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Abstract: 

Solid-state mechanochemistry revealed a novel polymorph of the mercury(II) imidazolate 
framework, based on square-grid (sql) topology layers. Reaction monitoring and periodic density 
functional theory calculations show that the sql-structure is of higher stability than the previously 
reported three-dimensional structure, with the unexpected stabilization of a lower dimensionality 
structure explained by contributions of weak interactions, which include short C-H···Hg contacts. 
 
Main text: 

Metal-organic frameworks (MOFs)1 are one of the most active, prolific areas of materials 
chemistry, due to a modular design that permits rational incorporation of diverse metal ions and 
suitably functionalized organic linkers into functional solid-state structures.2 While a significant 
amount of effort has been put into developing materials with improved properties,3 fundamental 
and systematic studies of how the stability and topology of MOFs are affected by component 
choice and structure have remained less developed.4,5 Popular MOF designs have mostly focused 
on lighter main group (e.g. Li,6 Mg,7 Al8) and first row transition metals9-13 with the exception of 
NbOFFIVE, UiO- and NU-type MOFs based on Nb, Zr or Hf.14-17 Although recent work started 
exploring the benefits of heavier elements Ce, Th, U or Np18-20 as framework nodes, properties 
and formation of MOFs with heavier, 6th period members of the periodic table remains largely 
unexplored.21 Consequently, it is unknown to what extent such heavy elements are compatible 
with, and can bring novelty to, MOF designs. This is particularly relevant for topologically-flexible 
MOFs, such as zeolitic imidazolate frameworks (ZIFs)22 and other metal azolates,23 that are prone 
to polymorphism and can adopt a wide range of topologies depending on metal and linker choice.24 
Mercury (as Hg2+) is particularly suitable for investigating the effect of heavy elements in ZIFs, as 
it is the heaviest accessible homologue of Zn2+, the most extensively used node in ZIF design.22-24 
As ZIFs with Cd2+ have also been studied,25 using a Hg2+ node offers a unique opportunity to 
explore MOF formation across an entire series of homologous transition metals. While MOFs of 
Hg2+ are not likely to be of practical value, due to toxicity of mercury, we see studies of such 
materials as necessary to fully understand the scope and limitations of MOF designs.  
 To date, there has been one report of a mercury-based imidazolate framework, a 
diamondoid (dia) topology mercury(II) imidazolate Hg(Im)2.26,27 The framework is isostructural 
to its cadmium analogue, both of which were made by precipitation from aqueous solution and 
structurally characterized from powder X-ray diffraction (PXRD) data (Fig. 1a) by Masciocchi et 
al. In 2006, Fernández-Bertrán et al. attempted the synthesis of Hg(Im)2 mechanochemically,28,29 
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from HgO and imidazole (HIm), and established that manual grinding led to partial formation of 
a material with hexagonal symmetry, distinct from dia-Hg(Im)2. 
 

 
Fig. 1. (a) View of the crystal structure of dia-Hg(Im)2 and (b) herein explored mechanochemical 
reaction. The symbol for mechanochemical reaction conditions has been adopted from ref. 28. 
 
 Intrigued by this potential difference in mechanochemical and solution-based routes to 
Hg(Im)2, we re-investigated the mechanochemical reaction by ball milling HgO and HIm in a 
respective 1:2 stoichiometric ratio (Fig. 1b),‡ a methodology previously shown highly successful 
in making zinc ZIFs.24 Milling was performed in a 25 mL Teflon jar, using one ZrO2 ball (3.25 
grams weight, see ESI). Chemical reaction upon milling was evident by change in color of the 
reaction mixture from orange (due to HgO) to colorless. After 30 min milling, PXRD analysis 
revealed complete absence of Bragg reflections of reactants, indicating complete conversion (Fig. 

2a). Unexpectedly, the product exhibited X-ray reflections that did not match either the dia-
Hg(Im)2 structure or the product of Fernández-Bertrán et al. 
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Fig. 2. Comparison of selected PXRD patterns for the reactions of HgO and HIm: (a) after 30 min 
neat milling; (b) after 30 min LAG with MeOH; (c) after 18 h aging at 100% RH; (d) after 30 
seconds LAG with MeOH; (e) after 1.5 h aging at 100% RH; (f) simulated for dia-Hg(Im)2 (CSD 
BAYPUN); (g) simulated for sql-Hg(Im)2 and measured for: (h) HIm; (i) HgO. 
 
