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A zeolitic imidazolate framework with
conformational variety: conformational
polymorphs versus frameworks with static
conformational disorder†

Sergej Springer,a Igor A. Baburin,b Thea Heinemeyer,a Jan Gerrit Schiffmann,c

Leo van Wüllen,c Stefano Leonid and Michael Wiebcke*a

We show via structural considerations and DFT calculations that for a zeolitic imidazolate framework (ZIF)

with sodalite (SOD) topology, [ZnĲdcim)2]-SOD (dcim = 4,5-dichloroimidazolate), structural models of an

infinite number of hypothetical conformational polymorphs with distinct linker orientations can be gener-

ated, which can be interconverted most likely only via reconstructive structural transitions. The relative total

energies suggest that some of those polymorphs might be synthetically accessible. Efforts in that direction

led to the synthesis of new trigonal 1 and previously known cubic 2 with improved crystallinity. According

to structural analyses based on powder X-ray diffraction (PXRD) methods supported by NMR spectroscopy,

1 is the most stable of the theoretically predicted SOD-type framework conformers (isostructural to ZIF-7),

whereas 2, at variance with a recent proposal, is a SOD-type material with a high degree of orientational

disorder of the dcim linker units. The statistics of the linker orientations in 2 is close to that in 1, indicating

that the disorder in 2 is not random. Rather, crystals of 2 are likely twins consisting of nanoscopic domains

of trigonal 1 that are deformed to a cubic metric, with linker disorder located in the domain interfaces. As

structural differences appear to be more related to characteristics of real as opposed to ideal crystal struc-

tures, we propose to not consider 1 and 2 as true conformational polymorphs. Systematic investigations of

solvent mixtures led to the discovery of intermediate materials of 1 and 2. The PXRD patterns and SEM im-

ages indicate that they belong to a complete series of structural intermediates. Differences in the Ar ad-

sorption/desorption behaviours reveal that 1, in contrast to 2, is a flexible ZIF framework.

Introduction

Crystalline zeolitic imidazolate frameworks (ZIFs) are a dis-

tinctive subclass of porous metal organic framework (MOF)

materials.1 They are assembled from divalent metal cations

and linking imidazolate and/or substituted imidazolate an-

ions and possess framework structures with zeolite-related to-

pologies.2 Current tremendous interest in these porous mate-

rials has arisen because ZIFs are more easily tunable towards

specific applications than pure inorganic zeolites due to the

modifiable imidazolate-based linkers. In addition some ZIFs

combine permanent porosity with high thermal, chemical

and, in particular, water stability,3 a combination of proper-

ties that is rare among MOF materials but desirable for many

potential applications.4 Framework flexibility in response to

guest adsorption/desorption, temperature or external pressure

is an additional interesting property of some ZIFs.5

We are currently exploring the zinc 4,5-

dichloroimidazolate, [ZnĲdcim)2], system as a ZIF model sys-

tem. Our primary concern is to gain deeper understanding of

the polymorphism and phase formation mechanisms.6 The

[Zn(dcim)2] system was previously included in a broad explor-

atory high-throughput synthetic screening study, which

resulted in the discovery of two topological polymorphs, po-

rous RHO-type ZIF-71 and dense lcs-type ZIF-72.7 We reported

more recently in addition the preparation and characterisa-

tion of [Zn(dcim)2] materials with SOD topology.6a The SOD-

type materials exhibited apparently some structural variety as
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indicated by slight differences in the powder X-ray diffraction
(PXRD) patterns that were recorded from different products.
In the first approach to structural analysis two structural
models with cubic symmetry but distinct orientation of the
linker, representing hypothetical conformational SOD-type
polymorphs, were generated and optimised using density
functional theory (DFT) calculations. Subsequent Rietveld re-
finements against PXRD data recorded from samples with a
cubic metric were in favour of the energetically less stable
structure. The refinements were however not completely sat-
isfactory and indicated that the structural model did not mir-
ror all aspects of the real crystal structure.

In this contribution we first address the potential exis-
tence of conformational polymorphs in the [ZnĲdcim)2] sys-
tem more deeply by theoretically predicting further SOD-type
framework conformers, in addition to the two above men-
tioned cubic SOD-type structures, and considering their rela-
tive energies as estimated by DFT calculations. Second, we re-
port on a synthetic work that resulted in the successful
experimental realisation of a new, so far only predicted trigo-
nal SOD-type compound and on an improved synthesis for
the recently reported cubic SOD-type material. Third, we dis-
cuss the results of structural analyses performed on PXRD
data, which confirmed the trigonal structure and yielded a
satisfactory structural model of the cubic material, which is
at variance with the recently reported structural model.
Fourth, we report on a systematic synthetic work performed
to gain insight into how the choice of solvent crucially influ-
ences the crystallisation of the trigonal and cubic com-
pounds, and which resulted in the discovery of a series of
intermediate materials. Fifth, gas sorption properties of the
trigonal and cubic materials are compared.

To our knowledge this is the first contribution that reports
in a single paper the successful experimental realisation of
two guest-free forms of a ZIF, [ZnĲdcim)2]-SOD, with identical
framework topology but different orientations of the linker,
which in turn gives rise to differences in the gas sorption
properties. It is discussed below that in the present case the
different trigonal and cubic materials are better not consid-
ered as true conformational polymorphs, because structural
differences are more related to characteristics of real as op-
posed to ideal crystal structures. Conformational polymor-
phism and real crystal structures are important aspects in
ZIFs that have rarely been addressed so far in the
literature.8,9

In the following we use Arabic numerals to distinguish ex-
perimentally realised [ZnĲdcim)2]-SOD materials, 1 (trigonal)
and 2 (cubic). Different ideal structural models of predicted
and DFT-optimised conformational SOD-type polymorphs are
denoted by Roman numerals I–IV.

Experimental section
DFT calculations

Hypothetical conformational [ZnĲdcim)2]-SOD polymorphs
were theoretically derived and some of them were optimised

by periodic DFT calculations. Details of structure derivation
are reported in the Results and discussion section. For the
DFT studies, the rVV10 DFT functional10 which takes van der
Waals interactions into account was used, as implemented in
the PWscf/Quantum ESPRESSO package.11 The Kohn–Sham
equations were solved using the plane-wave pseudo-potential
approach applying ultrasoft pseudo-potentials without spin
polarisation. A kinetic energy cutoff of 80 Ry and a density
cutoff of 460 Ry were used to achieve fully converged results.
During structure relaxation the atomic positions and unit cell
constants were optimised. The final residual forces were
<0.02 eV A−1 and the pressure converged within 0.1 kbar.

