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Hybrid zeolitic imidazolate frameworks (ZIFs), containing more than one type of imidazolate linker, can allow highly
tunable molecular sieving and adsorption. Their crystallization becomes more challenging when the end-member (sin-
gle-linker) ZIFs crystallize in different crystal systems. We demonstrate the controlled synthesis and detailed characteri-
zation of hybrid ZIF-7-90 frameworks containing linkers of ZIF-7 (rhombohedral) and ZIF-90 (cubic). ZIF-7-90
materials with SOD-type topology are obtained in three crystalline phases depending on the linker composition and syn-
thesis technique. The effect of synthesis conditions on the activation-induced phase transition from rhombohedral to
other topologies is studied. Nitrogen physisorption at 77 K and CO2 physisorption at 273 K shows the tunability of the
pore-size distribution and the framework flexibility as a function of framework composition. Measurements of water
adsorption and butane isomer diffusion illustrate the tunability of diffusivity over seven orders of magnitude and control
of hydrophobic to hydrophilic adsorption behavior. VC 2015 American Institute of Chemical Engineers AIChE J, 62:

525–537, 2016
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Introduction

Zeolitic imidazolate frameworks (ZIFs) consist of tetrahe-

dral metal (Zn21 or Co21) sites bridged by nitrogen atoms of

imidazolate linkers. ZIFs are promising materials for adsorp-

tion, membranes, sensors, and catalysis due to their high

microporosity and good chemical and thermal stability.1–6 The

pore sizes of ZIFs (0.2–2 nm) allow selective sieving and rec-

ognition of molecules. ZIFs can also show dynamic structural

transitions during adsorption, known as the “gate-opening”

phenomenon.5,7–9 This is attributed to rotation of the linkers

that causes a sudden increase of the adsorbed amount at a very

low pressure; hence ZIFs can be considered to be relatively

flexible nanoporous materials vs. more rigid materials such as

zeolites. This flexibility introduces significant challenges in

designing ZIFs for separations of molecules of similar size.

ZIF-7, ZIF-8, and ZIF-90 are three of the most well-known

ZIF materials. ZIF-8 and ZIF-90 frameworks prefer to crystal-

lize in the cubic (I-43m) SOD topology, whereas ZIF-7 prefers

the rhombohedral (R3) SOD topology.2 Recent studies have

shown that ZIF-7 can undergo structural transformations.

Aguado et al.9 reported a reversible phase transition from a

narrow-pore to large-pore form of ZIF-7 during CO2 adsorp-

tion. Zhao et al.10 showed three crystalline phases of pure ZIF-

7 on thermal activation to remove the solvent molecules from

the pores: rhombohedral R3 (ZIF-7-I), monoclinic C2/c (ZIF-
7-II), and triclinic P1 (ZIF-7-III), all with SOD topology.

Although a number of ZIF structures have been synthesized,
systematic approaches to the tuning of their structural proper-
ties are also required to realize a wider platform of ZIF materi-
als that are useful for molecular separations. Several
approaches have been shown to tune and modify the properties
of ZIF frameworks through chemical or structural modifica-
tions. The three primary approaches taken are postsynthesis
modification,11 solvent-assisted linker exchange,12,13 and the
mixed-linker synthesis strategy5 to tune the microporosity of
the framework, to form a different topology,14 or to form a
more efficient membranes for CO2 capture.15 An attractive
aspect of the mixed-linker approach is the possibility of opti-
mally tuning the properties of the ZIF for a desired function.
Previously,5,16,17 we have synthesized hybrid ZIF-8-90 and
ZIF-7-8 materials by inclusion of 2-carboxyimidazole (ZIF-90
linker) and benzimidazole (ZIF-7 linker) along with 2-
methylimidazole (ZIF-8 linker) during synthesis, and demon-
strated control of pore size, hydrophilicity/organophilicity,
and sorbate diffusion properties.

However, the synthesis and characterization of mixed-linker
ZIF systems requires significant further development, espe-
cially in more challenging cases wherein the two end-member
ZIFs prefer to crystallize in different crystal systems and under
very different synthesis conditions. In particular, we discuss
here the synthesis and characterization of ZIF-7-90 frame-
works containing linkers of ZIF-7 (benzimidazole, Bz-IM) and
ZIF-90 (carboxaldehyde-2-imidazole, OHC-IM). This hybrid
ZIF system allows a significantly more expanded range (3.7–5
Å) of effective pore-size control in relation to the ZIF-7-8
(3.7–4 Å) and ZIF-8-90 (4–5 Å) systems. Through a detailed
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investigation of the synthesis parameter space, we show that it
is possible to synthesize ZIF-7-90 hybrids in a large range of
composition, and that no single solvent system or synthesis
condition can yield all the desired materials (unlike the cases
of ZIF-8-90 and ZIF-7-8). Using a battery of characterization
methods, we track the formation of different phases of crystal-
line, thermally stable, ZIF-7-90 structures that exhibit adsorp-
tion and diffusion properties different from the parent end-
member frameworks. These results are valuable in the design
of ZIF materials and membranes for use in separation
processes.

