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Vapor-assisted conversion synthesis of prototypical zeolitic
imidazolate framework-8

HUI ZHANG, QI SHI*, XIAOZHEN KANG and JINXIANG DONG*

Research Institute of Special Chemicals, Taiyuan University of Technology,
Shanxi, P.R. China

(Received 6 September 2012; in final form 12 March 2013)

ZIF-8 [Zn(MIM)2, MIM=2-methylimidazole] samples were synthesized by a vapor-assisted
conversion method with n-heptane, methanol, and DMF, respectively. X-ray diffraction, thermo-
gravimetric analysis, nitrogen (N2) adsorption, Fourier transform infrared spectroscopy, and
scanning electron microscopy were used to characterize the properties of the ZIF-8 samples. The
particle sizes of the ZIF-8 samples synthesized with methanol, DMF, and n-heptane were 10–20,
60–90, and 30–50 μm, respectively. To our knowledge, this is the first time that ZIF-8 has been
synthesized through vapor-assisted conversion with nonpolar n-heptane. For the ZIF-8 synthesis by
this method, 0.5mL of solvent was sufficient, greatly reducing the solvent dosage required com-
pared with a traditional solvothermal method. In our study, on the crystallization of ZIF-8 synthesis
by different liquid phases at 50 and 100 °C, we found that the transformation rate from the solid
reagents to ZIF-8 phase with n-heptane was faster than that with methanol or DMF.

Keywords: n-Heptane; Vapor-assisted conversion method; Zeolitic imidazolate frameworks (ZIFs)

1. Introduction

Zeolitic imidazolate frameworks (ZIFs), one branch of metal-organic frameworks (MOFs),
show the tunable pore size and chemical functionality of classical MOFs. The frameworks
of ZIFs can be formulated as T(IM)2 (T = tetrahedrally bonded metal ion; IM= imidazolate
and its derivatives) and the T–IM–T angle is about 145°, coincident with the Si–O–Si
angle commonly found in many zeolites [1]. Thus, ZIFs combine the advantages of both
MOFs and zeolites. In other words, ZIFs have higher surface areas and greater structural
diversity than zeolites and higher thermal, hydrothermal, and chemical stability than most
MOFs [2]. Hence, ZIFs have attracted much attention in many applications such as gas
adsorption [3–8], separation [4, 9–12], catalysis [13–16], and others [17–21].

Typical ZIFs were firstly synthesized through the liquid-phase diffusion method [22].
Then, the solvothermal method was introduced into ZIF synthesis and a number of ZIFs
with specific or unknown zeolite topologies have been synthesized [23]. The vapor-assisted
conversion method has been proven to be effective for synthesizing zeolites and zeolite
membranes, as well as zeolite-like porous materials [24, 25]. In this method, the solvent
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(henceforth referred to as the liquid phase) and the solute (henceforth, the solid phase) are
kept separated. Compared with the traditional solvothermal method, preparation with this
method can greatly decrease the consumption of organic solvents in zeolite synthesis.
Moreover, to our knowledge, the solvents used for ZIF synthesis are mainly polar, such as
dimethylformamide (DMF), diethylformamide (DEF), and methanol. There have been no
reports on the synthesis of ZIFs with nonpolar solvents.

In this paper, we synthesized prototypical ZIF-8 by the vapor-assisted conversion
method with nonpolar n-heptane as well as polar DMF and methanol as the liquid phase.
Afterwards, N2 adsorption at 77K, thermogravimetric analysis (TGA), Fourier transform
infrared (FT-IR) spectroscopy, and scanning electron microscopy (SEM) were used to char-
acterize the properties of the synthesized ZIF-8. To understand the crystallization process
of ZIF-8 obtained with the different solvents, we followed the relationship between the
product and reaction time ranging from 10min to 24 h at 50 and 100 °C. We also studied
the effects of the amount of the liquid phase and reaction ratio on the ZIF-8 synthesis.