 The reaction was repeated by liquid-assisted grinding (LAG),30 a method in which the 
reaction progress is accelerated and directed by small amounts of a liquid. The outcome of the 
mechanochemical reaction did not change upon LAG with different liquids, including methanol 
(MeOH, Fig. 2b), N,N-dimethylformamide (DMF), acetonitrile (MeCN) or water (see ESI). 
Thermogravimetric analysis (TGA) of the product revealed no weight loss until the decomposition 
temperature of ca. 200 oC, indicating that the material does not contain guest solvent.  
 Attempts to prepare the known dia-Hg(Im)2 by following the reported solution synthesis 
were unsuccessful, yielding a microcrystalline powder with a PXRD pattern identical to that of the 
mechanochemically made material. The PXRD pattern of mechanochemically prepared material 
was readily indexed to an orthorhombic unit cell in space group P21212, with a=9.4089(4) Å, 
b=7.6414(3) Å, c=5.3625(2) Å, and V=385.55(3) Å3. Structure solution and Rietveld refinement 
revealed a polymorph of dia-Hg(Im)2, based on two-dimensional (2D) sheets of composition 
Hg(Im)2, with a square-grid (sql) topology (Fig. 3a,b). In contrast to reported dia-Hg(Im)2, where 
Hg2+ adopts a roughly tetrahedral coordination with N-Hg-N angles from 98.3o-117.7o and Hg-N 
bonds from 2.18 Å-2.32 Å, the geometry of Hg2+ in sql-Hg(Im)2 is highly distorted, best described 
as "see-saw" (Fig. 3c). 
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Fig. 3. (a) Final Rietveld refinement fit for the structure of sql-Hg(Im)2: experimental PXRD 
pattern is shown in blue, calculated pattern in red, and difference curve in grey. (b) view of a single 
layer of sql-Hg(Im)2 along the crystallographic c-axis. Comparison of the coordination geometries 
of the metal node in: (c) sql-Hg(Im)2 and (d) dia-Hg(Im)2, with hydrogen atoms omitted for 
clarity. 
 
The environment of each Hg2+ is defined by two shorter (2.18(2) Å) Hg-N bonds at an angle of 
156.1(6)o, and a pair of longer ones (2.31(2) Å), at an angle of 104.6(7)o (Fig. 3d). In contrast to 
other reported sql-topology ZIFs Ni(Im)2 (CSD ALIDUU)31 and zinc benzimidazolate (CSD 
KOLYAM),32 where neighboring layers arrange in an offset way, the sheets in sql-Hg(Im)2 stack 
directly on top of each other (see ESI). The coordination of Hg2+ in sql-Hg(Im)2 is consistent with 
its 199Hg solid-state nuclear magnetic resonance (ssNMR) spectroscopy, revealing a powder 
pattern33 indicative of axial symmetry, very different from the one seen in dia-Cd(Im)2 by 113Cd 
ssNMR (see ESI).  
 We were surprised that all explored mechanochemical and solution-based experiments 
gave sql-Hg(Im)2, without any evidence of dia-Hg(Im)2 or the hexagonal phase reported by 
Fernández-Bertrán.29 In contrast, the dia-Cd(Im)2 phase reported by Masciocchi et al. was readily 
reproduced (see ESI). In an attempt to reproduce any of the reported Hg(Im)2 phases, we explored 
a milder synthetic route, by aging34 a 1:2 stoichiometric mixture of HgO and HIm at 100% relative 
humidity (RH). Real-time PXRD monitoring35 (Fig. 4a) revealed X-ray reflections of dia-Hg(Im)2 
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(Fig. 2e,c) and Rietveld analysis of the in situ data revealed that content of dia-Hg(Im)2 increases 
for ca. 90 minutes, after which it diminishes along with the appearance of sql-Hg(Im)2 (Fig. 4b). 
After 140 min, the PXRD pattern exhibits only sql-Hg(Im)2. 
 

 
Fig. 4. Real-time monitoring of the aging reaction of HgO and HIm by PXRD: (a) time-resolved 
diffractogram, with diffraction patterns of selected phases shown on top, and Bragg reflection of 
CeO2 standard labeled with '*'; (b) reaction profile based on Rietveld fitting, demonstrating 
changes in amount of HgO, dia- and sql-Hg(Im)2. Quantitative kinetics analysis was hindered by 
preferred orientation in the static reaction mixture. 
 