Materials

Chemicals were purchased from commercial suppliers and
used as received: zinc nitrate hexahydrate (ZnĲNO3)2·6H2O,
Sigma-Aldrich, ≥99.0%), zinc acetate dihydrate (Zn(OAc)2
·2H2O, Sigma-Aldrich, ≥95.0%), aqueous ammonia (NH4OH,
Sigma-Aldrich, 28–30% NH3), ethanol (EtOH, Carl Roth,
≥99.8%), 1-propanol (1-PrOH, Sigma-Aldrich, ≥99.5%),
2-propanol (2-PrOH, Sigma-Aldrich, 99.5%), 1-butanol
(1-BuOH, Sigma-Aldrich, ≥99.4%), formamide (FA, Sigma-Al-
drich, ≥99.5%), N,N-dimethylformamide (DMF, Sigma-Al-
drich, ≥99.8%), N,N-diethylformamide (DEF, Sigma-Aldrich,
99.0%), dimethyl sulfoxide (DMSO, Carl Roth, ≥99.5%), tetra-
hydrofuran (THF, AppliChem, 99.0%), 4,5-dichloroimidazole
(Hdcim, abcr, 98.0%), and 1-methylimidazole (1-mim, Sigma-
Aldrich, 99.0%).

Synthesis of 1

Synthesis of 1 was carried out solvothermally in 25 mL glass
vials with screw lids employing a reactant ratio of ZnĲOAc)2
·2H2O/Hdcim/1-mim/DMF = 1 : 6 : 5 : 500. Typically, 113.4 mg
(0.517 mmol) of Zn(OAc)2·2H2O was dissolved in 10 mL
(129.138 mmol) of DMF. A second solution was prepared by
dissolving 424.5 mg (3.099 mmol) of Hdcim and 0.205 mL
(2.583 mmol) of 1-mim in 10 mL of DMF. The latter clear so-
lution was poured rapidly in the former clear solution. The
resultant clear solution was gently shaken and then heated
unstirred at 120 °C for 24 h. After cooling to room tempera-
ture the solid was recovered by centrifugation and washing
with DMF. Three cycles of redispersion and washing were
performed. After drying at room temperature under reduced
pressure, the yield of 1 was 44% (based on Zn). For activation
the product was subjected to Soxhlet extraction with EtOH
for 24 h and afterwards dried under reduced pressure at 70 °C.
After digestion of a sample in a liquid DCl/D2O mixture,6a

the almost complete absence of solvent was confirmed by 1H
NMR spectroscopy.

Synthesis of 2

Synthesis of 2 was carried out solvothermally in 25 mL glass
vials with screw lids employing a reactant ratio of ZnĲOAc)2
·2H2O/Hdcim/1-mim/THF = 1 : 6 : 18 : 2000. Typically, 27.1 mg
(0.123 mmol) of Zn(OAc)2·2H2O was dissolved in 10 mL
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(123.423 mmol) of THF. A second solution was prepared by
dissolving 101.4 mg (0.741 mmol) of Hdcim and 0.177 mL
(2.222 mmol) of 1-mim in 10 mL of THF. The latter clear so-
lution was poured rapidly in the former clear solution which
became turbid immediately. The mixture was gently shaken
and heated unstirred at 120 °C for 24 h. After cooling to
room temperature the solid was recovered by centrifugation
and washing with THF. Three cycles of redispersion and
washing were performed. After drying at room temperature
under reduced pressure the yield of 2 was 57% (based on
Zn). For activation the product was subjected to Soxhlet ex-
traction with EtOH for 24 h and afterwards dried under re-
duced pressure at 70 °C. After digestion of a sample in a liq-
uid DCl/D2O mixture,6a the almost complete absence of
solvent was confirmed by 1H NMR spectroscopy.

Additional synthetic work to study the influence of solvents

To investigate the influence of solvents on phase formation,
various solvents (FA, DMF, DEF, 1-PrOH, 2-PrOH, 1-BuOH,
THF, DMSO) were used employing a total molar ratio of reac-
tants of ZnĲOAc)2·2H2O/Hdcim/1-mim/solvent = 1 : 6 : 5 : 500.
In addition, various DMF/THF solvent mixtures with a reac-
tant ratio of Zn(OAc)2·2H2O/Hdcim/1-mim/DMF/THF = 1 : 6 : 5 :
x : y with x + y = 500 were studied. All syntheses followed the
same procedure as exemplified in the following for the exper-
iment with a DMF/THF ratio of 250 : 250. 113.4 mg (0.517
mmol) of Zn(OAc)2·2H2O was dissolved in a mixture of 5 mL
(64.569 mmol) of DMF and 5.23 mL (64.569 mmol) of THF. A
second solution was prepared by dissolving 424.5 mg (3.099
mmol) of Hdcim and 0.206 mL (2.583 mmol) of 1-mim in a
mixture of 5 mL of DMF and 5.23 mL of THF. The latter solu-
tion was poured rapidly in the former solution. The mixture
was gently shaken and then heated under static conditions at
120 °C for 24 h. After cooling to room temperature the solid
was recovered by centrifugation and washing with EtOH.
Three cycles of redispersion and washing were performed.
The product was dried at room temperature under reduced
pressure.

Methods of characterisation

PXRD patterns were recorded using Stoe STADI-P transmis-
sion diffractometers equipped with sealed Cu X-ray tubes,
curved Ge(111) monochromators delivering CuKα1 radiation
(λ = 1.540594 Å) and linear position-sensitive detectors
(PSDs). The samples were contained either between X-ray
amorphous foils for measurements in ω–2θ geometry or in
thin-walled glass capillaries for measurements in Debye–
Scherrer geometry.

SEM images were taken using a Jeol JSM-6700F instru-
ment with a field emitter as the electron source using a low
accelerating voltage of 2 kV. A Jeol JSM-6610LV instrument
with a tungsten hairpin cathode as the electron source was
used to take images of low magnification.