2. Experimental

2.1. Synthesis of ZIF-8

The reagents employed were commercially available and used as received without purifica-
tion. The set-up used in the experiment is illustrated in figure 1. In a typical synthesis, Zn
(OAc)2·2H2O (0.11 g, 0.5mmol) and 2-methylimidazole (MIM, 0.164 g, 2.0mmol) were
placed in a small Teflon® cup supported by a Teflon® holder. Each cup and holder was
placed in a Teflon®-lined stainless steel autoclave. Either methanol, DMF or n-heptane
(2.0mL) was added to the bottom of each autoclave. The crystallization was then carried

Figure 1. The reaction vessel used for ZIF-8 synthesis by the vapor-assisted conversion method.
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out without stirring at 100 °C for 24 h. After cooling to room temperature, the solid prod-
ucts were separated by filtration and washed with ethanol. In order to study the effects of
the reaction conditions on ZIF-8 synthesis, different Zn(OAc)2·2H2O/MIM molar ratios
(1 : 2, 1 : 4, 1 : 6, 1 : 8, and 1 : 10), reaction temperatures (50, 100, and 150 °C), reaction
times (10min to 5 days), and liquid-phase dosages (0.5, 1.0, 2.0, and 4.0mL) were used.

2.2. Characterization

Powder XRD (PXRD) patterns were recorded on an X-ray diffractometer (MiniFlex II,
Rigaku, Japan) at 30 kV and 15mA using Cu Kα (λ= 1.5418Å) radiation, with a scanning
speed of 4°min�1, a step size of 0.01° in 2h, and scanning range from 3–40°. For N2

adsorption, the activation of ZIF-8 was vitally important, so the samples were immersed in
methanol (3� 30mL) for 3 days at room temperature and evacuated at 150 °C for 12 h.
After pretreating the samples as above, N2 adsorption was conducted on a Micromeritics
ASAP 2020 sorptometer at 77K. The mass of each sample used for N2 adsorption was
about 0.1 g, and the samples were degassed at 200 °C for 12 h. TGA was performed on a
thermogravimetric (TG) analyzer (STA 409, NETZSCH, Germany). The temperature was
increased at a rate of 10 °Cmin�1 from room temperature to 800 °C under a static air
atmosphere. SEM micrographs were obtained with a scanning electron microscope (TM
3000, Hitachi, Japan). Infrared (IR) spectra from 4000–400 cm�1 were collected on a
FT-IR spectrometer (IRAffinity-1, SHIMADZU, Japan) with KBr pellets. IR spectra were
recorded on the samples before and after immersion in methanol.

3. Results and discussion

3.1. Characterization results

The PXRD patterns of ZIF-8 synthesized at 100 °C and for 24 h by the vapor-assisted
conversion method with different liquid phases are shown in figure 2. Based on data in the

Figure 2. PXRD patterns of ZIF-8 synthesized by the vapor-assisted conversion method with different liquid
phases: (a) methanol; (b) DMF; (c) n-heptane; (d) literature pattern [26].
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Figure 3. N2 isotherms at 77K for ZIF-8 samples synthesized by the vapor-assisted conversion method with
different liquid phases: (a) methanol; (b) DMF; (c) n-heptane.
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literature [26], high-order reflections (for example (0 11), (0 0 2) planes) for ZIF-8 are
labeled in figure 2. The experimental PXRD patterns matched well with the published
pattern except in terms of peak intensity, which means that ZIF-8 can be prepared with this
method with methanol, DMF or n-heptane as the liquid phase.

Due to the difficulty in removal of DMF included in the ZIF-8 structure by heating, the
as-synthesized ZIF-8 should be subjected to solvent-exchange before gas sorption analysis
[2]. Figure 3 shows the N2 adsorption/desorption isotherms at 77K of the ZIF-8 samples
synthesized with different liquid phases and after immersion in methanol. All the three iso-
therms are typically reversible type I isotherms, which revealed that the ZIF-8 samples
were microporous. The BET (and Langmuir) surface areas for the samples synthesized
with methanol, DMF, and n-heptane were 1186 (1555), 1089 (1428), and 1167 (1534)
m2 g�1, respectively, while the micropore volumes were 0.54, 0.49, and 0.53 cm3 g�1,
respectively. The obtained values are within the corresponding reported values [2, 21, 22,
27–30]. Differences between our values and the highest reported values can be explained
by the different synthesis conditions and methods and the different treatment methods of
the samples before N2 adsorption. In our case, the treatment methods (such as the washing
step [30] and the evacuation conditions) of the ZIF-8 samples may lead to the relatively
low values.