 Initial, short-lived appearance of dia-Hg(Im)2 in aging led us to explore the milling reaction 
of HgO and HIm at short reaction times. Indeed, PXRD analysis after 30 seconds LAG with MeOH 
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revealed the appearance of dia-Hg(Im)2 along with unreacted HgO and HIm (Fig. 2d). After 1 
minute, the reaction mixture exhibits only reflections of sql-Hg(Im)2. 
 Calculated densities of dia- and sql-Hg(Im)2 are remarkably similar, preventing the 
deduction of relative stabilities. However, the dia-Hg(Im)2→sql-Hg(Im)2 transformation in aging 
and milling indicates that sql-form should be the thermodynamically more stable phase.24 This was 
validated by periodic density functional theory (DFT) calculations, performed in periodic DFT 
code CRYSTAL1736 using the hybrid B3LYP37 functional combined with the Grimme D3 
semiempirical dispersion correction,38 which showed that the sql-form is 10.21 kJ mol-1 lower in 
energy than the dia-one. This  contrasts Zn(Im)2

39 and Cd(Im)2, whose most stable forms exhibit 
three-dimensional (3D) zni- and dia-topologies, respectively.  
 Intrigued by the unexpected difference between our study and previous reports on Hg(Im)2, 
we performed similar calculations for the reported dia-Cd(Im)2 and the hypothetical sql-Cd(Im)2 
structure obtained by DFT optimization of a model obtained by replacing all Hg atoms in sql-
Hg(Im)2 with Cd. In this case, the two structures were found to have very similar energies, sql-
Cd(Im)2 being just 0.39 kJ mol-1 more stable. The improved stability of the dia-structure in 
Cd(Im)2 is consistent with numerous experimental observations of dia-Cd(Im)2. 
 Stabilization of the 2D sql-structure in Hg(Im)2 compared to a more extensively connected 
and interpenetrated 3D dia-framework is unexpected and, we believe, associated to weak 
intermolecular interactions between layers. This is consistent with calculations of relative 
stabilities of dia- and sql-Hg(Im)2 using the B3LYP functional uncorrected for dispersion. Under 
such conditions, stabilities of the two structures are inverted, with the dia-form becoming 7.81 kJ 
mol-1 more stable. Whereas the sql-Hg(Im)2 structure reveals short contacts between neighboring 
layers, readily interpreted as C-H··· and ··· interactions, it also exhibits a short H···Hg contact 
of 3.26(3) Å, not present in the dia-form. Most proposed van der Waals radii for Hg range from 
2.00 to 2.53 Å,40 indicating that this contact might be up to 9% shorter than the sum of van der 
Waals radii of hydrogen (1.25 Å) and mercury. The unique appearance and energetic stability of 
sql-Hg(Im)2, as opposed to its hypothetical sql-Cd(Im)2 analogue, led us to perform Bader’s 
quantum theory of atoms in molecules (QTAIM)41 analysis on the DFT-optimized structures, 
searching for bond critical points (BCPs) as evidence for structure-stabilizing interactions. The 
sql-Hg(Im)2 and Cd(Im)2 structures display a very similar distribution of non-covalent BCPs (see 
ESI), with the exception of one BCP in the vicinity of the Hg atom. This critical point, unique to 
sql-Hg(Im)2, reveals a moderate bonding interaction (0.074 electrons Å-3) between the metal atom 
and the C-H bond of an imidazolate linker from an adjacent metal-organic layer. This BCP is 
coincident with the experimentally noted short H···Hg contact, suggesting its importance for the 
overall stabilization of sql-Hg(Im)2. While this H···Hg contact cannot be interpreted as a 
conventional bond, it is clearly stabilizing, tentatively corresponding to a weak agostic bond.42 
 In summary, a re-investigation of an early report of mechanochemical MOF formation has 
revealed a novel, layered polymorph of a so far unique mercury(II) imidazolate framework. 
Experiment and theory indicate that the layered polymorph is thermodynamically more stable than 
the previously reported interpenetrated dia-framework, evidently due to weak intermolecular 
forces that include previously unreported intermolecular agostic-like C-H···Hg contacts. Such 
stabilization of a layered structure makes a striking contrast between Hg2+ and its congeners Cd2+ 
and Zn2+, whose imidazolates in their most stable form favor 3D frameworks, highlighting the 
potential for differences in MOF formation when using a heavy element compared to its lighter 
congeners. 
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S.1 MATERIALS AND METHODS 
HgO (≥99%) and imidazole (HIm) (≥99%) were purchased from Aldrich. Methanol (MeOH), 
N,N-dimethylformamide (DMF), and acetonitrile (MeCN) were purchased from ACP 
Chemicals. All chemicals were used without further purification. Mercury compounds should 
be treated with rigorous safety precautions due to their toxicity. Care was taken at all times to 
avoid contact with solid, solution, and air‐borne particulate mercury compounds. All reactions, 
equipment, and waste were treated and disposed of properly. 
 
