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Flexible metal-organic frameworks (MOFs) are highly desirable materials for gas separation
but most of them become rigid when the particle size is reduced towards nanoscale. We aim to

comprehend the effect of textural properties such as crystal size, its distribution and

morphology on the gate-opening behaviour stimulated by adsorption of guest molecules in ZIF-
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7. The synthesis conditions are varied to obtain ZIF-7 batches with crystal sizes ranging
between 0.05 and 15 pm with various size distributions. We report for the first time a CO»-
filled open pore phase of ZIF-7 at 195 K (OP2) derived from in situ powder X-ray diffraction
(PXRD) data measured in parallel to CO, physisorption. The adsorption of CO> on ZIF-7
indicates persisting flexibility for all particle size regimes; with the crystal size, its distribution
and morphology having a significant impact on both gate-opening and gate-closing pressures
and slope of CO» adsorption isotherms. /n situ PXRD measurement indicated further expansion
of ZIF-7 framework in presence of methanol as guest species. The capability of ZIF-7 to
accommodate molecules larger than its 0.3 nm window diameter signifies the importance of
intermolecular interactions to overcome the energy barrier for linker movement/gating of the

framework.

INTRODUCTION

Since the discovery of metal-organic frameworks (MOFs),! they have shown potential for
multiple applications such as adsorption and separation, heterogeneous catalysis, sensing,
biological and medical applications etc.>* MOFs are crystallized by self-assembly of metal
ions or clusters with multi-dentate organic linkers under suitable conditions. Owing to these
extended bonds between metal and organic moiety, several MOFs possess stimuli-induced
framework flexibility, which is an outstanding property of this class of solids. Kitagawa et al.
have coined these materials as ‘soft porous crystals’, which retain their structural integrity
while undergoing phase transformation in response to external stimuli.*

The flexibility in MOFs can be triggered by external stimuli such as mechanical pressure,
temperature or adsorption of guest molecules. Various mechanisms of flexibility such as linker
rotation, breathing, swelling, and subnetwork displacement’® have been reported. Tanaka et al.
have explained the linker rotation of ZIF-8 results in gating phenomenon, where the

crystallographic information is retained except for the expansion of unit cell edge; they showed
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that the gating pressure shifts to higher value with increase in temperature owing to the change
in activation energy barrier for ZIF-8 with Ar as adsorbate.® Breathing is a two-step
transformation accompanied by the change in the crystal structure exhibited by MIL-53(M)
series MOFs (M = Al, Fe, Cr, Sc, Ga).” Swelling is observed in MIL-88 series where the unit
cell volume changes from 85% to 230% without affecting the crystallographic space group and
unit cell angles.® Subnetwork displacement, which is a recent discovery, arises from the
displacement between two interpenetrated net is observed in InOF-23.!°

Flexible MOFs have been discussed for applications such as gas storage and separation, and
producing threshold sensors and actuators. The “gate-opening” transition in Co(bdp)!' and
“breathing” phenomenon in MIL-53(Al)'? results in enhanced working storage capacity than
their rigid analogues. Tanaka and co-authors explored ELM-11 as efficient material for
CO2/CH4 separation.!*> DUT-8(Ni) was proven to selectively open its pores for D, vs. Ha
resulting in efficient Ho/D> separation.'* Kitagawa and co-workers showed the efficient
separation of water isotopologues using dynamic aperture in the flexible MOF.!> Flexible
MOF/carbon composites can be used as an efficient n-butane threshold sensor.!® MIL-53(Al)
and DUT-49 have been tested as force and pressure amplifiers.!”13

This work explores guest-molecule-induced flexibility in zeolitic imidazolate frameworks
(ZIFs)," a sub-family of MOFs known for their thermal and chemical stability. Several ZIFs
exhibit structural flexibility, wherein they undergo dynamic changes on exposure to external
stimuli.?27 ZIF-7, which is constructed of Zn ions and benzimidazolate ligands,?® exhibits
flexibility triggered by guest molecules such as CO». Aguado ef al. were the first to report its
reversible breathing behaviour and S-shape isotherm at different temperature and CO, partial
pressure.?’ Zhao et al. reported the mechanism of ZIF-7 phase transition occurs through CO,
migration.”® Later this framework flexibility was explored for several other gases and

vapours.**3> S-shaped isotherms are of practical interest for separation applications due to
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better selectivity and higher working capacity during charging-discharging cycles in adsorbent
bed.!® ZIF-7 is interesting for CO, capture since it remains rigid with N2 as guest®’, but shows
an S-shaped isotherm triggered by CO; at 298 K and under 1 bar pressure. The ambient
experimental conditions are in contrast with most MOFs that show flexibility under higher

pressure or lower temperature closer to their boiling point.>¢>°

The crystal size dependent flexibility is observed for a large number of flexible MOFs. >4
It is now considered as a general trend in MOF chemistry, indicating rather flexible behaviour
in macro-crystals and structural rigidity of nano-crystals.*> The influence of crystal size on the
flexibility of ZIF-8 was reported by Lively and co-workers, whereas Tian et al. studied the
mechanism of structure transition by in situ powder X-ray diffraction (PXRD).***! While most
flexible MOFs typically become rigid***4 below 1 um crystal size, but ZIF-7 crystals are
unique in exhibiting structural flexibility at even 80 nm crystal size. In the light of the use of
nano-crystals in membranes or thin film technology,* this study is focused on establishing a
better understanding of flexibility owing to particle downsizing towards nanoscale.