The TG curves in figure 4 show some differences between the ZIF-8 samples prepared
with different liquid phases. From the TG data for ZIF-8 synthesized with methanol, no
noticeable mass loss was observed at temperatures up to 320 °C, at which point decompo-
sition of the framework structure commenced. The solid residue (35wt.%) obtained at the
end of the TG analysis was consistent with ZnO (calculated, 35.8wt.%). Thus, these
results suggest that no solvent molecules were present in the cavities of the synthesized
ZIF-8. This result is in the agreement with previous experimental results [12, 31]. The
weight percentages of the remaining material for ZIF-8 synthesized with methanol and
n-heptane were basically the same, so we can also infer that few n-heptane molecules were
included in the as-synthesized framework. For ZIF-8 synthesized with DMF, there was
about a 24wt.% weight loss at 380 °C, and the weight percentage of the remaining mate-
rial was about 28wt.%, the same as reported [31]. The framework started to decompose
rapidly after the temperature reached to 380 °C and collapsed completely by 550 °C. Thus,

Figure 4. Thermogravimetric data for ZIF-8 synthesized with different liquid phases.
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we can infer that some DMF was included in the framework, consistent with previous
reports [2].

FT-IR is a useful method for identifying organic functional groups. Figures S1(a) and
S1(c) show that there were no significant differences for the ZIF-8 samples synthesized
with methanol and n-heptane before immersion in methanol, which proved that the
solvents methanol and n-heptane were essentially not included in the framework of ZIF-8.
In figure S1(b), a sharp band at 1685 cm�1, a characteristic peak for –C=O, was observed.
After immersion in methanol, this IR band had basically disappeared, which meant that
the interstitial DMF molecules were exchanged out of the framework. This is more
evidence of the existence of DMF within the as-synthesized ZIF-8 framework. In order to
demonstrate the removal of DMF after immersion, TG data were collected (figure S2).
After immersion in methanol, no noticeable mass loss was observed at temperatures up to
300 °C; in addition, the weight percentage of the remaining ZnO was again 35wt.%,
indicative of effective solvent-exchange.

Figure 5 shows that ZIF-8 crystals prepared with different liquid phases at 100 °C for
1 day had a typical rhombic dodecahedron shape with 12 exposed {11 0} faces [31].
From figure 5, we conclude that the size of ZIF-8 samples synthesized with n-heptane was
30–50 μm. The sizes of ZIF-8 samples synthesized with methanol and DMF were 10–20
and 60–90 μm, respectively. The ZIF-8 sample prepared by DMF had the largest size.
There are many factors affecting the nucleation and growth of crystals, such as the

Figure 5. SEM images for ZIF-8 samples synthesized with different liquid phases: (a) methanol; (b) DMF;
(c) n-heptane.
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volatility and polarity of the solvent and the solubility of solute in solvent. In order to
accurately explain the effect of the different liquid phases on crystal size, further detailed
work needs to be done.

3.2. The effect of the amount of liquid phase

Different amounts of liquid phases were used to synthesize ZIF-8. Pure ZIF-8 can even be
synthesized when 0.5mL of the liquid phases were used (figure 6). This demonstrated that
the required dosage of the liquid phase was greatly reduced by the vapor-assisted conver-
sion method; only a small amount of solvent can trigger the reaction. It was found that 1.0
or 2.0mL of solvent was the optimum dosage for ZIF-8 synthesis. Also, some solvent is
left on the bottom of the reactor at the end of the reaction, which can be recycled for
further syntheses, a remarkable characteristic.

3.3. The effect of reaction ratio

The effect of different Zn(OAc)2·2H2O/MIM molar ratios on ZIF-8 synthesis has been
studied at 100 °C and 24 h reaction time. As it is known, the theoretical molar ratio of

Figure 6. PXRD patterns of ZIF-8 synthesized with different amounts of liquid phases: (a) methanol; (b) DMF;
(c) n-heptane.
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Zn(OAc)2·2H2O/MIM for ZIF-8 synthesis is 1 : 2. However, practical synthetic methodol-
ogy favors an excess of MIM for synthesizing ZIF-8. This can be illustrated by the PXRD
patterns in figure 7. No ZIF-8, only an amorphous, ethanol-soluble material, was obtained
when the reaction ratio was 1 : 2 and n-heptane was used as the liquid phase (figure S4).