A Bruker Avance III 300 spectrometer operating at 300
MHz was used for recording 1H MAS NMR and 13C{1H} CP/

MAS NMR spectra from solid samples. Samples were
contained in 1.3 mm (1H) and 4.0 mm (13C) zirconia rotors
and spun under the magic angle (MAS) at frequencies of 30.0
kHz (1H) and 8.9 kHz (13C). The contact time for 13C{1H}
cross polarization (CP) was 3 ms.

Thermogravimetric (TG) analysis was performed simul-
taneously with differential thermal analysis (DTA) using
a Netzsch 429 thermoanalyser. Samples were filled in alu-
mina crucibles and heated in a flow of air with a ramp of
5 °C min−1 up to 1000 °C. For argon physisorption mea-
surements at −186 °C a Quantachrome Autosorb-1-MP
apparatus was used. Samples were outgassed in dynamic vac-
uum at 70 °C for 48 h before start of the sorption measure-
ments. Surface areas were estimated applying the Brunauer–
Emmett–Teller (BET) equation. The Micropore BET Assistant
implemented in the ASiQwin 2.0 software from Quanta-
chrome was used to determine the relative pressure range
for the BET plot in accordance with the criteria of
Rouquerol.12 Mesopore size distributions were estimated by
the Barrett–Joyner–Halenda (BJH) method. The same appara-
tus was used to measure CO2 adsorption/desorption iso-
therms at 0 °C.

Structural analyses

The PXRD measurements were performed at room-
temperature on a Stoe STADI-P diffractometer (see above) in
Debye–Scherrer geometry with the samples contained in bo-
rosilicate glass capillaries with outer diameters of 0.5 mm.
The internal PSD resolution was 0.01° 2θ. PXRD patterns
were recorded from the following materials: activated (sol-
vent-free) 1, as-synthesised (DMF-containing) 1 (1-DMF), acti-
vated (solvent-free) 2 and as-synthesised (THF-containing) 2

(2-THF). The patterns of 1 and 1-DMF could be indexed on
the basis of the rhombohedron-centered hexagonal Bravais
lattice; those of 2 and 2-THF were indexed on the basis of the
body-centred cubic Bravais lattice. The TOPAS program sys-
tem13 was used for Rietveld refinements. The PXRD profiles
were modeled using Thompson–Cox–Hastings pseudo-Voigt
peak-shape and Chebychev polynomial background func-
tions. A simple axial model was used to treat peak asymme-
try. The dcim linker units were generally treated as rigid bod-
ies during all refinements. Initially applied soft restraints on
Zn–N bond lengths were completely released in the final cy-
cles of refinement. Two isotropic displacement parameters
were refined, one common to Zn2+ ions and one common to
the linker atoms.

The starting point for refinement of solvent-free 1 was the
DFT-optimised model of the new trigonal framework con-
former III (Table S1, ESI†). To derive a starting model of the
DMF solvent structure in the void system of 1, molecular dy-
namics (MD) simulations in space group P1 were first
performed applying the UFF force field, as implemented in
Materials Studio software.14 The derived model was then
used to construct a model of disordered DMF molecules in
R3̄ for subsequent refinement. The MD-derived positions of
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the DMF molecules were essentially in line with difference
Fourier syntheses performed after refinement of the frame-
work which revealed residual electron densities in particular
in the small secondary cavities formed by the six-membered
ring windows. During refinement of 1-DMF the positions of
the solvent molecules were fixed; the occupancy factors of the
solvent molecules were varied in alteration with fixation of
the displacement parameters.

In the case of 2 it was particularly advisable to collect
PXRD data from both solvent-free and as-synthesised samples
because a highly crystalline material could be prepared but
subsequent activation resulted in a significant loss of crystal-
linity. Thus structural analysis was hampered in the latter
case by the necessity to model the disordered solvent mole-
cules and in the former case by comparatively poor data
quality.

To obtain a satisfactory Rietveld refinement of 2 structural
models of different SOD-type framework conformers were
theoretically derived and some of them were optimised by
DFT. Details of model derivation are presented in the Results
and discussion section. The most satisfactory structural
model according to Rietveld analysis in Im3̄m exhibits orien-
tational disorder of the dcim linkers. The occupancy factors
of the linker atoms were varied in alteration with fixation of
the displacement parameters. For refinement of 2-THF a
starting model of the solvent structure was derived by MD
simulations in P1 using the structural model of framework
conformer I (Table S1, ESI†) and subsequent construction of
a disorder model in Im3̄m. Difference Fourier syntheses after
framework refinement essentially agreed with the MD-
derived solvent structure. In particular they revealed residual
electron densities in the small secondary cavities formed by
the six-membered ring windows. The occupancy factors of
the THF molecules were varied in alteration with fixation of
the displacement parameters during refinement.

Crystal data and details of Rietveld refinement for 1, 1-
DMF, 2 and 2-THF are summarised in Table 1. Atomic pa-
rameters and selected bond lengths and angles are reported
in Tables S2–S6 (ESI†). The VOID routine of the MERCURY
program system15 was used for analysis of the internal void
systems.

Results and discussion
Hypothetical SOD-type conformational polymorphs

In our first effort to determine the crystal structure of newly
prepared [ZnĲdcim)2]-SOD material we have recently gener-
ated theoretical structural models of the two cubic conforma-
tional polymorphs I and II.6a The structural model of a trigo-
nal conformational polymorph, III, has been obtained in this
work by simply modifying the structure of well known
[Zn(bim)2]-SOD (ZIF-7)16 by replacing the benzimidazolate
(bim) by the dcim linker and subsequent optimisation of the
structure using periodic DFT methods, that took van der
Waals interactions into account. Pertinent data of the three
framework structures is listed in Table S1 (ESI†). The crystal-
lographically unique truncated octahedral [46·68] cavities gen-
erated in each framework are displayed in Fig. 1, along with
the unique four- (4R) and six-membered rings (6R) existing in
each structure. It can be seen that the frameworks differ con-
siderably in their conformations as expressed by the orienta-
tions (twists) of the dcim linkers and rotations (tilts) of the
ZnN4 tetrahedra. The latter are slightly distorted from ideal
geometry to an extent that is not unusual for known ZIFs.
The shortest inter-linker Cl⋯Cl and H⋯H distances in each
framework are slightly larger than the respective van der
Waals distances. The estimated relative total energies at −273
°C follow the order I (39.8 kJ mol−1) > II (28.9 kJ mol−1) > III