S.1.1 Thermal analysis 

Thermogravimetric analyses (TGA) were performed utilizing 2 mg of sample on a TGA/DSC 
1 system with a sulfur trap attached to avoid release of mercury vapors to the open atmosphere. 
The system was operated on a PC with STARe software. Samples were heated from 25 to 600 
°C at a rate of 10 °C/min under flowing air. The balance and purge flow were 40 mL/min and 
25 mL/min respectively. 
 
S.1.2 Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) patterns were collected using a Bruker D2 Phaser powder 
diffractometer equipped with a Cu-Kα (λ = 1.5418 Å) source and Lynxeye detector. The 
patterns were collected in the angle region between 4° and 40° (2θ) with a step size of 0.05°. 
PXRD patterns used for structure solution-refinement were collected in the angle region 
between 4° and 70° (2θ) with a step size of 0.02° and 6.0 s counting per step. 
 
S.1.3 Structure determination from powder X-ray data 

The PXRD pattern of sql-Hg(Im)2 was indexed using the DASH 3.4.2 program suite1 and the 
DICVOL06 algorithm,2 giving the following unit cell with orthorhombic metric symmetry: a 
= 9.41 Å, b = 7.64 Å, c = 5.36 Å (V = 385.3 Å3). The space group was assigned as P21212. 
From consideration of the density and volume of the unit cell, there are two formula units of 
HgIm2 (Z = 2) in the unit cell. Profile fitting using the Pawley method3 in the TOPAS64 program 
gave a reasonable quality of fit (Rp = 5.74%, Rwp = 8.69%), and refined unit cell parameters of 
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a = 9.4089(4) Å, b = 7.6414(3) Å and c = 5.3625(2) Å. The refined unit cell parameters were 
used in the subsequent structure-solution calculation.  

Structure solution was carried out using the simulated annealing technique in the program 
DASH 3.4.2. The crystal structure was defined by 9 variables: six variables for the imidazolate 
fragment (three positional variables and three orientational variables), and three positional 
variables for the Hg+2 cation. 

The structure solution was then used as the starting model for Rietveld refinement,5 carried 
out in TOPAS6 program. In the Rietveld refinement, standard restraints were applied to bond 
lengths and bond angles, and planar restraints were applied to the imidazolate group. The final 
Rietveld refinement gave a reasonable fit to the powder XRD data (Rp = 7.09%, Rwp = 9.22%).  
 
S.1.4 Solid-state nuclear magnetic resonance (NMR) spectroscopy 

 
All MAS spectra and the static 113Cd powder pattern were acquired on a Varian VNMRS 

(now Agilent, Santa Clara, CA, USA) spectrometer operating at 399.8 MHz for 1H, 100.5 MHz 
for 13C, 89.5 MHz for 199Hg, 88.7 MHz for 113Cd, and 40.5 MHz for 15N using a 4 mm double-
resonance Varian Chemagnetics T3 probe (now Agilent, Santa Clara, CA, USA). 
Approximately 70 mg of sample were center-packed into rotors using either Teflon or boron 
nitride inserts, and spun at between 8 and 15 kHz for MAS. The static 199Hg spectrum of sql-
Hg(Im)2 was acquired on a Varian VNMRS spectrometer operating at 499.9 MHz for 1H and 
89.5 MHz for 199Hg using a 6 mm double-resonance Varian Chemagnetics T3 probe. 