To the best of our knowledge, this is a first comprehensive work analysing the effect of
crystal size of ZIF-7 on its phase transition. We use solvothermal (static/non-stirring) and
stirring (dynamic) synthesis to control nucleation and crystal growth to produce crystals of
different sizes, morphology, and distribution. Further, two-step centrifugation is used to obtain
two different crystal sizes (including nanocrystals) from the same batch and show that ZIF-7
maintains the flexible behaviour at nanoscale. The in-house in sifu powder X-ray diffraction
(PXRD) in parallel to gas/vapour physisorption is intended to expand our fundamental
understanding of ZIF-7 flexibility and the importance of surface barrier on downsizing. Further
CO; adsorption at 195 K reveals a new, hitherto unknown CO;-adsorbed phase of ZIF-7.
Adsorption of alcohols, heptane, and toluene provides insight into ZIF-7 framework expansion,

emphasizing the importance of molecular interactions rather than the compatibility between
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pore aperture and guest kinetic diameter. The significance of this work, therefore, lies in
elucidating how the macroscopic properties of ZIF-7 may affect adsorption behaviour of ZIF-
7, potentially enabling researchers to rationalize the crystal size to tune the adsorption
behaviour!? or to downsize the crystals without affecting flexibility for preparation of ZIF-7

composites, membranes, or thin films.*’

EXPERIMENTAL SECTION

Chemicals

The chemicals used for ZIF-7 synthesis, zinc nitrate hexahydrate (reagent grade, 98%) and
zinc acetate dihydrate (reagent grade, 98%) were bought from Sigma Aldrich, and the linker
benzimidazole (HbIm) either from Sigma Aldrich or TCI (both 98% purity). Solvents
dimethylformamide (DMF) and methanol of HPLC grade were purchased from Thermo
Fischer Scientific. These chemicals were used without any further purification.

Synthesis of ZIF-7

We adapted the synthesis from Zhao et al.?” and optimized to obtain > 1 g of ZIF-7 with a
yield exceeding 70% for all the batches. We used solvothermal (static/non-stirring) and stirring
(dynamic) methods with varying ligand concentration and temperature to synthesize phase pure
open-pore ZIF-7 with different particle sizes.

Conventional Solvothermal (Static)

In the conventional solvothermal synthesis, 5 mmol (1.48 g) Zn(NO3)>.6H,O was dissolved
in 350 mL of DMF, followed by addition of 10 mmol (1.18 g) of benzimidazole (Hblm) and
stirred for 15 minutes. When the mixture started to become turbid, it was transferred to a Schott
bottle and heated at 403 K for 48 h in an oven. The white precipitate was first separated by
centrifugation from the mother liquor, then washed using fresh DMF by stirring overnight,

centrifuged and then the solid was dried in an oven at 353 K for 2 days. This material is
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abbreviated as ZIF-7(12) hereafter (12 signifies the Zn:HbIm molar ratio). The synthesis is
schematically shown in Fig. 1.

We repeated the synthesis method with Zn:HbIm molar ratios of 1:4 (using 20 mmol or 2.36
g HbIm) and 1:8 (using 40 mmol or 4.72 g HbIm), with remaining procedure kept the same, to
achieve particles of size smaller than 15 um. These two batches are labelled as ZIF-7(14) and

ZIF-7(18), respectively.

\‘—> ‘bll P 3
Zn(NO;),6H,0 /N Hbim

Figure 1: Pictorial representation of solvothermal and stirring-based synthesis approaches.

Solvothermal (Static): Two-step separation

Conventional solvothermal synthesis leads to a broader crystal size distribution. We used
two-step centrifugation to separate micron and nano-size crystals synthesized in one-pot. As
shown in Fig. 2, the solids were first separated using a lower RPM (larger sized crystals),
followed by extraction of nano-sized ZIF-7 from the supernatant using a higher RPM by
centrifugation. The crystals so synthesized, using Zn:HbIm molar ratios of 1:4 and 1:8, are
labelled as ZIF-7(14)-L, ZIF-7(14)-S, ZIF-7(18)-L and ZIF-7(18)-S, where “L” and “S”
suffixes represent larger and smaller particle sizes. This enables us to understand the adsorption

behaviour of flexible MOFs with a relatively narrow size distribution for the first time.
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Figure 2: Schematic of 2-step separation to isolate larger-sized (L, um) and smaller-sized (S,

nm) crystals from the same batch of synthesis.

Stirring (STR)

The solvothermal synthesis was modified by stirring as represented in Fig. 1. This strategy
was used to obtain better uniformity and smaller crystal size. Unlike the previous methods, the
synthesis mixture was continuously stirred at 373 K in a closed Schott bottle for 24 hours. As
before, we used the three different Zn:HbIm molar ratio of 1:2, 1:4 and 1:8 to modulate the
crystal size. After stirring at 373 K for 24 h, the solid was separated, washed, and dried. These
three batches are labelled as ZIF-7(12)-STR, ZIF-7(14)-STR and ZIF-7(18)-STR, respectively.
Zinc acetate dihydrate as precursor

We also synthesized ZIF-7 as reported by Tu et al.>

, where at first, solution of 10 mmol
(2.19 g) of Zn(CH3C0OO0)>.2H>0 in 100 mL of DMF and 20 mmol (2.36 g) of HbIm in 100 mL
of methanol were prepared. The Zn-acetate solution was added to the ligand solution under
stirring at room temperature. The mixture immediately turned thick white and was stirred for

1 h. After that, the solid was separated and washed with methanol and dried at 353 K overnight.

The sample was labelled as ZIF-7(OAc) hereafter.

