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Imidazolate Framework

Mihails Arhangelskist,” Athanassios D. Katsenist,” Novendra Novendra,® Zamirbek Akimbekov,” Dayaker Gandrath,”
Joseph M. Marrett,” Ghada Ayoub,” Andrew J. Morris,” Omar K. Farha,® Tomislav Frig¢i¢,** and Alexandra Navrot-
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*Department of Chemistry, McGill University, Montreal, QC, H3A 0B8, Canada; PPeter A. Rock Thermochemistry
Laboratory and NEAT ORU, University of California Davis, One Shields Avenue, Davis, CA 95616, USA; “School of
Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham Bis 2TT, UK; ¢ Department of Chem-
istry and International Institute for Nanotechnology, Northwestern University, Evanston, IL 60208, USA

ABSTRACT: The prediction of topological preferences and polymorph stability remains a challenge for the design of met-
al-organic frameworks (MOFs) exhibiting a rich topological landscape, such as zeolitic imidazolate frameworks (ZIFs).
Here, we have used mechanochemical screening and calorimetry to test the ability of dispersion-corrected periodic den-
sity functional theory (DFT) to accurately survey the topological landscape, as well as quantitatively evaluate polymorph
stability, for a previously not synthesized ZIF composition. Theoretical calculations were used to obtain an energy ranking
and evaluate energy differences for a set of hypothetical, topologically-distinct structures of a fluorine-substituted ZIF.
Calculations were then experimentally validated via mechanochemical screening and calorimetry which confirmed two
out of three theoretically anticipated topologies, including a fluorinated analogue of the popular ZIF-8, while revealing an
excellent match between the measured and theoretically calculated energetic difference between them. The results, which
speak strongly in favor of ability of dispersion-corrected periodic DFT to predict the topological landscape of new ZIFs,
also reveal the ability to use peripheral substituents on the organic linker to modify the framework thermodynamic stabil-

ity.

ing of Zn(Melm), and Zn(Etlm), polymorphs, but also a

Introduction reasonable evaluation of energy differences between

The experimental and computational design of metal- them. This opens a route to use dispersion-corrected DFT
organic frameworks (MOFs)"™ has focused largely on the to survey topological preferences of novel ZIFs by evaluat-
assembly of nodes and linkers of controlled size and rigid ing relative stabilities of topologically different hypothet-
geometry.”"® While the influence of linker substituents on ical structures.®®
MOF properties has recently been explored,” theoretical (a) FC
studies of how the substituents affect the topological K J _
landscape and thermodynamic stability of MOFs are rare N/_\NH
and generally not experimentally validated.”™ Such stud- /{ N
ies are especially relevant for zeolitic imidazolate frame- /(\ L\/N CF3
works (ZIFs), azolate MOFs'® analogous to zeolites. Like CF, A
zeolites, ZIFs readily form polymorphs, often with a rich (b) b i
topological landscape that depends strongly on the choice ZnO(s) +2 HCF,Im(s) ——=> Zn(CF Im).(s) + H.O(l) (Eq. 1)
and positioning of linker substituents. For example, zinc
2-methylimidazolate Zn(Melm), forms a family of in- () ‘ A, :AH'(ZIF)
creasingly dense and stable frameworks with sodalite NN d b 4
(SOD), katsenite (kat) and diamondoid (dia) topology. rf“g‘ %ﬂi ‘f‘i'; r M
Zinc 2-ethylimidazolate Zn(EtIm), yields ZIFs of zeolite C(f(;;ﬁ,?:( Q:.<§l§ X /\.\
rho (RHO), analcime (ANA) and quartz (qtz) topology,”>° : //'\ _ “/ \ F »)‘. J'( _,{ '
while unsubstituted imidazolate yields at least 15 poly- £ R & :
morphs.” Periodic density functional theory (DFT) has e e D' w Yg
been extensively used to model ZIF polymorphism""*** 2 ESS 5;{';:( W}fﬁ X X

26,27

and generally predict MOF structures and properties.
Our recent theoretical and experimental study shows™
that periodic DFT with semi-empirical dispersion correc-
tion (SEDC) can provide not only the correct energy rank-



Figure 1. (a) Schematic representation of Zn(CF;Im), and
ligand 2-trifluoromethylimidazole (HCF;Im); (b) synthesis of
Zn(CF;Im), from ZnO. Crystal structures of herein predicted
and observed: (c) qtz-Zn(CF;Im), and (d) SOD-Zn(CF,Im),.