Experimental Section

Materials

Carboxyaldehyde-2-imidazole (99%, OHC-IM), dimethyl-

formamide (DMF), benzimidazole (99%, Bz-IM), and sodium

formate (99%, NaCO2H) were obtained from Alfa Aesar.

Zn(NO3)2�6H2O (99%) was obtained from Sigma-Aldrich.

Methanol (MeOH) was obtained from HPLC. Deionized water

was produced with a Thermo Scientific 7128. All materials

were used without further purification.

Synthesis of ZIF-7-90 hybrids

A systematic exploration of the synthesis conditions

(including of different solvents and temperatures) was carried

out as described in detail below.
Single-Solvent Synthesis at High Temperature (90–

1408C). (1) MeOH solvent at 908C. The method previously

used to grow large crystals (>100 mm) of hybrid ZIF-8-9017

was used with a slight modification. A solution of x mmol of

Bz-IM and (8-x) mmol of OHC-IM was dissolved in 40 mL of

MeOH. The value x was 0–8. A mixture consisting of 0.595 g

(2 mmol) of Zn(NO3)2�6H2O dissolved in 40 mL MeOH was

poured into the mixed linker solution. The resulting solution

was heated at 908C for 48 h in a sealed glass jar. Large crystals

formed on the walls and bottom of the jar were collected and

washed several times with MeOH, and then dried in an oven at

808C. ZIF-7-90 synthesis behaves differently from ZIF-8-90

materials. The latter materials require the use of sodium for-

mate (NaCOOH), but its use in ZIF-7-90 synthesis is found to

yield amorphous materials due to its fast deprotonation of the

linkers. Also, in ZIF-7-90 synthesis, crystalline phases cannot

be formed in very polar solvents such as DMF or nonpolar sol-

vent such as 1-octanol. (2) DMF solvent at 110–1408C. The

use of an amide solvent such as DMF solvent along with high

temperatures (110–1408C) and a long crystallization time are

methods used by many researchers to form pure ZIF-7.2,18 We

attempted to form ZIF-7-90 materials at similar conditions in

presence of both Bz-IM and OHC-IM linkers. A mixture of x
mmol of Bz-IM, 1-x mmol of OHC-IM, and y mmol of

Zn(NO3)2�6H2O was dissolved in 20–25 mL of DMF. The val-

ues x and y were (0.7–2) mmol and (0.15–2) mmol, respec-

tively. The resulting solution was poured in a teflon holder,

sealed, and heated at 110–1408C for 48–120 h. The longer

times were used at lower temperatures (1108C). The large and

small crystals formed on the walls and bottom of the holder

were collected and washed several times with MeOH, and

then dried in an oven at 808C. We found that the crystal size

of pure ZIF-7 is dependent on x and y parameters. The higher

concentrations of BZ-IM ligand and zinc lead to the formation

of nanocrystals, for example, if x52 and y52. The large crys-

tals (about 10 mm) are formed at lower concentration such as

x50.7 and y50.8 at 1308C for 48 h, then. Also, the longer
crystallizations period or the higher ratio of BZ-IM over zinc

(x52 and y50.15–0.28) produce the larger crystals. Although,

using above method the pure ZIF-7 crystals in different sizes
can be synthesized, but ZIF-7-90 materials only can be formed

in an amorphous phase.
Two-Solvent-Synthesis at Room Temperature (258C).

These crystals were synthesized using variations of the
NSIC19 method earlier reported by Thompson et al for the

synthesis of hybrid ZIF-8-90 and ZIF-7-8 materials.5 Four dif-

ferent solvent systems were used to synthesize hybrid ZIF-7-
90; DMF-MeOH, DMF- H2O, MeOH-DMF, MeOH- H2O, and

H2O -MeOH. The two-solvent system is defined as (solvent #1

to dissolve linkers)-(solvent #2 to dissolve zinc ions). A solu-
tion of x mmol of Bz-IM, 20-x mmol of OHC-IM, and 20

mmol of NaCO2H in 50 mL of MeOH, DMF, or H2O was pre-

pared. The value x was varied between 0 and 20. The solution
was stirred and heated at 508C until it became clear, and then

cooled down to room temperature. A solution of 5 mmol of

Zn(NO3)�6H2O in 50 mL of H2O, DMF, or MeOH was pre-
pared, poured into the first solution, and the resulting mixture

was allowed to stir at room temperature for 1–4 h. On adding

the zinc solution, fast crystallization with high yield was
observed for synthesis with over 74% Bz-IM (i.e., under 26%

OHC-IM) linker mole fraction. Longer crystallization times

(2–4 h) with low yield were observed at lower Bz-IM load-
ings. ZIF crystals were collected by centrifugation at

8000 rpm for 6 min, washed in MeOH three times, and dried

in an oven at 808C.