CHARACTERIZATION TECHNIQUES

Ex situ PXRD measurements were performed on a Stoe Stadi P diffractometer in

transmission geometry using monochromatic CuKy radiation (4= 0.154056 nm) and
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MYTHEN detector (DECTRIS) with the step scan with 6° steps and the exposure time of 120
seconds per step.

Particle size distribution and morphology of the synthesized materials were analysed using
Hitachi S-4800 and SU-8000 scanning electron microscope (SEM). Imagel (version 1.53)
software was used for SEM image analysis. We have described larger crystals of size > 0.5 um
as micron-size and crystals in the range 0.5 — 0.05 um as meso-size. We also calculated the
polydispersity index (PDI, defined as the square of the ratio of standard deviation to the mean)
to evaluate the heterogeneity of the synthesized ZIF-7.

Thermogravimetric — differential thermal analysis (TG-DTA) was carried out from 30° to
800°C, with a heating rate of 5 K/min, in NETZSCH STA 409C/CD under a continuous flow
of synthetic air.

BELSORP-max (Microtrac MRB) volumetric low-pressure adsorption device was used for
measuring isotherms of gases and vapours. Prior to the adsorption measurements, the materials
were activated at 453 K and 10 mbar dynamic vacuum overnight in a Schlenk line to remove
solvent molecules from its pore.

In situ PXRD was performed on ZIF-7 while undergoing adsorption and desorption of CO>
at 195 K and 298 K using a customized setup, based on laboratory powder X-ray diffractometer
Empyrean-2 (PANALYTICAL GmbH), equipped with closed-cycle helium cryostat (ARS DE-
102) and home-built in situ cell, connected to volumetric adsorption instrument BELSORP-
max (Microtrac MRB). The TTL trigger was used for establishing the communication between
BELSORP-max and Empyrean software and to ensure the data collection of the adsorption
isotherm and PXRD pattern in a fully automated mode at the pre-defined points of the isotherm.
The parallel Cu Kol beam was generated for the data collection using W/Si mirror and hybrid
2xGe(220) monochromator, 4 mm mask, and primary divergence and secondary anti-scatter

slits with 1/4° opening. A Pixcel-3D detector in 1D scanning mode (255 active channels) was
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used for measuring reflection intensities. The diffraction experiments were performed using
®—20 scans in transmission geometry in the range of 26 = 5-50°.

PXRD patterns containing earlier reported phases ZIF-7-1 (OP) and ZIF-7-1I (CP) were
analysed using Le Bail profile fit, implemented in the FullProf software.’! PXRD patterns,
measured at high CO2 loadings at 195K have been indexed using DICVOL04°? and obtained

monoclinic unit cell was further refined using Le Bail profile fit.

RESULTS AND DISCUSSIONS

The as-synthesized ZIF-7 has an open pore (OP) framework, also known as ZIF-7-1. The
phase purity of all samples was confirmed by PXRD showing good matching with the ZIF-7-1
form reported by Zhao et al.>>>3 (ESI, Fig. Sla and S1b). The phase transition of ZIF-7 can be
observed upon desolvation: Fig. 3 demonstrates the contraction of ZIF-7 crystal structure,
leading to the formation of the close pore (CP) phase known as ZIF-7-II. We observed that
ZIF-7-1I state is retained under atmospheric conditions at least up to 3 months based on the
PXRD profile (Fig. S2). Reopening from ZIF-7-1I to ZIF-7-1 is possible by stirring the activated
powder in DMF overnight (Fig. S2). Several other guest molecules, including CO; can induce
this phase transition process, which is thoroughly explored in our work under in situ

experimental conditions.

Desolvation
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Figure 3: Phase transition of ZIF-7 (C = grey, N = blue, H = off-white, Zn = cyan) before and

after desolvation (CIF file by Zhao et al.>?)

Textural properties

We varied the molar concentration of HbIm ligand in static solvothermal (without stirring)
synthesis and dynamic synthesis with stirring to control the nucleation and crystal growth in
MOF samples (Fig. 1 and 2). As will be reported later, stirring results in more uniform sub-
micron sized crystals and affects particle agglomeration as well. To understand the influence
of the metal salt on the resulting product, stirring synthesis was repeated with zinc acetate. The
effect of linker concentration and alternate zinc sources on particle downsizing is reported for
ZIF-8,>*35 motivating us to employ a similar concept for crystal size variation.

The PXRD of all samples show a good match with the ZIF-7-I structure (ESI, Fig. Sla and
S1b). TG-DTA for the as-made materials (Fig S4) are indistinguishable, where the final weight
for all the samples was ~24%, highlighting similar composition despite changes in the synthesis
procedure. Hence, we can eliminate the probability of impurity within the framework.

The textural properties for all as-synthesized ZIF-7 samples, analysed using SEM and N>
adsorption measurements at 77 K are discussed in the following subsections. The size
distribution is described using polydispersity index, PDI = (standard deviation/mean)?.

Detailed SEM images of all the materials can be found in Fig. S3.

Solvothermally Synthesized ZIF-7

The solvothermal synthesis resulted in micron-size particles, in the range of 15 —4 pm, with
broader size distribution, as shown in Fig. 4. As we increased HbIm concentration, the crystal
size decreased in the order ZIF-7(12) > ZIF-7(14) > ZIF-7(18). All these samples crystallized
in thombic dodecahedron morphology, with ZIF-7(12) and ZIF-7(14) showing the best

crystallinity (detailed images: ESI, Fig. S3(a)). On the other hand, ZIF-7(18) showed a broader
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particle size distribution. Note that the size distribution broadened further when the synthesis
temperature was reduced to 373 K (ZIF-7(18)-373, reported in ESI Fig S3(a)). The images also
revealed existence of small, agglomerated crystals, predominantly in ZIF-7(18). The presence

of this smaller crystals (< 0.5 um) impacts N> and CO; adsorption.
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Figure 4: SEM images and size distribution of solvothermally synthesized ZIF-7s: [a,b] ZIF-

7(12); [c,d] ZIF-7(14); and [e,f] ZIF-7(18). The insets show the normalized size distribution.