(15.9 kJ mol−1). Considering previous literature data,5c,17–19

conformers II and III appear to be only moderately
destabilised against dense lcs-type ZIF-72 (0 kJ mol−1), as is
shown in an energy-density diagram of hypothetical and
known topological and conformational [Zn(dcim)2] poly-
morphs (Fig. 2). The DFT calculations further predict that III
is more stable than known RHO-type ZIF-71 (22.3 kJ mol−1).20

Cubic polymorph I with space group Im3̄m exhibiting max-
imal symmetry represents the fully expanded conformational
state with the lowest framework density (largest cell volume
and porosity).21 In its flat 4R all planar dcim linkers are ori-
ented such that their C–H vectors point to the 4R centre
(dcim twist angle: 0°). The 6R is characterised by an alternate
up and down orientation of the dcim units (±125.3°). This is
the framework structure that we proposed recently for cubic

Table 1 Crystal data and some details of Rietveld refinement for 1, 1-DMF, 2 and 2-THF

1 1-DMF 2 2-THF

Chemical formula C6H2Cl4N4Zn C8.7H8.2O0.9Cl4N4.9Zn C5.9H2Cl3.9N3.9Zn C8.7H7.6O0.7Cl4.2N4.2Zn
M/g mol−1 337.31 402.20 333.29 394.65
Crystal system Trigonal Trigonal Cubic Cubic
Space group, Z R3̄, 18 R3̄, 18 Im3̄m, 12 Im3̄m, 12
a/Å 22.7273(3) 23.0989(4) 16.7441(7) 16.8507(3)
c/Å 15.6196(3) 15.4848(3) — —

V/Å3 6987.1(2) 7155.2(3) 4694.4(6) 4784.7(3)
ρ/g cm−3 1.443 1.680 1.415 1.643
No. of reflections 256 256 55 67
Rwp/% 3.61 4.53 4.39 4.08
RBragg/% 1.70 2.39 1.97 1.78
GoF 2.33 2.17 2.22 2.46
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2.6a Cubic polymorph II in I4̄3m represents a denser, partially
collapsed conformation.21 The dcim units are strongly
twisted alternately up and down in the 4R (±116.5°), while
their orientations in the 6R are approximately in plane (8.7°)
and strongly out of plane (118.2°) in an alternating sequence.
This framework conformation is similar to the conformations
of SOD-type ZIFs containing 2-substituted imidazolate linkers,
e.g. the low-pressure and high-pressure forms of ZIF-8.5a,b,d

Trigonal polymorph III in R3̄ represents another kind of dis-
tortion from maximal symmetry. Two opposite dcim units lay

approximately in the plane of the 4R (±4.9°) with the
remaining two linkers strongly twisted in opposite directions
(±112.2°) against the 4R plane. Two unique 6Rs exist in III

that occur in a ratio of 1 : 3. The conformation of the 6R per-
pendicular to the hexagonal c axis, 6R-A (±130.6°), resembles
that of I, while the conformation of the 6R slightly inclined
against the hexagonal c axis, 6R-B, is less symmetric (±26.4°,
±114.9°, ±131.0°). This framework conformation is similar to
the conformations of the guest-containing and guest-free
forms of ZIF-7.16,22 Simulated PXRD patterns of the three
framework conformers are reported in Fig. S1 (ESI†). It is
interesting to note that the analogues of all three framework
conformers are known in guest-free/guest-containing silica
sodalites.23

Despite the considerable different linker orientations in
the three framework conformers, the internal void systems
are rather similar as shown in Fig. S2 (ESI†). The walls are es-
sentially built by the chlorine substituents that generate
slightly distorted [46·68] cavities with small interconnecting
channels running through the 6Rs. The centres of the 6Rs
are defined with small secondary cavities. The chlorine posi-
tions approximately overlap for the three structures.

One aspect of the conformational polymorphs warrants
special attention. The considerable differences in the linker
orientations suggest that the structures are unlikely to be
interconvertible via displacive phase transition pathways with
comparatively low energy barriers, as it is the case for revers-
ible transitions in ZIFs that occur in response to external
stimuli.5,22 Although we cannot predict any such transition
pathway that would be coupled to low-frequency vibrations,24

simplified considerations suggest that the necessary

Fig. 1 Unique sodalite [46
·68] cavities and unique four-membered rings and six-membered rings in hypothetical framework conformers I–III. In tri-

gonal III the sodalite cavity with 3̄ symmetry is slightly elongated along the hexagonal c axis. The symmetries of the four- and six-membered rings

and the linker twist angles are indicated. Colour code: cyan, ZnN4 tetrahedra; blue, N; grey, C; green, Cl; grey, H.

Fig. 2 Energy-density diagram of the topological and conformational

polymorphs in the [ZnĲdcim)2] system. The framework types are given

in black and blue colours for hypothetical and experimentally realised

polymorphs, respectively. The diagram is a modification of a recently

reported diagram.6a,20
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concerted linker movements have to pass through the small
6R windows and should therefore be strongly hindered by
close, forbidden Cl⋯Cl contacts. Rather possible interconver-
sions are likely to be reconstructive in nature and along with
the consideration of the strong Zn–N bonds in ZIFs,2 it is rea-
sonable to expect that the three structures represent local
minima in the energy landscape, which are separated from
each other by high energy barriers, comparable to the situa-
tion for topological polymorphs.

A simple structural relationship between I and III is
shown in Fig. 3. One can formally interconvert I and III by
moving half of the linkers in the 4Rs through the planes of
the neighbouring 6R-A rings, that is by moving all alternating
linkers in each 6R-A ring in opposite directions (neglecting
forbidden Cl⋯Cl contacts). It has been found that such a
concerted switch of linkers can actually be performed inde-
pendently for any single 6R-A ring, as after such a switch no
forbidden inter-linker atom⋯atom distances or unacceptably
distorted ZnN4 tetrahedra result. This means that it is readily
possible to construct an infinite number of hypothetical
structural intermediates of I and III, ranging from structures
with local defects (orientational switch of all six linkers
within one 6R-A ring) through structures with local extended
planar faults (orientational switch of all linkers in a layer of
6R-A rings perpendicular to a body diagonal in I or chex in III)
to periodic or non-periodic intergrowth structures. As an ex-
ample we provide in Fig. S3 (ESI†) a structural model derived
from III by switching all linkers in every third 6R-A layer per-
pendicular to chex to the conformation as in I. By additional
DFT calculations it has been estimated that this structural
model in P3̄m1, IV, is destabilised against III by only 7.5 kJ
mol−1 (23.4 kJ mol−1 higher than lcs-type ZIF-72) and is more
stable than I and II and approximately isoenergetic with
RHO-type ZIF-71 (Fig. 2). This example indicates that similar
intermediate defective and intergrowth structures should
show a tendency towards low relative energies.