Activation

All the ZIF-7-90 crystals formed in the single-solvent or

two-solvent syntheses were activated to remove the solvent
guest molecules (particularly DMF) from the micropores. The

as-made crystals were soaked in MeOH at 508C for 24 h to

perform exchange of the guest solvent molecules with MeOH.
The solvent-exchanged crystals were washed in fresh MeOH

and collected by centrifugation, a process which was repeated

thrice. They were then dried in a vacuum oven at 2008C for
24 h.

Characterization methods

XRD patterns were measured on a PANalytical X’Pert Pro

diffractometer at room temperature using Cu Ka radiation of
k 5 0.154 nm and a scanning range of 5–408 2h with low back-

ground sample holder. Solution 1H-NMR measurements were

performed with a Bruker 400 MHZ spectrometer after digest-
ing the ZIF crystals in d4-acetic acid (CD3CO2D). To deter-

mine the fraction of each imidazole linker in the ZIF
materials, the integrated peak area of the methyl protons of

Bz-IM (chemical shift 9.05 ppm) was normalized to that of the

aldehyde proton of OHC-IM (9.84 ppm). The chemical shifts
of both imidazole linkers were referenced to the chemical shift

(2.30 ppm) of d4-acetic acid. Thermogravimetric and decom-

position analysis was performed on a Netzsch STA-409-PG
thermogravimetric analyzer (TGA) and differential scanning

calorimeter (DSC). Activated samples were heated from room

temperature up to 9008C with a ramp rate of 10 K/min in a
diluted air stream (40% air/N2). Smoothed differential mass

loss curves were analyzed to determine the decomposition

temperature. Powder FT-Raman spectroscopy was performed
with a Bruker Vertex 80v FTIR/RAM II FT-Raman Analyzer

in open atmosphere and a He/Ne red laser (1054 nm).
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Numerical integration of FT-Raman peak areas was carried

out with the instrument software. The BZ-IM and OHC-IM

peaks were background-subtracted using a polynomial, and

then fitted with mixed Gaussian–Lorentzian functions to

obtain the integrated peak areas. Hitachi SU 8010 FESEM at 5

keV was used to observe the particle size and morphology.

The sample powders were first dispersed by sonication in a fil-

tered MeOH solution for 5 min before dropping on the SEM

grids.
N2 and CO2 physisorption measurements were performed

on a Micromeritics ASAP 2020 surface area analyzer at 77 K

and 273 K, respectively. CO2 adsorption at 273 K allowed

rapid equilibration with no diffusion limitations even for the

smallest pore-size materials, which are not accessible to N2 at

cryogenic temperatures. The activated samples were degassed

at 2008C under vacuum for 18 h before physisorption measure-

ments. Pore-size distributions (PSDs) of hybrid materials were

calculated using the Horv�ath–Kawazoe (HK) model.5,20 The

BET, Langmuir, Dubinin–Radushkevich and t-plot micropore

volume methods were also used to analyze the textural proper-

ties of the hybrid ZIFs. Water adsorption isotherms were col-

lected using a VTI SA Vapor Sorption Analyzer (TA

Instruments). Approximately 10–20 mg samples were used for

each experiment. The activated samples were degassed in situ
at 1058C for up to 9 h in an ultrapure N2 stream. The relative

vapor pressure of each adsorbate was varied between the limits

of 0.01 and 0.9 in discrete steps. Equilibrium was assumed to

be achieved if less than 0.003% weight change was observed

in a 5-min interval.
The n-butane and i-butane transport diffusivities were meas-

ured with a volumetric (pressure decay) apparatus.17,21,22 A

known amount of ZIF sample was sealed into a 0.5 mm filter

element and installed in the sample chamber. The volumes of

the sample chamber and reservoir chamber are precisely

known. It was determined that all our experiments satisfied the

criterion for isothermal macroscopic diffusion.22,23 The appa-

ratus was placed in a silicone oil bath equipped with a circula-

tor for temperature control. The activated sample was

degassed under vacuum at 1208C for 12 h and then maintained

for 12 h at 358C. The vacuum was then isolated, and a known

quantity of hydrocarbon gas was injected into the reservoir

chamber. The valve connecting the sample and reservoir

chambers was then opened. Sensitive pressure transducers

attached to the sample and reservoir chambers were used to

measure the pressure changes over time, occurring due to

adsorption. The data were converted to uptake curves using a

virial equation of state.

Results and Discussion

Composition analysis

Thompson et al.5 showed that in the NSIC method the linker

with lower solubility in the non-solvent is preferentially incor-

porated into the mixed-linker/hybrid ZIF framework. There-

fore, the ratio of the linkers in the hybrid materials is generally

different from that in the synthesis solution. Solution 1H NMR

is a reliable technique to quantify the relative linker fractions

of Bz-IM and OHC-IM in the hybrid ZIF-7-90 crystals. Thus

we established the NMR-derived composition diagram (Figure

1) to relate the linker compositions in the synthesis solution

and in the ZIF framework. The diagram shows that in most

cases (>15% Bz-IM in the synthesis solution), Bz-IM is incor-

porated into the framework with a higher fraction than it is

originally present in the reactant solution, regardless of the

solvent system used. Among the solvent systems, DMF-H2O

allows successful synthesis of crystalline ZIF-7-90 composi-

tions over the widest range of Bz-IM linker fractions (15–

100%). We found it difficult to synthesize ZIF-7-90 materials

Figure 1. Composition diagram of activated hybrid ZIF-7-90 frameworks, as obtained by 1H-NMR composition
measurements. Crystal phases indicated on the left are discussed in detail in Figure 3.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in the Bz-IM< 15% range. In this range, the MeOH-DMF sol-
vent system yielded slightly better results than the DMF-H2O
system.