An initial assumption based on the kinetic diameter suggests that N> molecule (0.36 nm)
may not be able to enter in ZIF-7 pores (window diameter: 0.3 nm).*® Fig. 5 shows that
depending on the crystallite size, the framework adsorbs different amounts of N> at 77 K
showing a narrow hysteresis between adsorption and desorption curves in most cases.
Caudrado-Collados et al.”’ also reported a similar type of N> adsorption isotherms on nano-
ZIF-7 and thoroughly investigated the importance of solvent exchange for accessing the narrow
pores. However, we showed that DMF did not impose a problem and can be removed from the
narrow pores at elevated temperature under vacuum (Fig. S2) resulting in similar type of
isotherms. Fig. 5(a) shows an increase in N uptake as the mean particle size is reduced from

15 pum to 5 um, though the effect of broader crystal size distribution becomes unavoidable.
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We attempted to modify the crystal size by repeating ZIF-7 synthesis at a lower temperature.

The results presented in ESI Fig. S5 for ZIF-7(18)-373 (i.e., ZIF-7(18) solvothermal synthesis

at 100 °C) indicate that, in spite of a similar mean size ~4 pum, the presence of higher number

of smaller crystals in ZIF-7(18)-373 compared to ZIF-7(18) seems to be responsible for their

significant N> uptake.
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Figure 5: N; adsorption isotherms at 77 K of ZIF-7 samples synthesized using (a) solvothermal

and (b) stirring conditions.

Figure 6: SEM images and size distribution of [a,b] ZIF-7(14)-L; and [c,d] ZIF-7(14)-S
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Since solvothermal synthesis does not provide precise control over particle size distribution,

we repeated the synthesis using two-step centrifugation for separating micron-sized (ZIF-
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7(14)-L) and nano-sized (ZIF-7(14)-S) crystals from the same batch. Fig. 6 shows the SEM
images and the corresponding size distribution for ZIF-7(14)-L (11.7+3.43 um) and ZIF-7(14)-
S (0.084+0.02 um). The nano-ZIF-7(14)-S with a mean crystal size of 0.08 um has an increased
N> uptake, implying the CP — OP transition.’” The non-overlapping desorption branches (insets
in Fig. 5) is indicative of retention of the OP phase at 77 K with N2 up to 10~ p/po. These
inferences are supported by the expansion in experimental pore volume calculated at 0.8 p/po
in Table 1. In summary, the effect of a broad size-distribution on adsorption is discussed for
the first time. Micron-size crystals seem to be incapable of CP — OP transition on N> adsorption

at 77 K, whereas a significant N> adsorption could indicate presence of < 0.5 um size crystals.

Table 1: Textural properties of various ZIF-7 samples

Name Size with Std. Dev Poly Dispersity N2 Pore Volume at 77
(um) Index (PDI) K & 0.8 p/po (cm®/g)
ZIF-7(12) 16.9+£3.51 0.043 0.02
ZIF-7(18) 5.6%£1.99 0.126 0.09
ZIF-7(14)-L 11.7+£3.43 0.086 0.01
ZIF-7(14)-S 0.08+0.02 0.062 0.24
ZIF-7(12)-STR 0.42+0.19 0.2 0.05
ZIF-7(14)-STR 0.18+0.09 0.246 0.16
ZIF-7(18)-STR 0.06+0.02 0.073 0.18
ZIF-7(0Ac) 0.14+0.03 0.044 0.18

ZIF-7 Synthesized using Stirring (STR) method

The stirring method led to a reduction in crystal size and narrowing the crystal size
distribution for the same metal/ligand ratio compared to solvothermal synthesis. The crystal
sizes decreased with increase in the Hblm concentration. In contrast, ZIF-7(OAc) crystallized
in spherical morphology with a similar ~0.15 um average size. The sizes of the stirred ZIF-7

as well as their distribution are shown in Fig. 7.
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Figure 7: SEM images and size distribution of ‘STR’ ZIF-7 samples: [a,b] ZIF-7(12)-STR;

[c,d] ZIF-7(14)-STR; [e,f] ZIF-7(18)-STR; and [g,h] ZIF-7(OAc)

The N; adsorption isotherms in Fig. 5(b) show similar behaviour for ZIF-7(14)-STR and ZIF-
7(18)-STR and ZIF-7(0Ac), aligned with previous inference (c.f. Caudrado-Collados et al.>")
of a critical crystal size of < 0.5 um for CP—OP transition with N; at 77 K. However, despite
their crystal size of 0.42+0.19 um, ZIF-7(12)-STR samples showed an unexpected behaviour,
which cannot be explained only based on the crystal size variation. Specifically, N> adsorption
of ZIF-7(12)-STR is qualitatively similar to ZIF-7(12) despite significant difference in their
size (Fig. 5 and Table 1). This ambiguity could have originated from the difference in the
morphology or defect formation®® ® because of rapid nucleation and crystal growth in stirring
synthesis conditions. Fig. S6 in the ESI compares N> adsorption isotherms for a few of the
samples, showing that the distribution of crystal size is also relevant, perhaps indicating that
the presence of a significant percentage of meso-size crystals of <0.5 um size may be necessary
for the phase transition with N to take place. Although most of the analysis presented here and
summarized in Table 1 indicates a critical size of ZIF-7 to be < 0.5 um for the CP to OP

transition, the N> uptake of ZIF-7(12)-STR does not support this generalization.