We now test this approach by computationally screen-
ing and experimentally evaluating the topological prefer-
ences and stability for a previously not reported ZIF, zinc
2-trifluoromethylimidazolate (Zn(CF,Im),, Figure 1). We
selected this model system because of the recent high
interest in fluorinated MOF materials.*®* Importantly,
previous attempts to synthesize this material from solu-
tion were unsuccessful,”® prompting us to explore mecha-
nochemical methodologies known to offer access to oth-
erwise inaccessible phases.*

Computational and Experimental Methods
Computational Methods

The theoretically calculated putative structures for all
Zn(CF;Im), frameworks in Table 1 have been provided in
the SI, in CIF format.

Computational screening, conducted prior to any ex-
periments, was limited to putative Zn(CF;Im), structures
based on dia, kat, SOD, qtz, ANA, RHO, zni and cag-
topologies that are often found in ZIFs. Structures were
generated from ZIFs found in the Cambridge Structural
Database (CSD),* by removing any guest molecules, in-
serting CF, groups into the 2-position of imidazolate link-
ers and replacing any 4- and 5-substituents with hydro-
gens. Some of the resulting structures exhibited short
“head-to-head” or “tail-to-tail” F---F contacts, notably
those with SOD-, kat-, ANA- and RHO-topologies in
which substituents in a 4-ring are in close vicinity (Fig-
ures 2a,b), and dia-Zn(CF,Im), where such contacts result
from close packing. To minimize such contacts, neighbor-
ing -CF, groups were oriented into a “head-to-tail” ar-
rangement (Figure 2c). This was readily done for dia-
Zn(CF;Im),, but not for SOD-, kat-, ANA- and RHO-
structures where the alignment of substituents is con-
strained by space group symmetry. For those topologies
two structural models were evaluated, one considering
full crystallographic symmetry of the parent CSD struc-
ture, and one with space group symmetry constraints re-
moved to form a disordered P1 structure in which the rel-
ative orientations of -CF; groups could be independently
manipulated.

Figure 2. Illustration of different relative orientations of -CF,
groups across a 4-ring: (a) head-to-head; (b) tail-to-tail; (c)
head-to-tail.

Structures were geometry-optimized using periodic
plane wave DFT code CASTEP 16.11.,* using the PBE func-
tional with Grimme D2 SEDC.* The I-centered structures

(zni, SOD, ANA, RHO) were transformed to correspond-
ing primitive structures, reducing the cell volume and
computational cost, while preserving all symmetry opera-
tions of the original structures. Optimized structures
were also used for single point calculations with many-
body dispersion (PBE+MBD*)¥* energy model. While
the Grimme D2 scheme relies on a parameterization of
pairwise atom-atom interactions to compute dispersion
energies, MBD* approach computes the interaction pa-
rameters from the energy density of a structure while in-
cluding the many-body terms beyond the pairwise inter-
action. The plane wave basis set was truncated at 750 eV
cutoff, and norm-conserving pseudopotentials were used
for the core regions of electron density. The Brillouin
zone was sampled with a 0.03 A” Monkhorst-Pack k-point
grid.*® Each structure was geometry optimized to an en-
ergy minimum with respect to unit cell dimensions and
atom coordinates, subject to space group constraints. One
exception to this protocol was the computationally-
expensive RHO-Zn(CF,Im), in P1 space group, generated
from the optimized Im-3m structure. Due to high compu-
tational cost, only the positions of atoms in -CF, groups
were optimized, keeping the remaining atoms and unit
cell parameters fixed. The applied strategy provided puta-
tive structures without any unusually short F---F contacts
(see Table 1).