The 13C CPMAS spectrum was acquired in 512 scans under spinning at 8 kHz, using a 
recycle delay of 10 s with a contact time of 4 ms at a 13C rf field of approximately 60 kHz. 
SPINAL-64 decoupling at an rf field of 90 kHz was applied during acquisition. Spectra were 
referenced using the carbonyl carbon signal in glycine at 176.4 ppm with respect to TMS.6 

The 15N CPMAS spectrum of sql-Hg(Im)2 was acquired under spinning at 8 kHz in 7260 
scans, with a contact time of 3 ms at a 15N rf field of approximately 45 kHz. The recycle delay 
was 10 s. SPINAL-64 decoupling at an rf field of 70 kHz was applied during acquisition. 
Spectra were referenced using the nitrogen signal in glycine at 33.4 ppm with respect to liquid 
ammonia.7 

The 199Hg BRAIN-CP/WURST-CPMG8 spectrum of sql-Hg(Im)2 was acquired in 896 
scans using a recycle delay of 8 s. A 4 μs (62.5 kHz) π/2 excitation pulse was used on the 1H 
channel and 40 kHz of spin-locking power was applied on both channels for the optimized 
contact time. The WURST spin-locking pulse of 199Hg was swept over 400 kHz in 6000 points. 
The CPMG refocusing portion of the sequence used 50 μs WURST-80 pulses, with ν1 = 35 
kHz and 800 kHz sweep ranges. The spectral width was 500 kHz (2 μs dwell time). The 
acquisition period of a single echo was 0.56 ms and 29 echoes were acquired in each scan. All 
199Hg spectra were referenced using the isotropic 199Hg chemical shift of mercuric acetate 
at -2495 ppm with respect to Hg(CH3)2.9 

Two 199Hg CPMAS spectra (not shown) were acquired of sql-Hg(Im)2, one under spinning 
at 8 kHz (768 scans) and the other spinning at 10 kHz (2048 scans). In both, a contact time of 
8 ms was used at a 199Hg rf field of approximately 50 kHz. SPINAL-64 decoupling at an rf 
field of 90 kHz was applied during acquisition and the recycle delay was 5 s.  

The 113Cd static spectrum of dia-Cd(Im)2was acquired using cross-polarization at an rf field 
of approximately 50 kHz in 6144 scans using a 5 s recycle delay.  Spectra were referenced to 
Cd(NO3)2 at -102.2 ppm with respect to Cd(ClO4)2·6H2O.10 

1H single-pulse spectra were acquired with spinning at 15 kHz and were referenced to 
adamantane at 1.87 ppm11 with respect to TMS. High resolution 1H spectra were acquired using 
the windowed PMLG-512 sequence with 100 kHz rf (16.3 μs pulses and 1 μs acquisition) for a 
total of 10 ms acquisition in 4 scans (recycle delay of 4 s). The PMLG spectra were referenced 
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and scaled using a spectrum of α-glycine whose signals were referenced to 8.4 ppm and 3.4 
ppm (the center of the CH2 signals) with respect to TMS.13 
 
S.1.5 Fourier-transform infrared attenuated total reflectance (FTIR-ATR) 

spectroscopy 

Infrared spectra were obtained using using a Bruker Alpha FT-IR spectrometer (Bruker Optics 
Ltd., Milton, ON, Canada) decorated by diamond crystal in the range of 4000-450 cm-1 and 
with resolution of 4 cm-1, and are reported in wavenumber (cm-1) units for the most significant 
absorption bands. 
  
 

S.2 SYNTHETIC PROCEDURES 
 
For mechanochemical experiments, reactions were conducted in a Teflon milling jar of 25 mL 
volume, using one 7 mm diameter (weight ~3.2 grams) zirconia ball, and either a Retsch 
MM400 or Retsch MM200 mill operating at 25 Hz. All samples of metal-organic frameworks 
were used without further treatment. 
 
S.2.1 Abbreviations 

HIm = 1H-imidazole; BzIm = 1-Benzylimidazole; MeOH = methanol; DMF = N,N-
dimethylformamide; MeCN = acetonitrile. 
 
S.2.2 Synthesis of the sql-Hg(Im)2 framework by milling 

A solid mixture of HgO (108.3 mg, 0.50 mmol) and HIm (68.1 mg, 1.00 mmol, 1:2 
stoichiometric ratio with respect to total mercury content) were placed in a 25 mL Teflon jar 
along with either 50 μL of MeOH, MeCN, DMF, or no additive, and the reaction mixture was 
milled for a period of 30 minutes. The material was analyzed without further treatment. 
  