Insights into new CO:z filled open phase of ZIF-7 by in situ PXRD
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Adsorption of carbon dioxide on ZIF-7 framework at 298 K was first reported by Aguado et
al*® with an S-type isotherm and a hysteresis. Such behaviour is interesting for CO> capture
application. Since the gate-opening behaviour of ZIF-7 is sensitive to the adsorbate molecule,
several authors have investigated ZIF-7 framework switchability using N2, Ar, CO,, CH4.3031:61
This motivated us to investigate the structural evolution of ZIF-7 in parallel with adsorption of
guest molecules. We first investigate gate-opening behaviour with CO> at low temperature,
followed by the effect of particle size and morphology CO> adsorption at near-ambient

conditions, and finally vapor adsorption.

100
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Figure 8: In situ PXRD (inset) in parallel with CO> adsorption at 195 K on ZIF-7(12)

Fig. 8 shows the CO, adsorption at 195 K in parallel with in situ PXRD. At 195 K, all the
ZIF-7 samples showed qualitatively identical behaviour (see ESI, Figs. S10, S12, S14, S16,
S18 and S20). Here, we elaborate the result of ZIF-7(12) alone. The CO» uptake capacity at
195 K was 96 cm*(STP)g™! at p/po = 0.8 (which is double the capacity compared to the isotherm
at 298 K). In Fig. 8, the first step corresponds to the transition ZIF-7-11 (CP) — ZIF-7-1 (OP1),
earlier reported by Zhao et. al.?” The second step, however, corresponds to the yet unknown
transition from ZIF-7-1 (OP1) to ZIF-7-1 (OP2). Although this two-step transition was reported

earlier,®? there is still a lack of structural information related to this transition. These changes
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involve splitting and shifting of reflections presumably suggesting an expansion of ZIF-7 pores
with an additional arrangement of CO2 molecules.

The PXRD pattern corresponding to the first step of the CO; isotherm in Fig. 8 exhibited a
slight shift in the peak positions (blue line in Fig. 8 inset) compared to the as-synthesized ZIF-
7 with DMF filling the pores (black line) in the range of 20 = 5-25°. Le Bail fit of PXRD profile
indicated that the unit cell of as-synthesized ZIF-7 is ~400 A® larger compared to CO> filled
phase at 195 K and 5 kPa (Table 2). As this indicates a partially opened ZIF-7, we studied the
phase transition thoroughly under CO> adsorption at 195 K. The indexing of PXRD pattern of
OP2 phase resulted in the monoclinic unit cell (C2/m space group) with an acceptable fit of all
observed reflections. The analysis of group-subgroup relations suggests direct relation between
R3m and C2/m with an index of 3. The structural model (Table S3, ESI), simulated in Materials
Studio 5.0 using UFF-force field, and containing four CO2 molecules per asymmetric unit,
shows a quite good match with experimental data (Fig. S26, ESI). However, the quality of
PXRD data does not allow to conduct Rietveld refinement. The unit cell parameters for selected
PXRDs, measured at specific gas pressure and temperature conditions are provided in Table 2.
After reducing the symmetry of OP1 phase from R3m to C2/m space group, the unit cells of
OP1 and OP2 can be directly compared. Increasing of the @ and b axes with simultaneous
decreasing of ¢ axis and reducing of monoclinic angle (Table 2) leads to increase in the unit
cell volume by 185 A®, which proves the higher porosity of OP2 phase. Analyses of in situ
PXRD patterns indicate a high cooperativity of the phase transitions showing the co-existence
of OP1 and OP2 phases in the narrow pressure range. The unit cell volumes, normalized per
Zn atom remain constant within the existence range of defined phase (ESI, Fig. S25). The
evidence from the unit cell parameter also suggests swelling of the ZIF-7 framework in the
R3m space group as we notice expansion of the cell volume by elongation along a and b axes

for CO2, MeOH and DMF as respective guest species.
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Table 2. Unit cell parameters, refined for ZIF-7(12) under different gas pressure and

temperature conditions except for MeOH adsorption.

Conditions Phase |Space |a(A) b (A) c(A) a () B v () V (A%
group

DMF, 298 K asmade R3m | 23.0824(4) | 23.0824(4) |15.7049(4) |90 90 120 7246 5(3)

Vacuum, 298 K | CP P1 23716(3) | 21.466(3) |16.118(2)  |91.39(1) |91.96(1) 108.63(1) |7766(2)

CO, 100 kPa, OP1  |R3m  22.483(1) |22.483(1) |15.833(1) |90 90 120 6930.7(6)

298 K

Vacuum, 195 K | CP P1 23647(2)  |21.469(2)  |16.189(2)  |90.88(1) |92.18(1) 108.98(1) |7763.3(14)

CO,5kPa, 195K |OP1  |R3m | 22.048(1)  22.048(1)  16.004(1) 90 90 120 6737.6(6)

CO,5kPa, 195K |OP1  C2/m  |16.609(1)  |22.048(1)  16.003(1) 90 129.97(1) 90 4491.2(6)

CO,100 kPa, OP2  |C2/m  |17.155(1)  |23.040(1)  |13.486(1) |90 118.665(5) |90 4676.8(4)

195 K

ZIF-7(OAC), OP1  |R3m 22.8848(7) |22.8848(7) |155771(7) |90 90 120 7064.9(5)