3.4. Study on the crystallization process of ZIF-8

In order to explore the crystallization process of ZIF-8 synthesized with n-heptane, the
relationship between product composition and reaction time ranging from 10min to 24 h
was determined at 50 °C (below the boiling point of n-heptane, 98.5 °C) and a 1 : 4 Zn
(OAc)2·2H2O/MIM molar ratio. Figure 8 shows the PXRD patterns of the products synthe-
sized with n-heptane as a function of reaction time. When the reaction time was 30min,
only pure Zn(OAc)2 was found (MIM was removed upon washing with ethanol, Zn(OAc)2
was not). At longer reaction times, the relative intensities of the peaks for Zn(OAc)2
decreased. At 3 h, weak diffraction peaks for ZIF-8 began to appear in the PXRD pattern.
Pure ZIF-8 with n-heptane as the liquid phase was obtained after 12 h. For comparsion, we
studied the crystallization process of ZIF-8 synthesized with methanol and DMF at 50 °C

Figure 7. PXRD patterns of ZIF-8 synthesized with different Zn(OAc)2·2H2O/MIM molar ratios and with
different liquid phases: (a) methanol; (b) DMF; (c) n-heptane.
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(figure S5). For ZIF-8 synthesis with methanol at 50 °C (below the boiling point of metha-
nol, 64.8 °C), pure Zn(OAc)2 was found after 1 h, but the pure ZIF-8 phase did not appear
even after 24 h (figure S5(a)). No ZIF-8 was isolated even when the reaction time extended
to 5 days. Figure S5(b) shows the PXRD patterns of ZIF-8 synthesized with DMF at 50 °C
(below the boiling point of DMF: about 149 °C) as a function of reaction time. Pure Zn
(OAc)2 was present after 1 h. As the reaction time increased, the relative intensity of the
Zn(OAc)2 peaks decreased but a pure ZIF-8 phase did not appear within 24 h. Taking the
strong structure-directing effect of DMF into consideration [1], we inferred that ZIF-8
could be synthesized with DMF at 50 °C when the reaction time was longer than 24 h,
such as 3 or 5 days. As confirmed by experiments, pure ZIF-8 was prepared with DMF at
50 °C after 5 days (figure S5(b)).

As concluded from the above experiments, the rate of formation of ZIF-8 at 50 °C with
n-heptane was faster than that with methanol or DMF. This phenomenon may be attributed
to two factors. One, the nonpolarity of n-heptane and the similarity in hydrophobicity
between n-heptane and ZIF-8 [32] may contribute to the solid-phase transformation as Zn
(OAc)2 and MIM are not easily dissolved in n-heptane. Two, the relative high volatility of
n-heptane can easily generate enough vapor to trigger the solid-phase transformation.
According to the Saturated Vapor Pressure data (table S1), the volatility of the three liquid
phases at a given temperature is methanol > n-heptane >DMF.

For the ZIF-8 synthesis with methanol, the high volatility of methanol can easily gener-
ate enough vapor, and Zn(OAc)2 and MIM are more easily dissolved in methanol than in
n-heptane. However, the low temperature (50 °C) was unable to lead to the formation of
ZIF-8 after 5 days. For the synthesis of ZIF-8 with DMF, the low volatility of DMF gener-
ated only a small amount of vapor, which led to a very slow formation rate of ZIF-8, as
shown by the failure to obtain pure ZIF-8 with DMF at 50 °C within 24 h. However, due
to the strong-directing effect of DMF, ZIF-8 was obtained when reaction time was
extended to 5 days.