Taken together the above theoretical considerations pre-
dict that the [ZnĲdcim)2]-SOD framework potentially exhibits
a great static conformational variety, which has to be distin-
guished from stimuli-responsive dynamic conformational
changes in flexible ZIF frameworks.5 Due to the estimated
moderate energetic differences and expected high energy bar-
riers between different hypothetical structures it might be
possible to synthetically access some of the SOD-type confor-
mational polymorphs.

Synthesis of 1 and 2

The first hints for the possible synthetic accessibility of tri-
gonal 1, identical to III, were obtained when inspect-
ing PXRD patterns recorded from solids produced by
reacting at room temperature ZnĲNO3)2·6H2O and Hdcim in
1-propanolic solutions containing aqueous ammonia. This
was a modification of the syntheses reported by Zhu et al.25

The patterns (Fig. S4, ESI†) exhibit clear indications for the
splitting of the most intense reflection at about 7.4° 2θ that
is typical of trigonal III compared to cubic I and II. Replac-
ing the solvent 1-PrOH by DMF yielded materials with PXRD
patterns that matched the pattern of III very well. As in
DMF solution solid products could only be obtained after
heating to 120 °C but not at room temperature and as vola-
tility of ammonia became an inconvenience, the ammonia
modulator was replaced by 1-methylimidazole (1-mim).26

The need of a modulator in DMF solution indicates that un-
der these conditions the modulator functions as a base to
deprotonate the Hdcim linker.27 The yield could then be im-
proved when replacing the nitrate by the more basic acetate
salt.28 An optimised synthesis of 1 employing a molar ratio
of Zn(OAc)2·2H2O/Hdcim/1-mim/DMF = 1 : 6 : 5 : 500 is re-
ported in the Experimental section. Phase identity and purity
were checked and confirmed by PXRD including Rietveld
analysis as reported below. As-synthesised 1 consisted of

Fig. 3 Illustration of the structural relationship between framework conformers I and III. Starting from cubic I (left), the red- and pink-coloured

dcim linkers have to be moved concertedly through the 6R-A rings in opposite directions, as indicated for two linkers by the arrows, to obtain tri-

gonal III (right), while the remaining dcim linkers remain unchanged.
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micrometer-sized, aggregated rhombic dodecahedral crystals
(Fig. 4).

Our recently reported syntheses of cubic 2, and less-
symmetric variants thereof, yielded poorly crystalline prod-
ucts that diffracted X-rays up to only low 2θ angles.6a It has
been found during this work that crystallinity could be signif-
icantly improved when replacing the solvent 1-PrOH by THF
and the nitrate by the acetate salt. An optimised synthesis of
2 employing a molar ratio of ZnĲOAc)2·2H2O/Hdcim/1-mim/
THF = 1 : 6 : 18 : 2000 is reported in the Experimental section.
Phase identity and purity were checked and confirmed by
PXRD including Rietveld analysis as reported below. The well
shaped rhombic dodecahedral crystals of as-synthesised 2

were about 1.5 μm in size (Fig. 4). As reported in the ESI,†
changing the molar ratio of the reactants allowed us to pro-
duce a nanocrystalline material of 2 as well (Fig. S5†).

To this end, we have not been able to produce further
[ZnĲdcim)2]-SOD materials apart from intermediates of 1 and
2 that are reported below.

Crystal structures of 1 and 1-DMF

The final Rietveld plot for 1 (Fig. 5) shows very good agree-
ment between experimental and calculated PXRD profiles
and thereby confirms the successful experimental realisation
of predicted framework conformer III. The 1H MAS NMR
spectrum (Fig. 6) exhibits two signals with an intensity ratio
of 1 : 1 and chemical shifts at 6.55 and 7.60 ppm. This is in
line with the two unique hydrogen atoms (two unique dcim
linkers) occurring in the crystallographic asymmetric unit of
1. On the other hand in the 13C{1H} CP/MAS NMR spectrum
the signals of the two unique linkers are not resolved (Fig.
S6, ESI†). The Rietveld refinement of 1-DMF (Fig. S7, ESI†)
yielded the composition [ZnĲdcim)2]·0.89DMF, which agrees
well with the results from TG analysis, [Zn(dcim)2]·0.91DMF
(Fig. S8, ESI†).

For 1 and 1-DMF the experimental unit cell constants
(Table 1) as well as bond lengths and angles (Table S2, ESI†)
and linker twist angles are in fair agreement with the respec-
tive values obtained by DFT (Table S1, ESI†). For example the
experimental cell volumes of 1 and 1-DMF deviate from the
DFT-estimated values by −0.58 and +1.81%, respectively. As
described above the void system in 1 comprises two small
unique secondary cavities formed by the two different 6R-A
and 6R-B rings and one larger unique primary [46·68] cavity
(Fig. S2 and Table S2, ESI†). The DMF molecules in 1-DMF

were found to occupy in particular the 6R-B cavities (Fig. S9,
ESI†). The structural analyses further revealed that activation
of 1-DMF is accompanied by a small decrease of the cell vol-
ume (−2.36% at room temperature, air atmosphere) with re-
tention of the R3̄ symmetry of the framework structure. This
is in contrast to the situation found in isostructural ZIF-7. Re-
moval of DMF from as-synthesised ZIF-7 has been reported
to result in a reversible distortion of the framework from R3̄
(ZIF-7-I) to P1̄ (ZIF-7-II) symmetry and an increase in the cell
volume.22a

Crystal structures of 2 and 2-THF

As Rietveld refinements starting with framework models I or
II had not been completely satisfactory,6a we searched for fur-
ther starting models. The need to do so was also indicated by
the 1H MAS NMR spectrum of 2 (Fig. 6), which resembles
that of 1 and exhibits two signals with an intensity ratio of

Fig. 4 Typical SEM images of 1 (left) and 2 (right).