MeOH 13 kPa,

298 K

In terms of the unit cell volume, all three crystal structures show comparable values (Table
2). Interestingly, ZIF-7 CP structure shows even higher unit cell volume (7766 A%) compared
to ZIF-7 OP structure (6737.6 A®) although both contain 18 Zn atoms per unit cell. It indicates
that, not the unit cell volume alone, but rather accessibility of the pores and in particular pore
windows are of paramount importance for guest-induced flexibility. This has been also pointed
out for ZIF-8.% The calculations of the probe-accessible volume for all three structures using
Zeo++ software® for the probe molecule with kinetic diameter of carbon dioxide (3.3 A)
indicate that ZIF-7 CP and ZIF-7 OP1 contain only non-accessible probe-accessible volume,

whereas in ZIF-7 OP2 the larger part of pore volume is accessible for CO2 (Table 3).

Table 3. Geometric calculations of probe-occupiable volume for COx.

Accessible probe-occupiable Non-accessible probe-
Structural model - . 31
volume (cmig™) occupiable volume (cm3g™?)
ZIF-7 CP 0 0.169
ZIF-7 OP1 0 0.204
ZIF-7 OP2 0.183 0.067

CO2 Adsorption at 298 K in ZIF-7
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In contrast to nitrogen physisorption, all ZIF-7 samples of 15 — 0.05 um range undergo CP
to OP transition showing a pronounced hysteresis in CO; physisorption isotherms at 298 K. As
described by Coudert et al., the stepped isotherm is a result of the difference in the free energy
between the OP and CP phase (Fop < Fcp) when OP phase can be stabilized by the guest.®’
Furthermore, the activation barrier for the CP — OP transition can be crossed owing to the
overpressure Ap (Ap = pg — pe: Where pg is gating pressure and pe is equilibrium pressure and
Pe > pe) leading to stabilization of the OP phase with guest molecule by lowering the free energy
change.%%” However, since all materials show a transition with CO», the corresponding

isotherms were analyzed in details.

Solvothermally Synthesized ZIF-7 materials

CO; adsorption behaviour and the first derivative of adsorption and desorption branch are
shown in Fig 9(a), (b) and (c) respectively. All the materials including ZIF-7(14)-S
nanocrystals, show gate-opening behaviour. The gate-opening and closing pressure remains
constant and does not show any crystal size dependency for the micro-size crystals. However,
the presence of meso-size crystals in ZIF-7(18) results in a second inflection point beyond the
pressure at half maximum uptake. This behaviour is likely an effect of the broader crystal size
distribution in the same batch of materials.

The effect of size distribution is corroborated by analysing the CO» adsorption of samples
separated by two-step centrifugation, with the larger and smaller sized samples with L and S
suffixes. In Fig. 9 the isotherm of ZIF-7(14)-S crystals with an average size of 0.08 um,
possesses a delayed gate-opening owing to two orders of magnitude reduction in crystal size.
A detailed discussion is presented in the supporting information (ESI, Figs. S7, S8; Table S2)
on the effect of crystal size distribution. Specially, Figs S7 and S8 indicate that the two peaks
in the conventional solvothermal ZIF-7s approximately corresponding to the individual peaks

in the “L” and “S” samples.
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Figure 9: (a) CO; adsorption isotherms at 298 K for solvothermally synthesised ZIF-7; and

first derivatives of the respective (b) adsorption and (c¢) desorption branches.

The gate-opening pressure is doubled for ZIF-7(14)-S due to size reduction. However, the

closing pressure remains same for all the solvothermally synthesized ZIF-7 irrespective of size,

exhibited by the derivative plots in Fig. 9(b) and (c). These plots qualitatively describe the trend

of activation energy barrier of the phase transition in flexible frameworks.* The steepness of

the adsorption branch is relatable to the narrow distribution of free energy of activation.

Whereas with the presence of meso-size crystals, the adsorption branch exhibited two distinct

peaks, approximately at 45 kPa and 65 kPa (ZIF-7(18)), representing different free energies of

activation for CP to OP transition for micron and meso-size crystals in the samples.

ZIF-7 Synthesized using Stirring
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Figure 10: (a) CO: adsorption isotherms at 298 K for various ZIF-7 synthesized under stirring;

and the first derivatives of the respective (b) adsorption and (c) desorption branches.

Fig. 10 shows the CO; adsorption isotherms and the respective first derivatives. Despite their
nano-sized crystals, all the materials show S-shape isotherms albeit with broad hysteresis.
Interestingly, with decrease in crystal size both gate-opening and closing pressure changed
systematically unlike other flexible MOFs.*>® This observation either indicates that both,
opening and closing, are far from equilibrium or the equilibrium transition pressure is affected
by factors other than size, such as morphology or defects. To provide evidence for this
hypothesis advanced experimental or simulation tools are required and are beyond the scope
of this work. The CO. uptake capacities and respective CP to OP transition pressure and vice-
versa at the half maximum uptake is noted in table 4. Despite an average size of 0.42 um, ZIF-
7(12)-STR behaves identically to ZIF-7(12) disturbing a simple trend of assuming a critical
size for both N> and CO; adsorption.

The CO> adsorption isotherm of ZIF-7(OAc), which crystallizes in spherical morphology

with an average size of 0.15 um possesses the widest hysteresis with gate-opening and closing
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pressure around 65 kPa and 29 kPa. This underlines the effect of crystal morphology on guest-
induced framework flexibility, previously reported for MIL-53(Al) and NH,-MIL-53(A1)%-7°
is applicable for ZIF-7 nano-crystals. Conversely, ZIF-7(14)-L showed the narrowest
hysteresis (see ESI, Fig. S8) among all samples analyzed.