Recently, we provided direct evidence (via micro-Raman
and powder FT-Raman spectroscopy) that crystallized ZIF-8-
90 materials are true hybrids and not physical mixtures of
ZIF-8 and ZIF-90 crystals.17 However, the objective lenses
mounted on our micro-Raman instrument cannot provide
enough resolution to collect micro-Raman spectra for the pres-
ent case of small ZIF-7-90 crystals, thus only powder FT-
Raman measurements were performed on the ZIF-7-90 materi-

als. Figure 2a shows powder FT-Raman spectra from several
hybrid ZIF-7-90 materials. We use the peaks 1590 cm21 (of
Bz-IM) and 1680 cm21 (C@O stretching vibration of OHC-
Im) as signatures of the ZIF-7 and ZIF-90 linkers, respec-
tively. In the hybrid ZIF-7-90 materials both peaks are
observed due to the presences of both linkers in the frame-
work. As the OHC-IM content increases, the intensity of the
Bz-IM peaks decreases and it is eliminated in pure ZIF-90.
The integrated areas (IZIF-7 and IZIF-90) of the signature peaks
in each FT-Raman spectrum use the normalized quantity
X 5 1003IZIF-7/(IZIF-71IZIF-90) as a measure of the percentage

Figure 2. (a) Powder FT-Raman spectra of ZIF-7-90 hybrid framework materials and (b) Composition analysis of
ZIF-7-90 hybrid crystals from FT-Raman data. The quantity X 5 1003IZIF-7/(IZIF-71IZIF-90) is obtained from
the FT-Raman measurement whereas the quantity y is the corresponding ZIF-7 linker fraction obtained
from 1H-NMR.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of ZIF-7 linkers in the framework. Because of different polar-

izabilities of the two characteristic linker vibrations, the quan-

tity X is not the exact equivalent of the ZIF-7 linker fraction

(x). Figure 2b plots the values of X obtained from FT-Raman

measurement vs. the values of x obtained previously from 1H-

NMR measurements. As in the case of ZIF-8-90 hybrids, the

continuous trend observed in Figure 2b indicates that the ZIF-

7-90 materials are also true mixed-linker hybrids.

Crystal structure

The crystallinity and crystalline phase of the frameworks
prepared in different solvent systems with different ratios of
linkers were examined by XRD. Figures 3 and 4 show the
XRD patterns of activated ZIF-7-90 materials, whereas Sup-
porting Information Figure S1 shows the XRD patterns of the
corresponding as-made materials. ZIF-90 is known only in the
cubic (SOD) topology5 whereas ZIF-718,19 may take

Figure 3. Powder XRD patterns of activated ZIF-7-90 hybrids synthesized in (a) DMF-H2O and (b) MeOH-DMF. Per-
centages shown are determined from solution 1H NMR.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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rhombohedral (ZIF-7-I), monoclinic (ZIF-7-II), or triclinic
(ZIF-7-III) forms depending on the presence of guest mole-
cules. Supporting Information Figure S1 shows that as-made
ZIF-7-90 materials synthesized in DMF-H2O, MeOH-DMF
and DMF-MeOH favor the rhombohedral ZIF-7-I phase above
70% Bz-IM loading. After activation, the hybrid materials in
the 70–97% Bz-IM range transition to the monoclinic ZIF-7-II
phase in MeOH-DMF (Figure 3a), whereas the triclinic ZIF-7-
III phase is formed by frameworks synthesized in DMF-H2O
with 97–100% Bz-IM loading (Figure 3b).

However, between 40% and 70% Bz-IM loading there is a
new phase formed by the mixed-linker ZIF-7-90 materials

synthesized in DMF-H2O and MeOH-DMF solvent systems at
room temperature (Figures 3a, b). This phase (which we refer
to as “ZIF-7-90-IV”) has not been reported previously for
either pure ZIF-7 or ZIF-90. Its first diffraction peak is at 78

2h, indicating that it is also a microporous material. The new
phase is also highly stable and does not undergo any phase
transition after activation at 2008C. The methanol solvent sys-
tem at 908C yields another new and apparently microporous
phase (Figure 4a, “ZIF-7-90-V”) which is different from that
shown in Figure 3. All frameworks up to 40% Bz-IM loading
display the cubic phase of ZIF-90 before and after activation.
This is in good agreement with our previous data for hybrid

Figure 4. Powder XRD patterns of activated ZIF-7-90 hybrids synthesized in (a) DMF (120–1408C), MeOH (908C) and
(b) DMF-MeOH, MeOH-H2O, H2O-MeOH. Percentages shown are determined from solution 1H NMR.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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ZIF-7-8 materials.5 Also, all as-made hybrid ZIF-7-90 materi-
als formed in MeOH-H2O and H2O-MeOH systems take the

ZIF-7-III phase before and after activation (Figure 4b).