S.2.3 Synthesis of the dia–Hg(Im)2 framework by milling 

A solid mixture of HgO (108.3 mg, 0.50 mmol) and HIm (68.1 mg, 1.00 mmol, 1:2 
stoichiometric ratio with respect to total mercury content) were placed in a 25 mL Teflon jar 
along with 50 μL of MeOH and the reaction mixture was milled for 30 seconds. The reaction 
mixture after milling contained small amounts of HgO. Attempts to remove residual HgO with 
longer milling times, addition of a catalyst salt, or change of liquid additive all led to the 
formation of either a mixture of the dia- and sql-Hg(Im)2 frameworks or the sql-Hg(Im)2 
framework solely. 
 
S.2.4 Synthesis of the sql–Hg(Im)2 framework from solution  

A 250 mL round bottom flask was charged with a Teflon stirring bar, mercury(II) acetate (5.00 
g, 15.7 mmol, 1 equiv.), and HIm (4.25 g, 62.4 mmol, 4 equiv.). Next, 100 mL of de-ionized 
water was added to the flask and the solution was stirred. Aqueous ammonia (28% v/v) (7.01 
mL, 68.1 mmol) was added slowly down the side of the flask. The reaction was allowed to stir 
at ambient temperature for 3 h. The reaction was then filtered and the isolated material was 
washed twice with 25 mL portions of de-ionized water, washed once with 25 mL of methanol 
and then dried. 
 
S.2.5 In situ monitoring of Hg(Im)2 framework synthesis by aging 

A sample of HgO (108.3 mg, 0.50 mmol, 1 equiv.) and HIm (68.1 mg, 1.00 mmol, 2 equiv.) 
were ground separately in a mortar and pestle. The two solids were placed in a vial along with 
CeO2 (17.6 mg, 10% w/w) as an internal X-ray diffraction standard. The mixture was agitated 
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in a vial to create a homogenous mixture. A small portion of the mixture was then transferred 
to a custom designed PXRD sample holder14 with two grooves ground into the surface. In each 
groove of the customized sample holder was placed 200 μL of water to act as a source of 
humidity. The holder was then covered with a small sheet of Saran wrap, in order to seal the 
chamber and generate a saturated humidity atmosphere. Samples were aged under such humid 
atmosphere for a period of 17.5 hours, with powder X-ray diffraction patterns recorded 
periodically every 11 minutes and 24 seconds.  
 

S.2.6 Synthesis of dia-Cd(Im)2 framework from solution 

A solution of Cd(NO3)2 (500.0 mg, 2.12 mmol) in 17 mL of MeOH was added to a 100 mL 
round bottom flask equipped with a Teflon stirring bar. To the stirring solution, HIm (288.7 
mg, 4.24 mmol, 2 equiv.) dissolved in 7 mL of MeOH was added all at once. NaOH (169.5 
mg, 4.24 mmol) was dissolved in 1 mL of deionized water and added dropwise to the stirring 
solution. After 5 minutes of stirring, a white precipitate formed. The reaction was vacuum 
filtered and the filtrate was washed twice with 10 mL portions of methanol and twice with 10 
mL portions of deionized water. To ensure its dryness, the product was placed in a 45 ºC oven 
for 30 minutes. The product was identified by its characteristic PXRD pattern. 

S.2.7 Synthesis of zni-Zn(Im)2 framework by milling 

A solid mixture of ZnO (75.0 mg, 0.94 mmol) and HIm (123.0 mg, 1.80 mmol, 2 equiv.) were 
placed in a 25mL Teflon milling jar with 2 zirconia balls (~3.25 g/ball) and 100 μL of MeOH. 
The reaction was milled at 30 Hz for one hour to give a white free flowing powder. The material 
was analyzed without further treatment and identified from  its characteristic PXRD pattern. 
 
 

S.3 COMPUTATIONAL METHODS 

S.3.1 Geometry optimization 

The dia- and sql- structures of Hg(Im)2 and Cd(Im)2 were geometry-optimized using the 
periodic DFT code CRYSTAL1715 using the hybrid B3LYP16,17 functional supplemented with 
the Grimme D318 semiempirical dispersion correction. The wavefunctions were constructed 
using the POB-TZVP basis set (H, C, N, Cd)119,20 and a double-zeta basis set for Hg.21 Effective 
core potentials (ECPs) were used for Cd and Hg atoms.22 The electronic 1st Brillouin zone was 
sampled with a 0.05 Å-1 Monkhorst-Pack k-point spacing. Crystal structures were optimized 
with respect to atom coordinates and unit cell parameters, subject to the symmetry constraints 
of their respective space groups. The following convergence criteria were used for geometry 
optimization: maximum force on atom 4.5 · 10−4 Ha Bohr−1, RMS force 3.0 · 10−4 Ha Bohr−1, 
maximum atom displacement 1.8 · 10−3 Bohr, RMS atom displacement 1.2 · 10−3 Bohr. The 
energies of all crystal structures were corrected for basis set superposition error (BSSE) using 
the counterpoise method with ghost atoms located up to 5 Å away from the reference molecule. 