Fig. 5 Final Rietveld refinement plot for solvent-free 1. Experimental

and calculated profiles are shown in black and red, respectively; also

shown are the difference plot and markers for allowed Bragg peaks.

Fig. 6 1H MAS NMR spectra of 1 and 2.
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1 : 1 and chemical shifts at 6.47 and 7.53 ppm. This is not
compatible with the cubic structural models because in each
of them only one unique dcim linker occurs. Due to the simi-
larity of the 1H NMR spectra of 1 and 2 refinements against
PXRD data of 2 were started with framework model III in R3̄
which was deformed to a cubic metric. It should be noted
that the hexagonal (rhombohedral) unit cell of III with a ratio
of ahex/chex = 1.455 (αrhom = 107.21°) is close to a body-
centered cubic cell with an expected ratio of ahex/chex = 1.633
(αrhom = 109.45°). The obtained Rietveld plot (Fig. 7a) reveals
good agreement between the experimental and calculated
data. This was a surprising finding, raising the question how
the same solvent-free structure could exist with different met-
rics. The fact that this is not the case became clear by close
inspection of the Rietveld plot which revealed that a weak re-
flection at about 16.7° 2θ is not well modeled. In addition
the 13C{1H} CP/MAS NMR spectrum of 2 (Fig. S6, ESI†), albeit
it does not indicate the presence of more than one unique
linker, nonetheless exhibits noticeable differences to the

spectrum of 1 in the width of the signals originating from
the chlorine-substituted carbons, therefore suggesting that
some difference must exist between the structures of 1 and 2.

The Rietveld plot in Fig. 7b demonstrates that a satisfac-
tory refinement for 2 was finally obtained in cubic Im3̄m with
a structural model containing one unique Zn site and two
unique sites for the dcim linker in the crystallographic asym-
metric unit. The latter have almost equal statistical occu-
pancy factors (sof) of 0.453 and 0.532, respectively, in total
corresponding to a ratio of Zn/linker = 1 : 1.97. This is in
good agreement with the intensity ratio of the two signals in
the 1H NMR spectrum. Considering the one unique Zn⋯Zn
edge in the crystal structure the linkers are disordered over
three different principal orientations as is shown in Fig. 8a.
In Fig. 8b it can be seen that in the unique 4R the linkers are
either strongly twisted against the 4R plane in one of two op-
posite directions (±105.9°, sof = 0.266) or lay in the 4R plane
(0°, sof = 0.453), while in the unique 6R they are oriented
strongly up or down (±125.3°, sof = 0.453; ±128.9°, sof =
0.266) or slightly up or down (±19.4°, sof = 0.266). A satisfac-
tory Rietveld refinement with the same disordered framework
model was also obtained with the higher-quality PXRD data
recorded from 2-THF (Fig. S10, ESI†). The refinement con-
firms that the unique linkers occur in an approximately 1 : 1
ratio and yielded a composition, [ZnĲdcim)2]·0.69THF, that
agrees well with the TG results, [Zn(dcim)2]·0.66THF (Fig. S8,
ESI†). Upon activation the unit cell of 2-THF shrinks by

Fig. 7 (a) Rietveld refinement plot for solvent-free 2 in space group

R3̄ with framework model III deformed to a cubic metric. The arrow

indicates the poorly fitted 310 reflection. (b) Final Rietveld refinement

plot for solvent-free 2. Experimental and calculated profiles are shown

in black and red, respectively; also shown are the difference plots and

markers for allowed Bragg peaks.

Fig. 8 (a) Illustration of the statistical disorder of the two unique dcim

linkers over three principal orientations in the unique Zn⋯Zn edge of 2

with the linker twist angles indicated; the red sticks represent the

Zn⋯Zn edges in four- and six-membered rings. (b) Unique four- and

six-membered rings in 2 with linker disorder. Colour code: cyan, Zn;

blue, N; grey, C; green, Cl; grey, H.
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−1.89% with retention of framework symmetry (Table 1). The
bond lengths and angles in 2 and 2-THF are in reasonable
agreement with those in 1 and 1-DMF (Table S2, ESI†).

The fact that linker disorder can be inferred from the
PXRD data suggests that it must exist on a small length scale.
This could be achieved in a crystal with random linker disor-
der or, more likely, in a domain or twinned crystal. While the
magnitudes of the three principal twist angles in 2 resemble
those found in I–III (and any intermediate of I and III), the
statistics of in-plane and out-of-plane linker orientations in
the 4Rs and 6Rs in 2 is only, approximately, compatible with
that in III. Thus a twinned crystal (merohedral twin) could
consist of nanoscopic domains of III with R3̄ symmetry that
are deformed to a cubic metric and aligned with their 3̄ axes
along the cubic <111> directions. The energetic cost of de-
formation from a hexagonal to a cubic metric has been esti-
mated by DFT to be very small (Ecub − Ehex = 2.3 kJ mol−1).
Various twin laws could relate individual domains, as the
static conformational variety (three principal linker orienta-
tions) should enable the formation of corresponding low-
energy domain interfaces.29 A structural model of a coherent
(ideal) twin boundary with a mirror plane parallel {110} is
shown in Fig. S11 (ESI†) as an example. However experimen-
tal data suggest that in 2 domain boundaries are unlikely to
be structurally that ideal because the PXRD pattern is not
completely in line with the R3̄ structural model (Fig. 7a) and
gas sorption measurements have established the existence of
mesopores (see below).

The structural analyses above have experimentally revealed
the static conformational variety of the [ZnĲdcim)2]-SOD
framework due to three principal linker orientations in each
Zn⋯Zn edge (Fig. 8a). The selection between ordered 1 and
disordered 2 must occur during the crystal formation pro-
cesses. 2 represents an example where static conformational
variety causes disorder resulting in a real ZIF structure that
differs from the ordered (ideal) structure 1. As the structural
differences in this case are more related to characteristics of
real as opposed to ideal crystal structures we propose to not
consider 1 and 2 as true conformational polymorphs.