The electronic density of states (DOS) were calculated
for the optimized ZIF structures, in order to assess any
potential relationships between topological connectivity
and electronic properties of Zn(CF,Im), polymorphs. The
DOS plots were calculated using the code OptaDOS.*"**
Further computational details are provided in the SI.

Experimental Methods

The experimentally determined structures for qtz- and
SOD-Zn(CF,Im), frameworks, as well as for the ligand
HCF,;Im have been provided in the SI, in CIF format, and
have also been deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC codes 1859151-1859153).

Details of all experimental techniques, sample analysis,
as well as examples of individual mechanochemical exper-
iments are provided in the SI. In a typical mechanochemi-
cal experiment, reaction components were placed in a
stainless steel jar of 10 mL volume, along with a milling
liquid (50 pL per 0.1 mmol of each reactant, which main-
tained the liquid-to-solid ratio n* below 0.25 pL/mg) and
two stainless steel balls of 7 mm diameter (1.34 g weight
each), mounted on a Retsch MM4o00 mill. The mill was
operated at 30 Hz in all cases. All samples of metal-
organic frameworks were washed three times with meth-
anol (MeOH) and dried under vacuum at room tempera-
ture. The samples were all analyzed using powder X-ray
diffraction (PXRD) and Fourier-transform infrared atten-
uated total reflectance (FTIR-ATR) spectroscopy. Selected
samples were also analyzed using thermogravimetric
analysis (TGA) and nitrogen sorption at 77K (see SI). The
crystal structure of the ligand HCF,Im was also deter-
mined using single crystal X-ray diffraction (see SI).



Dissolution enthalpies of Zn(CF,Im), frameworks were
measured with a CSC 4400 isothermal microcalorimeter
operating at 25 C. A pellet (3-5 mg) of each chemical used
in the thermodynamic cycle (see SI) was hand-pressed,
weighed using a Mettler microbalance, and dropped into
25.0 g of isothermally equilibrated 5 M HCI aqueous solu-
tion inside a 50 mL Teflon cell of the calorimeter. After
each experiment the cell was reassembled with fresh sol-
vent. The sample was allowed to dissolve in the cell for at
least 3 hours under mechanical stirring at approximately
%4 Hz in all experiments. We have used a similar method-
ology in our previous thermochemical ZIF studies.*** The
measured solution enthalpies and the calculated en-
thalpies of formation are summarized in the SI.

Results and discussion
Results of computational screening

Both SEDC approaches gave identical ranking of puta-
tive Zn(CF,;Im), frameworks (Table 1), which is consistent
with our previous comparative study®® of different SEDC
schemes in calculating MOF stability. Both MBD*- and
D2-based calculations indicate that the most stable form
of Zn(CF;Im), should be a non-porous gtz-framework.
Experimental studies on Zn(Melm), and Zn(EtIm), pol-
ymorphs, as well as other systems, indicate that open
structures with calculated energy (E..) up to ~25-30 kJ
mol™ above the lowest-energy one might be observa-
ble.*** Therefore, it is reasonable to assume that gtz-, dia-
and SOD-Zn(CF,Im),, with calculated energies under 20
k] mol”, could be experimentally accessible. While E,
for kat-Zn(CF,Im), is just under 30 kJ mol”, this phase
might be difficult to observe as it is a high-energy dense-
ly-packed structure (packing coefficient PC=0.70) that
cannot be stabilized by guest inclusion.

Table 1 Topologies, calculated relative energies (E, ,
kJ mol™), volumes per formula unit (V, A3), packing
coefficients (PC) and shortest F---F distance (dg..p, A)
for putative Zn(CF,Im), polymorphs.

