 811 = 822 = §33. While the MAS spectra are useful for deter-
mining the values of 8iso(111Cd), the full sets of tensor parameters are determined more accurately from the static spectra (see text
for details). Experimental uncertainties in the last digit(s) for each parameter are indicated in parentheses and were estimated using
bidirectional variation of the Herzfeld-Berger convention parameters (i.e., diso, {}, and x) in the simulation software. The uncertainties
in the principal components were calculated using the rules for the propagation of uncertainties.
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Figure 2. Experimental 1H-111Cd CP NMR spectra acquired un-
der MAS (blue) and static (black) conditions, with simulations
of the static spectra (red) for (A) 2, (B) 3, and (C) 4. The signals

corresponding to the different Cd environments in 3 are indi-
cated in the figure with site labels (I, II, and III).

These observations are consistent with the structure of 3,
which has two distinct Cd?* environments, one of which has
a disordered Melm- ligand and a distorted tetrahedral ge-
ometry. Hence, the two patterns with large spans (2 = 200
ppm and 280 ppm) correspond to Cd?* sites with two possi-
ble ligand orientations. The pattern with Q =85 ppm (site I,
Table 1) corresponds to the Cd?* site with a less distorted
tetrahedral environment and minimal disorder. A deconvo-
lution of the static spectrum is given in Figure S4.

The 111Cd MAS spectrum of 4 (Figure 2C) has a single broad
peak with 8iso(111Cd) = 251 ppm, consistent with a six-coor-
dinate CdN¢environment. While a smaller span is indicative
of near-octahedral symmetry, the expected coupling pat-
tern (13 signals due to coupling to six 14N nuclei, 2NI+1 =13
peaks, intensity ratio: 1: 6:21:50:90:126:141:126:90
: 50:21:6:1) is not seen, potentially due to a distribution of
1J(14N, 111Cd) coupling constants and/or efficient transverse
relaxation (T2) of 111Cd caused by scalar relaxation of the
second kind.”>

The information on Cd CS tensors for 2-4 (Table 1) and cor-
responding data from the literature enabled the identifica-
tion of the appropriate structural model for 1. The 111Cd
MAS NMR spectrum of 1 (Figure 3A) reveals only one signal
(8iso(112Cd) = 441 ppm), consistent with one crystallograph-
ically unique Cd?* site in a four-coordinate environment.
This suggests that 1 is a Cd(Melm): framework with in-
cluded HMelm guests. The broad MAS spectrum with no re-
solved J-couplings is indicative of disorder, further substan-
tiated by the 111Cd static CP spectrum and simulation (Fig-
ures 3B,C), which do not show any clear discontinuities.
The disorder may be caused by HMelm guests within the
MOF pores assuming random orientations; hence, further
multinuclear SSNMR experiments were done to confirm
HMelm inclusion in the pores.
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Figure 3. Experimental 1H-111Cd CP NMR spectra under (A)
MAS (vrot = 5 kHz) and (B) static conditions for compound 1,

with an accompanying simulation of the static spectrum in (C).

The 'H-13C CP/MAS spectrum of bulk HMelm exhibits
four signals (Figure 4A), corresponding to the four distinct
carbon environments. The corresponding spectrum of 1 has
many signals matching those of bulk HMelm, suggesting the
presence of unbound HMelm in 1. This is supported by the
1H MAS NMR spectrum of 1 (Figure 4B), which displays a
signal at ca. 13.3 ppm, consistent with the N-H proton of
neutral HMeIm. The presence of unbound HMelm was also
confirmed using 'H-1N BRAIN-CP NMR experiments (Fig-
ures S5-S6).
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Figure 4. (A) 1H-13C CP/MAS (vrot = 10 kHz) spectra of bulk
HMelm (green) and 1 (blue), along with the numbering scheme
for the imidazole ring atoms. Chemical shift ranges correspond-
ing to the different carbon environments in the MeIlm rings are
shown in the insets, and spinning sidebands are indicated with
the *' symbol. (B) 1H MAS spectrum of 1 (vrot = 16 kHz).