Similar considerations with regard to static conforma-
tional variety could apply to other 4,5-disubstituted SOD-type
ZIFs depending on steric demand of the substituents and
inter-linker interactions. Of particular interest here are two
recent independent and parallel reports by Diring et al. and
Bennett et al. of a trigonal and a cubic [ZnĲmnim)2]-SOD
(mnim = 4-methyl-5-nitroimidazolate), respectively.30 Single-
crystal XRD structural analysis clearly revealed that the trigo-
nal material adopts ordered framework conformation III

(when considering the imidazolate rings) but with positional
disorder of the methyl and nitro substituents. The structure
of the cubic material could however not be clearly deter-
mined from single-crystal XRD data as indicated for example
by high residual factors. The authors ascribed this to exten-
sive disorder of the substituents and they proposed a struc-
tural model that, judged from the drawing presented in their
paper, is based on ordered framework conformation I with

positional disordered substituents. If correct this would
mean that the trigonal and cubic [Zn(mnim)2]-SOD materials
represent the first example of conformational polymorphs in
ZIFs. However a more convincing structural analysis of the
cubic form needs to be presented for final confirmation.

Systematic studies of the influence of solvents on the

formation of 1 and 2

Since it is well known that the choice of solvent or structure
directing agent may have an impact on phase formation in
ZIFs,31 we systematically studied the influence of different
solvents on phase formation in the [ZnĲdcim)2] system. In
the first series of experiments the molar ratio of the
reactants (Zn(OAc)2·2H2O/Hdcim/1-mim/solvent = 1 : 6 : 5 : 500)
and reaction parameters (120 °C, 24 h) were kept constant
while the solvent (FA, DMF, DEF, 1-PrOH, 2-PrOH, 1-BuOH,
DMSO, THF) was varied. In the second series the same reac-
tions were quenched 1 h after precipitation was visually ob-
served to follow to some extent the evolution of the reacting
systems with time. If precipitation took place immediately
after mixing the reactant solutions the system was not
heated but the solid recovered after 1 h of aging at room
temperature.

With the exception of DMSO, solid products were obtained
with all solvents. The PXRD patterns of the as-synthesised
products are displayed in Fig. S12 and S13 (ESI†), while the
results are summarised in Table 2. It can be seen that under
the conditions considered here the formation of SOD-types 1

and 2 crucially depended on the appropriate choice of sol-
vent. 2 was only obtained in THF, already at room tempera-
ture and also after 24 h of heating. For the recovery of 1 in
DMF on the other hand heating for 24 h was necessary, while
heating for only 1 h yielded a product that can be considered
according to its PXRD pattern as an intermediate of 1 and 2

(see below). In contrast to that, choice of solvent was less cru-
cial for the formation of RHO-type ZIF-71, which crystallised
within 1 h as pure phase in DEF, 1-PrOH and 2-PrOH and as
the major phase in 1-BuOH admixed with a small amount of
lcs-type ZIF-72. Furthermore in all alcohols we observed after
24 h of heating the complete or partial transformation of
metastable ZIF-71 into stable ZIF-72 (see Fig. 2). In the case
of 1-PrOH a weak reflection at about 7.4° 2θ is seen in the
PXRD, which can be assigned to the most intense 110 Bragg
peak of SOD-type 2. This is principally in line with our previ-
ous observations of the transient occurrence of 2 during the
ZIF-71-to-ZIF-72 transformation.6a Such transformations to
stable ZIF-72 did not take place in DMF, DEF and THF even
after prolonged heating for 7 d (PXRD data not shown),
suggesting that these solvents are good space fillers to stabi-
lise the void system in 1, ZIF-71 and 2, respectively.

To elucidate more deeply the influence of solvent on the
selection of SOD-type 1 and 2 we performed additional syn-
theses with the same reactant ratios as given above and
heating to 120 °C for 24 h in various DMF/THF solvent mix-
tures. PXRD patterns of the products are displayed in Fig. 9.
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It can be seen that 1 was obtained in DMF containing only
up to very small amounts of THF (DMF/THF ≥ 490 : 10). A
slightly larger fraction of THF already yielded materials that
are characterised by rather complex PXRD patterns demon-
strating the great sensitivity of the crystallisation of 1 on the
kind of solvent. On the other hand, the formation of 2 was
found to be more tolerant to solvent variation, as it was
obtained in THF containing larger amounts of DMF (DMF/
THF ≤ 250 : 250). The PXRD pattern of the product recovered
from the 250 : 250 mixture exhibits asymmetric and split re-
flections identifying this material as a less-symmetric, non-
cubic variant of 2 as was already observed recently.6a The
PXRD patterns of the 480 : 20- to 450 : 50-products might be
interpreted as originating from mixtures of trigonal 1 and
non-cubic 2. However this idea is not directly confirmed by
the SEM images (Fig. 10), which show for each product crys-
tals with rather homogenous size and shape distribution and
no indications of any heterogeneity. The crystal sizes in-
creased with increasing DMF content of the synthesis mixture
from about 100 nm to 15 μm. Thus there might exist a com-

plete series of structural intermediates of 1 and 2. It was be-
yond the scope of the present work to elucidate the detailed
structures of the intermediate materials that exhibit rather
complex PXRD patterns indicative of structures with low sym-
metry. It is our current hypothesis that the intermediates, as
2, are twinned crystals consisting essentially of domains of
III with different degrees of structural deformation and do-
main sizes and domain interface structures. It should be
noted that relative peak intensities and positions in the pat-
terns shown in Fig. 9 may be affected to some extent by the
solvent that remained in the pores after the washing and dry-
ing procedure, i.e. not fully activated samples were measured.

The experiments with the DMF/THF mixtures suggest that
not only framework topology but also framework conforma-
tion, at least to some degree in the case of [ZnĲdcim)2]-SOD,
are controllable via careful choice of synthesis conditions.
The reports by Diring et al. and Bennett et al. are generally in
line with our findings as trigonal and cubic [Zn(mnim)2]-
SODs were obtained in DMF and 2-PrOH solvents,
respectively.30

Gas sorption properties of 1 and 2

Microcrystalline samples of 1 and 2 with typical crystal mor-
phologies as shown by the SEM images in Fig. 4 were
subjected to Soxhlet extraction with EtOH and subsequently

Table 2 Products recovered from the syntheses with various different solvents. The products marked with asterisks were obtained already at room

temperature, all other products after heating at 120 °C

Solvent Time/1 h Time/24 h

DMSO — —

THF SOD (2)* SOD (2)
FA lcs (ZIF-72)* lcs (ZIF-72)
DMF SOD (1–2)a SOD (1)
DEF RHO (ZIF-71) RHO (ZIF-71)
1-PrOH RHO (ZIF-71)* lcs (ZIF-72)/RHO (ZIF-71)/SOD (1)
2-PrOH RHO (ZIF-71)* RHO (ZIF-71)/lcs (ZIF-72)
1-BuOH RHO (ZIF-71)/lcs (ZIF-72)* lcs (ZIF-72)

a Intermediate of 1 and 2.