E,
Topology Space ehe A\ PC dr..p
group PBE+D2 PBE+MBD*
qtz P6, 0.00 0.00 270.5 0.66  3.06°
dia P2,/c® m.29 13.49 265.9 0.74 2.74
SOD* pr° 19.01 15.93 436.4 0.45 2.890l
I-43m 2517 20.90 442.0 0.44 3.49‘]l
I P 26.20 27.02 280.4 0.70 2.63
at
P-42¢  35.59 36.84 282.7 0.69 2.54
Im-3m 34.60 . 6 036 2.
RHO ' 3m 34 33.47 534 3 53
P 3475 3414 534.6 036 2.53
[-3ad .8 2 09.0 O. 2.8
ANA 3; 43.67 4525 409 47 7
P 44.31 45.24 408.7 0.47 2.75
Cagb Pbca 121.81 16.99 409.0 0.49 2.58
zni’ I4cd 18215 181.58 2961 0.65 2.41

*-CF, groups across a 4-ring were placed in a “head-to-tail”
orientation; ~optimization was not successful, leading to

structure disruption; ‘the shortest F---F distance in the sub-
sequently established experimental structure is 3.08 A; ‘the
shortest F---F distance in the subsequently established disor-
dered experimental structure is 3.75 A.

Calculations reveal a striking effect of -CF; group orien-
tation on ZIF stability: switching from the ordered P-42¢
structure for kat-Zn(CF,Im),, in which -CF, groups are
arranged “head-to-head” (Figure 2a), to the P1 model with
-CF, groups in the “head-to-tail” orientation (Figure 2c)
produced an energy gain of ~10 kJ mol™ using either
PBE+D2 or PBE+MBD* method. Corresponding difference
for the less dense SOD-Zn(CF,Im), was between 5.0 and
6.2 k] mol”, and under 1 kJ mol™ for low-density ANA- and
RHO-Zn(CF;Im),. These results show that orientation
and potential disorder of -CF; groups can be an important
factor in ZIF stability. Attempts to optimize zni- and cag-
Zn(CF,;Im),, based on topologies found in ZIFs containing
the unsubstituted imidazolate linker, were unsuccessful.
Modelling led to significant, unrealistic distortions, in-
volving rupture of Zn-N bonds and formation of Zn-F
bonds involving -CF; groups. This suggests that a -CF,
group cannot be easily accommodated within structural
models based on unsubstituted imidazole ligand.

In order to investigate the effects of crystal packing on
the electronic properties of Zn(CF,Im),, electronic densi-
ty of states (DOS) was calculated for all predicted struc-
tures. Despite the differences in lattice energy and pack-
ing density, all structures displayed remarkable similarity
in their DOS plots and calculated band gaps (see SI). It is
evident that the electron distribution in ZIFs mostly de-
pends on the nature of nodes and ligands, rather than
their network topology.
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Figure 3. Final Rietveld refinement fits for: (a) gqtz-
Zn(CF,;Im), and (b) SOD-Zn(CF;Im),. (c) Nitrogen sorption
isotherm measured at 77K for SOD-Zn(CF;Im),.

Results of mechanochemical synthesis

Previous attempts to synthesize Zn(CF;Im), from solu-
tion were reported to be unsuccessful, instead leading to
precipitation of ZnO and/or formation of oxo-bridged
coordination polymers® We based our synthesis on
mechanochemical ion- and liquid-assisted grinding
(ILAG),” ie. ball milling of stoichiometric amounts of
ZnO and HCF,Im (see SI) in presence of a liquid additive
and a catalytic amount of a protic salt (NH,NO;, 10 mol%
relative to ZnO). Powder X-ray diffraction analysis of re-
action mixtures after 20 minutes milling revealed differ-
ent phases depending on choice of liquid: CHCl,, metha-
nol, N,N-dimethylformamide = (DMF) and 1,1,1-
trifluoroethanol (TFE) gave a new crystalline phase with
characteristic Bragg reflections at 26 of 11.5° and 13.5°. The
PXRD pattern of the product obtained with DMF did not
exhibit any reflections of reactants, indicating complete
conversion, and on visual inspection was an excellent
match to the computationally generated qtz-Zn(CF;Im),
Structure and composition of qtz-Zn(CF,Im), were con-
firmed by Rietveld refinement (Figure 3a) and TGA in air
(see SI for detailed experimental data).