The extensive framework- and guest-related information
provided by SSNMR enabled the choice of a suitable model
for structural characterization of 1 from PXRD data. Index-
ing the PXRD pattern of 1 using McMaille%? revealed an or-
thorhombic unit cell witha = 10.0807(2)A,b =
16.7415(3) A, and ¢ = 9.4264(1) A. Intensity statistics and
cell volume considerations suggested ImaZ as the most
likely space group. While structure solution by
DASH®3 produced a model with symmetry-imposed disor-
der, we also repeated the structure determination using
space group Pna2i, which is the maximal subgroup of
ImaZ that allows the ligands to reside in general positions.
This led to a slightly better fit of the structure to the experi-
mental data. Even though the lower-symmetry model ap-
pears more likely, it is important to note that some degree
of disorder in the orientation of the coordinated imidazole
rings cannot be excluded. The crystal structure after suc-
cessful refinement with EXPGUI/GSAS¢465 revealed a dis-
torted diamondoid (dia) topology Cd(Melm). network
(Figure 5a,b).
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Figure 5. (A) Final Rietveld fit and (B) fragment of the crystal
structure of dia-Cd(Melm)z-HMelm (1), viewed down the
crystallographic c-axis. (C) Fragment of a single hydrogen-
bonded chain of HMelm guests in a channel of 1, propagating
along the crystallographic c-axis.



The dia-Cd(Melm): framework exhibits channels parallel
to the crystallographic c-axis, that are populated
by HMeIm molecules arranged into one-dimensional chan-
nels through short N-:-N contacts of 2.67 A, which is indica-
tive of polymerization through N-H---N hydrogen bonds
(Figure 5c). The structure of the hydrogen-bonded chains
resembles that found in crystalline solid HMelm, with anti-
parallel orientation of 2-methyl substituents on neighbor-
ing molecules, and a short H-H:::N hydrogen bond (N-:-N
distance of ca. 2.82 A).76 The role of HMeIm guest in the for-
mation and retention of the dia-Cd(Melm).-HMelm struc-
ture was further explored by conducting an AA reaction of
CdO and HMelm in a 1:3 stoichiometric ratio in the pres-
ence of (NH4)2S04 at 45 °C and 100% RH. This reaction led
to quantitative formation of 1 (Figure S9), revealing that
the formation of the open dia-framework is induced and
stabilized by excess HMelm, independent of the salt addi-
tive used in the reaction. While dia-Cd(Melm).-HMeIlm was
stable upon storage for months, heating dia-
Cd(MeIm)2-HMelm to 200 °C was found to lead to loss of
HMelm guest by sublimation, yielding yqt1-Cd(Melm)..

Conclusions

In summary, we have shown how solvent-free accelerated
aging, coupled with NMR-enhanced crystallography, can al-
low for the discovery, structural characterization, and de-
velopment of a route to synthesize a novel open MOF. The
discovery of a new material in a well-studied system such
as Cd(Melm)z*¢47 highlights the important role that reactiv-
ity under solvent-free, mild conditions can play in establish-
ing phase landscapes of MOFs, while at the same time
providing the first example of a new, structurally character-
ized MOF obtained by accelerated aging. Importantly, while
the new dia-topology phase was discovered using acceler-
ated aging, recognizing its existence enabled us to conduct
a subsequent targeted synthesis of the same material using
mechanochemistry. Whereas solid-state NMR spectroscopy
has been used to direct structural characterization of sub-
stances, typically by indicating the content of asymmetric
unit (Z"), the work herein highlights a more active role of
solid-state NMR in driving structural characterization of the
herein discovered new member of the Cd(Melm): frame-
work family, based on direct spectroscopic elucidation of
the coordination geometry around the framework nodes.
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