Similar experiments were also carried out at 100 °C. The PXRD patterns of ZIF-8 syn-
thesized with the three liquid phases at 100 °C as a function of reaction time are shown in
figures 9 and S6. Pure ZIF-8 was synthesized by n-heptane within 1.5 h (figure 9). ZIF-8

Figure 8. PXRD patterns of the products of ZIF-8 synthesis with n-heptane at 50 °C as a function of reaction
time.
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was prepared with methanol and DMF after 9 and 3 h, respectively (figure S6). At 100 °C,
ZIF-8 can be synthesized with the three liquid phases, and the formation rate of ZIF-8 with
n-heptane was still faster than that with methanol or DMF.

In our study on the crystallization process of ZIF-8, we found that the reaction time for
obtaining pure ZIF-8 was greatly shortened at 100 °C compared with that at 50 °C, indicat-
ing that a relatively high temperature was good for synthesizing ZIF-8. Figure S7 shows
the PXRD patterns of ZIF-8 synthesis at 50, 100, and 150 °C with different liquid phases
after 24 h. In addition, the relative crystallinity of ZIF-8 synthesized at 100 °C with longer
reaction times (3 or 5 days) was obviously better than that with a shorter time (6 h). We
calculated the relative crystallinity [33] of ZIF-8 synthesized at 100 °C and different reac-
tion times (figures S8-S10 and table S2) from the integrated area of the (0 11) plane, as
quantified using the Origin software. Similar results which showed that long synthesis

Figure 9. PXRD patterns of the products of ZIF-8 synthesis with n-heptane at 100 °C as a function of reaction
time.

Figure 10. Crystallization rate curve of ZIF-8 synthesized at 100 °C with n-heptane. Inset shows the growth
regime follows Avrami’s kinetics.
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times promote the complete crystallization of ZIF-8 have been published [26, 33].
Figure 10 shows the crystallization rate curve of ZIF-8 synthesized with n-heptane at
100 °C according to the calculated values in table S2. Interestingly, the formation kinetics
followed Avrami’s model (inset of figure 10) in the growth regime. Thus, the relative crys-
tallinity of ZIF-8 as a function of time in this region can be expressed as y= 1�exp(�ktn),
where k is a scaling constant and n is Avrami’s constant [26]. The scaling constant k and
Avrami’s constant n can be obtained by the linear fit shown in the inset of figure 10. For
ZIF-8 synthesis with n-heptane, k= 0.047 and n ≈ 0.59. Although typical values of
Avrami’s constant n are in the range of 1–4, this constant can adopt different values,
including fractional numbers < 1 [34]. Similar procedures were used to obtain values k and
n for ZIF-8 synthesis with methanol and DMF (figures S11 and S12). Values of n< 1 have
been typically attributed to both decreasing nucleation and growth rates as crystallization
proceeds [26, 34]. A value of n= 0.27 has been reported for ZIF-8 [26].

4. Conclusion

Pure ZIF-8 samples were synthesized with methanol, DMF or n-heptane by a vapor-
assisted conversion method. Through TGA and FT-IR analyses, we conclude that mole-
cules of DMF were included in the framework, whereas little or no n-heptane or methanol
was incorporated. This is the first time that ZIF-8 has been synthesized by the vapor-
assisted method with nonpolar n-heptane. This finding enlarges the species of solvents that
can be used for ZIFs synthesis, and we infer that other nonpolar solvents may be used to
synthesize ZIFs. The BET (Langmuir) surface area and micropore volume of ZIF-8 synthe-
sized with n-heptane were 1167 (1534)m2 g�1 and 0.53 cm3 g�1, respectively. The amount
of liquid phase required for this method is much less than that needed for the solvothermal
method, substantially reducing the waste of solvent, and unreacted solvents can be recy-
cled in further syntheses. By exploring the crystallization of ZIF-8 synthesis with different
liquid phases, we found that the transformation rate from the solid reagents to ZIF-8 with
n-heptane was faster than that with methanol or DMF.

Supplementary materials

Figures of FT-IR spectra, TG data, low magnification SEM images, PXRD patterns of
products synthesized with different molar ratios, reaction times, and temperatures, inte-
grated areas of the (0 11) PXRD peak of ZIF-8 at different reaction times, crystallization
rate curves, and determination of the Avrami k and n constants. Tables of Partial Saturated
Vapor Pressure data and ZIF-8 relative crystallinity as a function of reaction time.
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