Finally, the XRD patterns do not indicate formation of physi-
cal mixtures of ZIF-7 and ZIF-90 materials in any of the

syntheses.

Morphology and crystal-size distribution

FESEM imaging was used to examine the morphology and

crystal-size distribution as a function of the synthesis condi-

tions. Figure 5 shows representative SEM images of the acti-
vated ZIF-7-90 hybrid materials with different Bz-IM loadings

synthesized at different conditions, whereas Supporting Infor-
mation Figure S2 shows the corresponding crystal-size distri-

butions (CSDs) obtained from large-area SEM images. Figure

5 shows that each crystalline phase exhibits a well-defined
morphology. The morphology of the pure ZIF-7 crystals

appears to be strongly dependent on the crystalline phase
formed. Very large pure ZIF-7 crystals formed either at room

temperature or at 908C (Figures 5a, b) take the ZIF-7-III phase

after activation. Within this set, the as-made crystals formed
in DMF-H2O that are in the ZIF-7-I phase are converted to

ZIF-7-III during activation. ZIF-7-I (as-made) and ZIF-7-II
(postactivation) phases formed in MeOH-DMF at room tem-

perature show rectangular morphology (Figure 5c), while

rhombic dodecahedra are formed in DMF at 110–1408C (Fig-
ures 5d, e). The hybrid ZIF-7-90 materials with ZIF-7-II crys-

talline phase formed at room temperature with 70–99% Bz-IM

loadings have ill-defined morphologies of small and aggre-
gated crystals (Figures 5g–i), in general agreement with the

broad peak shapes observed in the XRD patterns. If the crys-
tallization of ZIF-7-90 hybrids occurs in one solvent, that is,

MeOH, the morphology and crystallization are different; the

presence of both OHC-IM and BZ-IM linkers in MeOH solu-
tion at 908C forms large particles decorated with the small

crystals on the surface introduced as new ZIF-7-90-V phase
(Figure 5f). Also, the new phase ZIF-7-90-IV forms in a

unique rod-like twinned or intergrown morphology (Figures

5k–l). The ZIF-7-90 frameworks crystallized in the ZIF-90
phase show the typical rhombic dodecahedral shape of the

ZIF-90 phase (Figures 5m–o). In general, the average crystal
sizes of the hybrid ZIF-7-90 materials formed in DMF-H2O

are larger than those formed in MeOH-DMF. Finally, the

XRD and SEM investigations suggest that none of the crystal-
lization products contain physical mixtures of two different

types of crystals.

Porosity and textural properties

We used both N2 and CO2 physisorption to gain access to

the microporosity of all the ZIF hybrid materials, especially

those that are close to ZIF-7, which has much smaller pores
than ZIF-90. Figures 6a, b show N2 and CO2 physisorption

isotherms of ZIF-7-90 hybrids, respectively. Supporting Infor-
mation Figures S3a, b show the surface areas and micropore

volumes of activated ZIF-7-90 hybrid materials obtained from

these measurements, and the calculated values are also listed
in Supporting Information Table S1. The micropore volumes

and surface areas decrease which increased Bz-IM inclusion
into the ZIF-7-90 frameworks. Among the different phases of

hybrid ZIF-7-90, the ZIF-90 phases are the most microporous

and the ZIF-7-II phases show the lowest microporosity. The
ZIF-7-III phases are not included in this discussion since they

are considered dense.10 However, the new ZIF-7-90-IV phase

shows intermediate porosity between the ZIF-7-II and ZIF-90
phases. At 36% Bz-IM loading, the microporosity is decreased
by �50% in comparison with pure ZIF-90. The N2 physisorp-

tion isotherm of ZIF-90 exhibits an inflection point (Figure 6a,
IV) with a hysteresis loop at P/P0 � 0.4 attributed to constric-
tion in the micropores because of the aldehyde functional

groups.11 The isotherms of the ZIF-90 phase hybrids show two
other inflection points: one at P/P0 � 1025 (I), attributed to
the permanent microprosity and the other at P/P0 � 1024 (II),

due to the “gate-opening” phenomenon that allows access of
more N2 molecules into the micropores via linker rotation.
When the Bz-IM loading in the framework reaches 40% and

produces the new ZIF-7-90-IV phase, these two inflection
points are replaced by a single inflection point at P/P0 � 1023

(III). A similar behavior at P/P0 � 1022 (III) also occurs in the

hybrids with the ZIF-7-II phase. In both cases, the single low-
pressure inflection point is attributed to the permanent micro-
porosity. The bulky Bz-IM linkers limit the linker rotation
(and hence gate-opening), thus the gate-opening effect in the