Table 4: CO> adsorption data at 298 K

CO: Uptake | CP-OP & OP- CO2 Uptake | CP-OP & OP-
Materials at 100 kPa | CP Transition | Materials at 100 kPa | CP Transition

(wt %) Pressure (kPa) (wt %) Pressure (kPa)
_ | z2IF-7(12) 10.1 50 & 34 ZIF-7(12)-STR | 10.3 46 & 27
@
g ZIF-7(18) 9.6 50 & 36 2 | ZIF-7(14)-STR 10.3 55 & 34

=

% ZIF-7(14)-L 10.6 49 & 37 z,;) ZIF-7(18)-STR | 8.6 62 & 39
& | ZIF-7(14)-S 9.0 67 & 37 ZIF-7(0OAc) 9.2 65 & 29

COz2 induced structural evolution by in situ PXRD

The mechanism of CO; induced phase transition of ZIF-7 demonstrated by Zhao et al.,
initiates by accumulation of COz in the distorted hexagonal 6-ring window followed by rotation
of the shared bIm linker between normal and distorted 6-ring through CO2 migration; resulting
in the abrupt increase of gas uptake.?® This points out the possibility of the apparent diffusivity
being affected by increasing surface resistance rather than intracrystalline mass transfer
resistance similar to ZIF-8.%® This has intrigued us to ask the question: ‘What determines the
delay in CP to OP transition in ZIF-7? Is it the surface barrier or intra-crystalline diffusion?’
The in situ PXRD experiments conducted in parallel to CO> adsorption shown in Fig. 11,
indicated shift in the pressure from 45 kPa for ZIF-7(12) to 55 kPa for ZIF-7(18)-STR, where
the PXRD of CP phase starts to evolve towards OP phase. This is indicative of ZIF-7 existing
in the CP phase until 55 kPa CO, pressure for ZIF-7(18)-STR having average crystal size < 0.1
pm, whereas the pressure is 45 kPa for ZIF-7(12) possessing crystals > 10 um. This concludes
that the delay in gate-opening for ZIF-7 is due to increase in the surface barrier, as the

nucleation for gating transition initiates at the outer surface of the crystals. The two orders of
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magnitude reduction in crystal size of ZIF-7(18)-STR in comparison to ZIF-7(12), results in
higher surface to volume ratio with a greater number of weaker surface adsorption sites causing
a delay for the phase transition. This insight was motivated by the molecular simulation by

Zhang et al. on ZIF-8, showing that the weaker affinity of surface adsorption sites due to lack

1

of neighbouring groups*' increases the activation energy barrier to initiate gate-opening,

require larger adsorbate concentration to trigger dynamic behaviour.”!~"3
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Figure 11: /n situ PXRD in parallel to CO; adsorption at 298 K for ZIF-7(12) and ZIF-7(18)-

STR (a) adsorption isotherms; structural evolution during adsorption (b) ZIF-7(12) and (c) ZIF-

7(18)-STR

We have investigated the CO» adsorption on ZIF-7(12), ZIF-7(18), ZIF-7(12)-STR, ZIF-
7(18)-STR and ZIF-7(OAc) under in situ PXRD conditions (ESI, Figs. S11 — S20). Studying
multiple samples confirmed that their intrinsic phase transition behaviour does not change
except for the pressure to trigger the transition. The CO; adsorption isotherms described before
for ‘STR’ samples exhibit unique features as both gate-opening and closing pressure
systematically changes, which cannot be explained by crystal size alone. It will require further
studies on identifying possible reasons such as defects on the surface or in bulk structure,
agglomerations, or the morphology to understand this phenomenon, which is beyond the scope
of this study.

Summarizing, in situ PXRD provide the understanding guest-induced transitions in ZIF-7

samples under controlled CO; loadings at both 298 K and 195 K. However, the comparison of
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CO»-filled phases with DMF filled framework indicates that the latter shows the most expanded
form, which we named it as OP1" from here on. Also, despite the limitations of smaller pore
aperture, ZIF-7 is capable of adsorbing much larger molecules than its pore opening,
highlighting the significance of host-guest interactions. Thus we analysed vapour adsorption
isotherms using alcohols possessing significant dipole moment to interact strongly through H-
bonding?’, or heptane and toluene showcasing hydrophobic or m-r interaction, rendering CP —
OP transition in ZIF-7 as well as CO2 or N> which are non-polar in nature. This leads us to the
following section on solvent vapour adsorption.

Solvent vapour adsorption on ZIF-7

ZIF-7(12) and ZIF-7(18)-STR were studied for sorption of alcohols and organic solvents to
compare the effect of crystal size. The isotherms shown in Fig. 12 suggest that irrespective of
small pore window of ZIF-7, larger guests can enter the pores inducing CP to OP transition.
Among methanol, ethanol, and iso-propanol the latter two exhibited type-I isotherms whereas
methanol exhibits hysteresis, implying weaker interaction with ZIF-7. However, the crystal
size does not affect the gate-opening pressure, which is presumptively by lowering the
activation energy barrier due to the stronger H-bonding type interactions. Furthermore, alcohol
adsorption isotherms in Fig. 12 do not attain a plateau implying adsorption at inter-particle
pores or swelling of ZIF-7 framework. A simple calculation of pore volume reported in table
S2, supports the idea of framework swelling. The table shows that with increase in the alcohol
size the calculated pore volume increases suggesting expansion of framework. This volume is

further increased for nano-crystals possessing interparticle pores.
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Figure 12: Solvent vapours physisorption at 298 K on (a) micron size crystals: ZIF-7(12), (b)

sub-micron crystals: ZIF-7(18)-STR

Furthermore, we show adsorption of heptane and toluene for the first time, revealing a
prominent m-n stacking interaction between toluene and Hblm of ZIF-7 framework resulting
in steeper uptake at lower relative pressure whereas heptane shows hysteresis around p/po= 0.2
— 0.3. Also, it can be seen for meso-size crystals of ZIF-7(18)-STR that the gate-opening by
heptane is at higher relative pressure than for micron size crystals of ZIF-7(12).