In contrast, ILAG with ethanol or dioxane gave a prod-
uct whose PXRD pattern was consistent with a mixture of

qtz-Zn(CF,Im), and a material isostructural to the puta-
tive SOD-Zn(CF,Im), phase. This phase was also observed
for ILAG with CHCl;, DMF, and TFE if milling was con-
ducted for only 10 minutes (see SI), indicating that mech-
anochemical reaction of ZnO and HCF,Im proceeds over
two stages, yielding first the open SOD-Zn(CF,Im),, fol-
lowed by the close-packed gtz-Zn(CF,Im),. Transfor-
mation to the gtz-polymorph made the synthesis of
phase-pure SOD-Zn(CF;Im), challenging and, subse-
quently, a reliable synthesis was accomplished by milder
liquid-assisted grinding (LAG)*** of the more reactive®
basic zinc carbonate [ZnCO;L,[Zn(OH),]; in presence of
ethanol. After methanol washing and evacuation, compo-
sition of SOD-Zn(CF,Im), was confirmed by TGA and
Rietveld refinement (Figure 3b). Nitrogen sorption at 77K
revealed a surface area of 923 m’/g, in good agreement
with the value calculated from the crystal structure (1017
m”* g, Figure 3¢, also see SI). The gtz-Zn(CF,Im), phase
was non-porous, with measured surface area of 29 m* g™

Results of thermochemical measurements

Availability of phase-pure samples allowed us to evalu-
ate enthalpies of formation (AHy, Equation 1 in Figure 1b,
Table 2) of gtz- and SOD-Zn(CF,Im), from ZnO and
HCF,Im, using dissolution enthalpies (AHy,, Table 2) ob-
tained by acid solution calorimetry (see SI).**>*>

Table 2 Dissolution (AHg,), formation (AHy) and tran-
sition (AH.,s) enthalpies for qtz-Zn(CF,Im),, SOD-
In(CF;Im), and related reaction components (k]
mol™).

Compound AHy, AHg AHians
ZnO -72.29 £ 0.17° - -
HCF,Im -0.82 £ 0.03 - -
H,O -0.5° - -

qtz-Zn(CF;Im), -53.97+0.20 -19.45*0.27 27.25 *1.04
SOD-Zn(CF;Im), -69.61+0.54 -3.82+0.57 42.88+115

“references 20, 55

All measured AH; are exothermic, indicating that the
formation of both frameworks from ZnO is thermody-
namically driven. However, AH; for SOD-Zn(CF,Im), is
very small, which provides a tentative explanation for the
formation of ZnO in attempts to obtain this material from
solution® The difference in AH; for SOD-and qtz-
Zn(CF,;Im), is 15.63 k] mol”, suggesting that the observed
two-step mechanosynthesis mechanism, in which the
initially formed SOD-phase transforms to qtz-
Zn(CF,;Im),, follows Ostwald’s rule of stages.®

The AH:; difference between SOD- and gtz-polymorphs
of Zn(CF,Im), is remarkably close to the E,. for SOD-
Zn(CF;Im), obtained using the MBD* method (15.93 kJ
mol”, Table 1), and is only 3.4 k] mol™” different from that
obtained using D2. Such excellent agreement validates
the use of SEDC, and particularly MBD* method, in calcu-
lating ZIF stability. This led us to revisit stabilities of
Zn(Melm), polymorphs using PBE+MBD*, revealing ex-
cellent agreement with experiment (Table 3).*°



Table 3 Relative stabilities calculated using PBE+D2°
and PBE+MBD* methods (E,. ., k] mol™) and experi-
mental AH,, (k] mol™) for Zn(Melm), polymorphs.

Famework ({5 by (Pheamppy A
dia-Zn(Melm), 0.0 0.0 0.0
kat-Zn(Melm), 7.1 4.7 2.3
SOD-Zn(Melm), 15.2 1.2 10.6

*from reference 20.