ZIF-7-90 hybrid frameworks containing 40–100% Bz-IM
loading is severely limited. The microporosity rapidly
decreases as the pure ZIF-7-II phase is approached, since the

ZIF-7-II pores are too small to be accessible by N2 at cryo-
genic conditions. A 50–50 (molar) physical mixture of ZIF-7-
II and ZIF-90 crystals was also prepared and analyzed. It is

clear that the physical mixture physisorbs higher amounts than
the same composition of hybrid ZIF-749-9051. The inflection
points of both ZIF-7-II and ZIF-90 are observed in the N2 iso-

therm of the physical mixture, whereas in the 749-9051 hybrid
only the inflection point at P/P0 � 1022 can be seen. These
results further confirm that we have synthesized true hybrid

ZIF-7-90 materials with tunable microporosity different from
the pure ZIF-7 and pure ZIF-90 phases.

Figure 6b shows the CO2 physisorption isotherms of hybrid
ZIF-7-90 materials. The isotherm of pure ZIF-7-II phase

shows a hysteresis loop similar to the earlier measurements by
Bergh et al.24 and Cai et al.25 However, ZIF-7-III phase mate-
rials did not adsorb CO2 at 273 K and are considered dense, in

agreement with previous works.10,25 The adsorption and
desorption branches of the CO2 isotherms of the ZIF-7-90
materials with high loadings of OHC-IM (i.e., ZIF-90 phase)
are all very similar and show no hysteresis. The strong quadru-

ple moment of CO2 allows a specific interaction with the
OHC-IM linker. As shown in Supporting Information Figure
S4, the CO2 isotherms of the ZIF-7-8 materials show a hyster-

esis for different compositions while the ZIF-7-90 and ZIF-8-
90 materials do not. In general, the CO2 isotherms at 273 K
allow us to measure the total pore volume more accurately but

the shapes of the CO2 isotherms are much less sensitive to the
details of the pore structure due to the temperature (273 K)
being close to the critical point.

In an earlier study,5 we showed that the HK20 equations pro-

vided a consistent and physically reasonable method to esti-
mate the PSDs of hybrid ZIF-8-90 and ZIF-7-8. The PSDs
obtained cannot be considered as absolute values because of

the approximations made in these equations,26 but they can be
used to determine the relative trends in the PSDs of the hybrid
ZIF-7-90 materials. Here we used the same physical parame-

ters from our previous N2 physisorption study of ZIF-8-90 and
ZIF-7-8 materials5 for modeling Bz-IM and OHC-IM linkers,
along with N2 adsorption data points at low relative pressures
(P/P0� 0.05). Figure 7 shows the resulting PSDS for hybrid

ZIF-7-90 containing 0-49% Bz-IM. The ZIF-90 phase
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materials (0–40% Bz-IM) show two peaks: the primary micro-
pores at �5 Å and another feature at 6.5 Å attributed to rota-
tion of the linkers (gate-opening). The adsorption capacity of

the primary pore size and the intensity of the second feature
(gate-opening) decrease as the Bz-IM loading increases
because the bulky Bz-IM linkers reduce the microporosity, as

Figure 5. SEM images of activated ZIF-7-90 hybrids at different BZ-IM loadings and synthesized. (a) 100% at 258C
(ZIF-7-III phase); (b) 100% at 908C (ZIF-7-III phase); (c) 100% at 258C (ZIF-7-II phase); (d) 100% at 1208C
(ZIF-7-II phase); (e) 100% at 1408C (ZIF-7-II phase); (f) 96% at 908C (ZIF-7-90-V phase); (g) 93% at 258C
(ZIF-7-II phase); (h) 88% at 258C (ZIF-7-II phase); (i) 82% at 258C (ZIF-7-II phase); (j) 78% at 258C (ZIF-7-II
phase); (k) 60% at 258C (ZIF-7-90-IV phase); (l) 49% at 258C (ZIF-7-90-IV phase); (m) 10% at 258C (ZIF-90
phase); (n) 2% at 258C (ZIF-90 phase); and (o) 0% at 258C (ZIF-90 phase).
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well as limit or eliminate the gate-opening effect. Next, we
applied a DFT model (used widely for adsorption of CO2 on
nanoporous materials such as carbon molecular sieves)27,28 to
model our CO2 adsorption data and examine the tuning of
pore size (Supporting Information Figure S5). The model
assumes slit pores and performs non-negative regularization
with no smoothing method. The primary pore size values
obtained from the DFT model are unphysically large (0.7–
0.9 nm) relative to those calculated with the HK method, since
the DFT parameters are not quantitatively optimized for CO2-
ZIF interactions. Also, CO2 physisorption near the critical

temperature inhibits the capability of CO2 molecules to probe
small changes in the micropore characteristics.28 However,
Supporting Information Figure S5 clearly shows a trend of
increasing primary pore size as well as the appearance of the
second (gate-opening) feature as the fraction of the OHC-Im
linkers increase. Overall, the physisorption results qualita-
tively show the tuning of the effective pore size of the hybrid
ZIF-7-90 materials, and also demonstrate that the gate-
opening effect (and thus the flexibility of the framework) can
be tuned. In hybrid ZIF-7-90, more than 50% Bz-IM loading
in the framework is required to obtain a rigid structure. In