Fig. 9 PXRD patterns of the products obtained in various DMF/THF

mixtures with the molar DMF/THF ratios indicated for each

experiment. Shown on the right-hand side are expansions to reveal

clearly the features of the strongest reflections at about 7.5° 2θ; the

red bars mark the positions of at least four reflections (three peaks and

one shoulder) in the 480 : 20 pattern.

Fig. 10 Typical SEM images of the products obtained in various DMF/

THF mixtures with the molar DMF/THF ratios indicated.
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activated under reduced pressure. The TG traces measured in
a flow of air verified the almost complete removal of the sol-
vent (Fig. S14, ESI†). As demonstrated by the Ar adsorption/
desorption isotherms displayed in Fig. 11, 1 and 2 exhibit un-
ambiguous differences in their gas sorption properties. The
steep uptakes at low relative pressure (p/p0 ≤ 1 × 10−3) seen
on the adsorption isotherms confirm the microporosity for
both materials, and very similar values for the respective
micropore volumes (1: 0.21 cm3 g−1; 2: 0.20 cm3 g−1) and ap-
parent specific BET surface areas (1: 600 m2 g−1; 2: 600
m2 g−1) have been estimated. This is not surprising due to
the very similar micropore systems (see structure descriptions
above). The experimental micropore volumes are in good
agreement with the values (1: 0.19 cm3 g−1; 2: 0.21 cm3 g−1)
calculated from estimates of the contact surface (probe ra-
dius 1.7 Å) in the crystal structures (1: 27.4%; 2: 30.2%).

Importantly, in contrast to 2, the steep uptake in 1 is a
two-step process with an inflection point at about three quar-
ters (Vad/STP = 113 cm3 g−1) of the total uptake (Vad/STP = 155
cm3 g−1) at low relative pressure and a small hysteresis be-
tween the adsorption and desorption branches above the in-
flection point. This suggests that small reorientational move-
ments of the linkers occur at the inflection point (p/p0 =
0.014) to enable accommodation of additional Ar atoms, as
the two-step isotherm of 1 in this region resembles, for exam-
ple, the two-step isotherm reported for adsorption of N2 in
ZIF-8 that has been unambiguously assigned to a displacive
structural transition of the flexible framework.5a,b Our data
suggest that a similar Ar-induced transition might occur at
cryogenic temperatures, possibly after a prior cooling-
induced displacive transition from the well established room-
temperature structure of solvent-free 1 (R3̄) to a low-
temperature form, with or without change of symmetry, as
has been recently reported for ZIF-4.5c The sorption behav-
iour of 1 is expected to differ from that of the extensively in-
vestigated isostructural ZIF-7 (ref. 22 and 32) due to its con-
siderably larger pore sizes (smaller dcim linker). On the other

hand the different uptake behaviours of 1 and 2 are a clear
signature of their different real crystal structures, i.e. ordered
versus conformational disordered framework. It is known that
real structure phenomena (defects) can have a profound ef-
fect on gas sorption behaviour in MOFs.33 This has been
demonstrated here for a ZIF material by clearly uncovering
the nature of the structural defects (static conformational
disorder).9

At relative pressures above the steep gas uptake, the iso-
therm of 1 reaches a clear, first plateau while the behaviour
of 2 is different. In the latter case a gradual increase of the
adsorbed volume up to a total pore volume of 0.27 cm3 g−1

(taken at p/p0 = 0.95) is observed in this case with a broad
hysteresis loop seen between 0.4 < p/p0 < 0.8. This suggests
the presence of mesopores with a broad size distribution as
internal volume defects and is in line with the comparatively
poor crystallinity of the disordered material. Interestingly in
the adsorption isotherm of 1 at large relative pressure (p/p0 >
0.7), a second, comparatively sharp step is seen with a type
H1 or H2 hysteresis loop34 and a clear, second plateau. This
step would usually be assigned to the presence of mesopores
that have a relatively narrow size distribution being centered,
in this case, at about 6 nm as estimated by the BJH method
(Fig. S15, ESI†). The total pore volume corresponds to 0.26
cm3 g−1. However, the presence of such mesopores in a mate-
rial with an apparent high crystallinity and structural order is
a somewhat surprising finding and the origin of the second
step is not completely understood yet.

Stepped uptakes are not seen in the low-pressure CO2 ad-
sorption/desorption isotherms of 1 and 2 at 0 °C (Fig. S16,
ESI†).

Conclusions

By theory and experiment we have demonstrated that Zn-
based ZIFs with SOD topology made from 4,5-disubstituted
linkers may be prone to static conformational variety en-
abling different ordered and/or disordered framework struc-
tures having distinctly different linker orientations and small
energy differences. On the other hand such conformational
variety cannot exist in SOD-type ZIFs containing 2-substituted
imidazolate linkers. The latter can adopt only one (II) out of
three principal framework conformations (I–III) due to steric
hindrance between the substituents in the four-membered
rings of the frameworks (I, III). Static conformational variety
has to be distinguished from dynamic linker reorientations
observed in the course of stimuli-responsive displacive struc-
tural transitions in flexible ZIF frameworks. We have further
demonstrated experimentally that static linker orientations in
SOD-type ZIFs are at least to some degree controllable via

careful choice of synthesis conditions and that they can affect
framework flexibility and gas sorption properties. We propose
that the prediction of hypothetical and potentially syntheti-
cally accessible ZIF structures should consider in the future
not only topology, solvent and temperature, as has already

Fig. 11 Ar sorption isotherms of 1 and 2 at −186 °C with adsorption

(closed squares) and desorption (open squares) branches. The inset is

an expansion of the low pressure region (p/p0 ≤ 0.02).
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been successfully done,17,18,35 but in addition framework
conformation.8,36

The three so far experimentally realised topological
[ZnĲdcim)2] polymorphs with ordered frameworks (RHO,
SOD, lcs) are amongst the most stable predicted phases in
the [Zn(dcim)2] system.
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