The AH;values were used to obtain a new set of ener-
gies, by subtracting the enthalpic effects related to water
formation and the change in metal coordination envi-
ronment, previously evaluated as -46.7+1.0 kJ mol™>*%5%
These transition enthalpies (AH,,s, Table 2) are a meas-
ure of enthalpic changes associated with pore formation
and change in intermolecular interactions. The AH,,,, for
gtz- and SOD-Zn(CF,Im), are positive, indicating that the
change in metal coordination environment is the princi-
pal reason for ZIF formation from ZnO. The comparison
of AH ;505 for SOD- and qtz-Zn(CF;Im), to those previous-
ly reported” for polymorphs of Zn(Melm), and
Zn(EtIm), reveals an unexpected effect of peripheral lig-
and substituent on ZIF stability (Figure 4). Namely,
switching between -CH,, -C,H, and -CF, substituents
yields sets of ZIFs of similar network density (number of
nodes per nm®) but with significant energy differences.
For example, the network densities of SOD-Zn(CF,Im),,
SOD-Zn(MeIm)2 and ANA-Zn(EtIm)2 are close, but the
frameworks span an energetic stability range of experi-
mentally measured enthalpies of 28.4 k] mol™. Similarly,
qtz-Zn(CF;Im),, dia-Zn(Melm), and gtz-Zn(EtIm), have
similar network densities, but with measured enthalpies
over a range of 22.8 k] mol™. In both sets of materials, the
framework stability falls in the sequence -CF, < -CH, <
C,H,. A similar effect is observed for pairs of ZIFs with
identical topologies, e.g. SOD-Zn(CF,Im), vs SOD-
Zn(Melm), and qtz-Zn(CF,Im), vs qtz-Zn(EtIm)z. In
both pairs the -CF, substituent produces a material with
ca. 20 k] mol™ more endothermic AH; and AH,,,, com-
pared to the hydrocarbon one.

50

SOD-Zn{CF,lm},
45
&
40
35 +16.6 kJ mol*!
_. 30 S0D-Zn(Melm), ']qr;-zmcr,lm;,
F i
“—'.E 25 RHO-EElm), { CH Ti-g.?a kJ mol’!
= 2 = 3
£ 20 ‘\ l 11.8 kJ mol kat-Zn{Melm),
35 % :
A\IA-Zn'Eﬂl.'nj dig-Zn{Melm},
10 S 5 2
-12.5 kJ mol”?
5 -C;Hs ™4
giz-Zn{Etim),
]
1 2 3 4

framework density (Tinm?)

Figure 4. AHy.,, for polymorphs of Zn(CF;Im),,
Zn(MeIm),,* and Zn(EtIm),,* highlighting energy differ-
ences between structures of similar framework density.

This is a remarkable result which indicates that hydro-
carbon groups can notably increase the stability of a ZIF,
while a fluorine-bearing substituent leads to destabiliza-
tion. The presented results suggest a means to at least
partially decouple the substituent effects on framework
stability from its topology or network density. Qualita-
tively, this can be rationalized by changes in Zn-N bond
strength, repulsion between -CF; substituents, and ability
of hydrocarbon groups to form C-H--m interactions to
adjacent imidazolate linkers.

Conclusions

[n summary, this combined synthetic, theoretical and
calorimetric study demonstrates the ability of dispersion-
corrected periodic DFT to correctly model and anticipate
the topological preferences for a previously not synthe-
sized ZIF. Comparison of computational and thermo-
chemical data shows that MBD* correction within period-
ic DFT CASTEP calculations also offers high accuracy in
determining relative stabilities of ZIFs polymorphs, within
0.3-2.6 k] mol™ from experiment. This study also reveals a
surprising difference in stability between ZIFs exhibiting
similar network density, but different choice of linker
substituents, suggesting a potential route to manipulate
thermodynamic stability of MOFs. While the calculations
suggest that a dia-Zn(CF,Im), phase should also be acces-
sible, the inability to observe it could be related to exper-
imental limitations, similar to kat-Zn(Melm), which was
observed years after SOD- and dia-forms. In that context,
it is important to highlight the efficiency of mechano-
chemistry, which rapidly produced two polymorphs of
previously not accessible® Zn(CF;Im),. Overall, the here-
in demonstrated match between theory and experimental
results is excellent and stands as a further benchmark for
the modelling community — where the direct evaluation
through experimental calorimetry remains rare.
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imental details and crystal structure descriptions, selected
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perimentally determined crystal structures of HCF,Im, qtz-
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