Figure 6. (a) N2 and (b) CO2 physisorption isotherms of hybrid ZIF-7-90 materials. Inflection points corresponding
to the different microporosity of ZIF-7-90 materials are highlighted with different colors.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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contrast, only 20% Bz-IM loading is required in the hybrid

ZIF-7-8 system5 to suppress the flexibility of the framework

and reach a pore size close to that of pure ZIF-7. Thus the

hybrid ZIF-7-90 materials considerably expand the range of

tunable porosity (over that available using ZIF-8-90 and ZIF-

7-8 hybrids) for desired separation applications.

Diffusion and adsorption

To investigate the effects of the tunable pore structure of

ZIF-7-90 materials, diffusivity measurements of n-butane and

i-butane were performed. The ZIF-7-III phase materials are
nonporous and are not included in these measurements. ZIF-7
has been shown to allow hydrocarbons such as ethane, ethyl-

ene, propane, propylene, and butanes into its pores.9,24 The
crystal size limitations of the present ZIF-7-90 materials did
not allow us to determine precise diffusion coefficients of the

small C2 and C3 hydrocarbons because of their relatively fast
diffusion in the frameworks. Conversely, the transport (i.e.,
Fickian) diffusivities of butane isomers could be measured for

the ZIF-7-90 materials in the ZIF-7-II, ZIF-7-90-IV, and ZIF-
90 phases. Our previously reported volumetric uptake method-
ology was used. In this method, described in detail else-

where17,29 the linear portions of the volumetric uptake curves
are fitted with an analytical model for uptake in a sample of
given CSD. Figure 8 shows the butane isomer transport diffu-

sivities and the corresponding n-butane/i-butane diffusion
selectivities of the ZIF-7-90 materials at 308 K. The numerical
diffusivity values are also listed in Supporting Information

Table S2. Although these ZIF-7-90 materials are crystallized
in different phases depending on the linker composition, it is
clear that tuning of the ZIF-7 linker fraction (x) allows the

i-butane transport diffusivities to be tuned continuously over
4–5 orders of magnitude. The n-butane/i-butane diffusion
selectivity can be tuned over 4 orders of magnitude. Several

differences in butane diffusion behavior are observed in ZIF-
7-90 hybrids compared to the recently-investigated ZIF-8-90
hybrids.17 Materials close to ZIF-7 have low diffusion selec-

tivity (<10) for butane isomers unlike the case of ZIF-8. This
is related to the fact that the ZIF-7 pore size is much smaller
than that of ZIF-8 and does not allow either isomer to diffuse

fast enough. Secondly, the range of n-butane diffusivities in
the ZIF-7-90 materials is much larger (6–7 orders of magni-
tude) than in the ZIF-8-90 materials (2 orders of magnitude),17

Figure 7. PSDs of hybrid ZIF-7-90 frameworks deter-
mined by the HK method.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Fickian diffusivities of n-butane and i-butane (left axis) measured at 308 K and the corresponding
n-butane/i-butane selectivities (right axis) of hybrid ZIF-7-90 materials with varying values of x (ZIF-7
linker fraction). The lines connecting the data points are only a guide to the eye. The different crystal
phase regions are labeled.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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highlighting the expanded tuning of the pore-size range avail-
able for hydrocarbon separations using ZIF-7-90 materials.

Water vapor adsorption isotherms of the hybrid ZIF-7-90
materials at 308 K are shown in Figure 9. The two pure ZIF-7-
II materials, after activation to remove the guest molecules,
are hydrophobic over almost the entire vapor pressure range
but adsorb small amounts (3.3–10.0 mmol) of water mole-
cules/gm Zn near the saturation pressure (P/P0 � 1). This
result corroborates the simulated adsorption data for ZIF-7
reported by Ortiz et al.30 They found that water adsorption on
ZIFs depends not only on the linker in the framework but also
on the pore geometry. Thus, even the hydrophobic ZIF materi-
als, such as ZIF-7 and ZIF-8, with the SOD topology have dif-
ferent water adsorption isotherms due to their different pore
geometry. Distortion of benzene rings in ZIF-7 forms not only
hydrophobic hexagonal windows, but also creates the small
hydrophilic sites that can adsorb up to 12 molecules of
water.30 Although the hydrophobicity of the pore walls in
materials such as ZIF-7 and ZIF-8 has been shown to enhance
water-water hydrogen bonding,31 the pore geometry remains
the main parameter determining water adsorption in ZIF-7.
The two ZIF-7-rich mixed-linker materials crystallizing in the
ZIF-7-II phase also show hydrophobic behavior as expected.
Next, the two materials crystallizing in the new ZIF-7-90-IV
phase show increased saturation uptake and a lower uptake
pressure P/P0 � 0.5, due to the presence of OHC-IM linkers.
Furthermore, the isotherms for these materials do not show a

very sharp pore-filling transition. While the structure of these
materials is yet unknown, the water adsorption isotherms cer-
tainly indicate a more porous ZIF structure in relation to the
ZIF-7-II phase.