Considering differences in host-guest interactions, there is a window for ZIF-7 to be
investigated for n-heptane/toluene’* and alcohol/water separation’”, as these are of significantly
important industrial processes. Hydrophobicity of ZIF-7 was tested by HO vapour adsorption
(ESI Fig. S9). Since ZIF-7 exhibits a favourable uptake of ethanol and IPA at low relative
pressure, while water uptake is unfavourable until 0.8 relative pressure, could be valuable for
water/alcohol separation. On the other hand, ZIF-7(18)-STR shows a prominent type-I
isotherm for toluene, whereas n-heptane isotherm shows a hysteresis loop, implying possibility
for their separation.

In situ PXRD in parallel to MeOH adsorption
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The presence of extra-large pores like the as-made ZIF-7 was observed through the in situ
PXRD experiment carried out in parallel with MeOH adsorption at 298 K. Du et al. have
investigated the expansion of ZIF-7 while adsorption of C1-C5 alcohols, where with increase
in the alcoholic carbon chain the XRD peaks shift to lower angles.*?> We used ZIF-7(OAc)
considering the uniformity and presence of discreet particles to avoid condensation in
interparticle pores and to obtain data relatable to the framework porosity. In Fig. 13 we observe
the gradual change from CP to OP phase during MeOH adsorption. A comparison of PXRD
peaks of CO2 with DMF, or MeOH molecules in ZIF-7 pores suggested that the difference in
XRD peaks probably arose due to different arrangement of adsorbate species inside the pores.
Solvents such as DMF and MeOH interact more strongly with framework, opening it into an
extra-large pore configuration in comparison to CO; (Table 2). The extra-large opening of
ZIF-7 in presence of solvents is named as OP1". Profile fit of PXRD patterns indicates the
direct reversible transition between CP to OP1" phases (ESI, Figs. S22 & S23) showing

pronounced inelastic deformations of the unit cell upon adsorption and desorption of the fluid.

90 T T
ZIF-7(0Ac) e (a) N (b) ZIF-7(0Ac)
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Figure 13: (a) In situ PXRD measurement in parallel to MeOH physisorption on ZIF-7(OAc)

at 298 K and (b) comparison of XRD with different guest molecules in the pores

CONCLUSIONS

ZIF-7 is a flexible MOF that shows gate-opening behaviour in presence of CO; as guest

molecule under near ambient conditions. We showed that ZIF-7 framework synthesized using
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different methodologies affect the guest-responsive properties of the solid. The effect of crystal
size and its distribution on both N> and CO> adsorption behaviour was analysed. Static
solvothermal method produces crystals with defined morphology and mean size ranging
between 4 to 17 um depending on ligand concentration in precursor solution with a rather broad
size distribution. The stirring method, in contrast, results in smaller (0.05 — 0.5 um) sized
crystals with undefined polyhedral morphology and agglomeration.

ZIF-7 was known to exhibit CP — OP transition in response to guest molecules. For the first
time, we report a yet unknown CO»-filled ZIF-7 phase (OP2) at 195 K showing larger pore
opening and adsorption capacity than the OP1 phase. Using in situ PXRD measurement in
parallel to CO> and MeOH adsorption we compared the various guest filled ZIF-7 phases
abbreviated as OP1, OP2 and OP1". With solvent molecules inside ZIF-7 pores, the framework
swelled to OP1" phase. Thus host-guest interaction plays a pivotal role for complete opening
of the ZIF-7 framework.

Unlike many other flexible MOFs, ZIF-7 remains flexible upon CO- adsorption at ambient
conditions even with a crystal size of < 0.1 um, which is useful for various gas separation
applications. The difference in the “gate opening” pressure upon adsorption of CO2 at 298 K
is rather small, varying between 35 and 65 kPa with different slopes depending on the crystal
size, their distribution and morphology. Furthermore, the in situ PXRD suggested that the delay
in the gating pressure for COz is due to the enhanced surface barrier as the peaks remain at CP
phase until the inflection point in CO; adsorption isotherm at 298 K.

The solvothermally synthesized ZIF-7 did not show any change in “gate closing” pressure
during desorption, as previously reported for other MOFs. In contrast, stirring synthesis
resulted in smaller ZIF-7 crystals, which not only showed flexibility in nano-sized crystals but
also size-dependent “gate closing” pressures. This unique adsorption behaviour of ‘STR’ ZIF-

7 samples, where both “gate opening” and “gate closing” pressure changes, can also originate
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from surface defects such as grain boundaries and intercrystalline strains. The understanding
of these effects is still in its infancy and remains as an open question in MOF research. This
work also revealed the possibility of reducing the hysteresis width between adsorption and
desorption curves using larger size particles with narrow size distribution. Our findings can be
useful for development of industrially viable standard synthesis protocols of ZIF-7 for
application in sustainable gas separation processes. Further investigation of these effects by
advanced experimental and simulation tools could enlighten the thermodynamics and kinetic

barriers of this system.
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