S.3.2 Bader analysis 

Topological analysis of the calculated electron density for the optimized sql structures of 
Hg(Im)2 and Cd(Im)2 was performed using the TOPOND program accessed through the 
CRYSTAL Properties module. In the case of Hg(Im)2, the electron density obtained from the 
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final geometry optimization step was used in the analysis. For Cd(Im)2 a single point 
calculation using a double zeta basis set for Cd atom was performed.23 This was necessary, as 
the f-functions in the original POB_TZVP basis set for Cd could not be processed by the 
TOPOND code. Critical points were searched using an automated eigenvector following 
algorithm. The contour electron density and Laplacian contour plots (Figures S23-24) were 
drawn with the aid of the CRYSPLOT visualization tool. 
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Table S4. Crystallographic data for structure of sql-Hg(Im)2 polymorph determined from 
powder X-ray diffraction data. 
 

 sql–Hg(Im)2 

Formula Hg(C3H3N2)2 

Mr  334.73 

Crystal system orthorhombic 

CSD deposition code 1948341 

a / Å 9.4089(4) 

b / Å 7.6414(3) 

c / Å 5.3625(2) 

α (°) 90 

β (°) 90 

γ (°) 90 

V / Å3 385.549(3) 

Space group P21212 

ρc (g cm-3) 2.8835 

Radiation type Cu-Kα (λ = 1.5418 Å) 

F(000) 300 

Rwp (%) 9.2 

Rp (%) 7.1 

RBragg (%) 2.7 

χ2 1.63 
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Figure S22. Fit (red) to the static solid-state 199Hg NMR powder pattern of sql-Hg(Im)2 (grey). The pattern shows 
that the chemical shift tensor at the mercury nucleus has nearly axial symmetry (isotropic chemical shift δiso 

= -1212.5 ppm, span Ω = 1366 ppm, skew κ = 0.9). 
 

 

 

Figure S23. 1H PMLG-5 ssNMR spectra of (a) zni-Zn(Im)2, (b) dia-Cd(Im)2, and (c) sql-Hg(Im)2. The signals 
between 5 and 8 ppm are real signals; those at lower ppm values are artifacts of the windowed PMLG sequence. 
 
 

(a) 

(b) 

(c) 
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Figure S24. Fit (red) to the static solid-state 113Cd NMR powder pattern of dia-Cd(Im)2 (grey). The pattern shows 
non-axial chemical shift anisotropy (isotropic chemical shift δiso = 438.2 ppm, span Ω = 235.0 ppm, skew κ = -
0.2). 
 

S.8 Bader Analysis 

 

Figure S25. Selected bond critical points of for the hypothetical sql-Cd(Im)2 structure. a) Structure plot showing 
a C-H…N bonding interaction with a BCP with ρ = 0.081 electrons Å-3. The green plane shows the orientation of 
the contour plot slices. b) 2D contour plot showing the electron density distribution. c) 2D contour plot showing 
the Laplacian electron density. Both contour plots indicate a weak C-H…N interaction connecting the 2D layers 
of the sql framework.    
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Figure S26. Selected bond critical points of for the sql-Hg(Im)2 structure. a) Structure plot showing a C-H…N 
bonding interaction with a BCP with ρ = 0.061 electrons Å-3 as well as a C-H…Hg bonding interaction with a BCP 
with ρ = 0.074 electrons Å-3. The green plane shows the orientation of the contour plot slices. b) 2D contour plot 
showing the electron density distribution. c) 2-D contour plot showing the Laplacian electron density. Both 
contour plots indicate that the dominant interaction between the 2D layers of the sql framework occurs via Hg 
atom, unlike the hypothetical sql-Cd(Im)2 structure where Cd atom does not participate in non-covalent 
interactions.    
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