Conversely, the materials crystallizing in the ZIF-90 phase
show significant changes in adsorption behavior depending on
composition and synthesis solvent system. The two pure ZIF-
90 materials have similar uptake pressures of P/P0 � 0.45,30,32

but show small differences in their approach to the critical fill-
ing pressure and their saturation uptake. This illustrates the
role of the solvent system, which can be expected to affect the
number of defects in the structure as well as residual solvent
molecules (especially DMF) even after activation. Similarly, a
ZIF-90 rich hybrid with 3% of ZIF-7 linkers (ZIF-73-9097) and
made in a DMF-H2O solvent shows the same pore filling pres-
sure as pure ZIF-90 (as expected) but a larger saturation
uptake (presumably because of fewer residual solvent in the
pores and more complete activation). For this solvent system,
increase in the ZIF-7 linker content to 36% leads to a shift in
the filling pressure to P/P0 � 0.65 and a lower saturation
uptake. Both observations are consistent with the increased
hydrophobicity and lower pore volume of the material. How-
ever, the two hybrid ZIF-7-90 materials crystallizing in the
ZIF-90 phase but made with a MeOH-DMF solvent system
show different behavior. The material with 4% ZIF-7 linkers
(ZIF-74-9096) is compositionally similar to the ZIF-7329097

discussed earlier and also tends to a high saturation uptake,

Figure 9. Water adsorption isotherms in hybrid ZIF-7-90 crystals and a 50–50 physical mixture of ZIF-7 and ZIF-90
at 308 K. The y-axis is the mmol of water uptake per gm of Zn in the framework.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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but the approach to saturation and the pore-filling pressure (P/
P0 � 0.65) are very different. The ZIF-71029090 material dis-
plays a lower saturation uptake due to the increased Bz-Im
content, but its pore-filling pressure is similar to ZIF-74-9096.
This indicates that the majority of the pore apertures in these
two materials have similar structure and are lined with similar
amounts of Bz-Im linkers.

While some of the above discussed effects are not quantita-
tively understood at present and may require more detailed
elucidation that is beyond the scope of this study, it is clear
that even small loadings of Bz-IM linker are sufficient to dras-
tically increase the hydrophobicity of the mixed-linker ZIF-7-
90 materials while maintaining their ZIF-90 crystal phase.
This finding may be useful in applying ZIF-7-90 materials for

separation of organic/water mixtures. Finally, a 50–50 (molar)

physical mixture of ZIF-7-II and ZIF-90 crystals also behaves

quite differently from a hybrid ZIF-7-90 of similar overall

composition (51% OHC-IM loading): the physical mixture

starts to uptake water at the same pressure as pure ZIF-90 and

also adsorbs a lower total amount of water at the saturation

pressure. This is additional evidence that the ZIF-7-90 materi-

als are true hybrids and shows that their hydrophilicity can be

systematically tuned by changing the linker ratio.

Thermal stability

TGA-DSC analysis was performed to determine the thermal

stability of the activated ZIF-7-90 materials (Figures 10a, b).

The ZIF-7-III nonporous phase is the most stable and decom-

poses around 5508C. Pure ZIF-7-II is stable until 5008C, and

the hybrid ZIF-7-90 materials crystallized in the ZIF-7-II

phase show thermal stability until 4008C. The ZIF-7-90-IV

phase hybrids are stable until 300–3508C. The ZIF-90 phase

hybrids are only stable up to 3008C, similar to the hybrid ZIF-

8-90 materials containing �50% OHC-IM fractions.5 Alde-

hyde groups are easily oxidized in diluted air at higher temper-

atures, while the aryl groups of Bz-IM provide additional

stability and delay the decomposition of the framework to

higher temperatures.

Conclusion

We have successfully synthesized and characterized a new

set of hybrid ZIFs (namely, ZIF-7-90). ZIF-7-90 synthesis

required the detailed exploration of the solvent system and

synthesis conditions to successfully produce hybrid ZIFs in

the entire compositional range of interest. ZIF-7-90 materials

show at least five different crystalline phases, including two

new phases not previously reported in pure ZIF-7 and pure

ZIF-90 synthesis syntheses. The hybrid ZIF-7-90 materials are

shown to allow continuous tuning of textural, adsorption, and

diffusion properties over a wide range. Both the water adsorp-

tion as well as the butane isomer diffusion behavior of ZIF-7-

90 frameworks displays new features in relation to ZIF-8-90

hybrid materials. Overall, hybrid ZIF-7-90 materials signifi-

cantly expand the range of tunable pore characteristics over

ZIF-8-90 and ZIF-7-8 materials.
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