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Syntheses 

Materials 

Zn(NO3)2·6H2O (99.0 %) was purchased from Fluka. 2-methylimidazole (Hmim, 99.0 %) and 

N,N-dimethylformamide (DMF, 99.8 %) were purchased from Aldrich. All chemicals were used as 

received without further purification. 

 

Synthesis of ZIF-8 Nanocrystals in Methanol 

Typically, a solution of Zn(NO3)2·6H2O (2.933 g, 9.87 mmol) in 200 mL of methanol is rapidly 

poured into a solution of Hmim (6.489 g, 79.04 mmol) in 200 mL of methanol under stirring with a 

magnetic bar. The mixture slowly turns turbid and after 1 h the nanocrystals are separated from the 

milky dispersion by centrifugation and washing with fresh methanol. The nanocrystals are dried at 

40 °C in air. Yield is 50 % based on zinc. CHN microanalysis: C, 41.72 %; H, 4.10 %; N, 24.53 % 

(calculated for Zn(mim)2: C, 42.22 %; H, 4.43 %; N, 24.62 %). 

After purification, before the drying step, the nanocrystals can be readily redispersed in methanol, 

yielding stable colloidal dispersions from which sedimentation does not occur for weeks. After drying, 

however, the nanocrystal powder is not redispersible in polar solvents any more. This is possibly due to 

the reaction of Zn(Hmim) moieties at the surfaces during drying giving rise to the formation of strong 

covalent Zn-mim-Zn links between different nanoparticles. 

Characterization of the ZIF-8 nanocrystals synthesized in methanol is reported in the article and 

below (Results). 

 

Synthesis of ZIF-8 Nanocrystals in N,N-Dimethylformamide (DMF) 

ZIF-8 nanocrystals can also be prepared in other polar solvents like N,N-dimethylformamide (DMF) 

following a similar protocol as for the synthesis in methanol. Typically, Zn(NO3)2·6H2O (0.595 g, 

2 mmol) and Hmim (1.314 g, 16 mmol) are dissolved in 180 mL DMF. The solution is kept at room 
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temperature for 18 h. Thereafter, the nanocrystals are separated from the milky dispersion by 

centrifugation and drying in vacuum (10-3 mbar) at room temperature. 

Some characterization of the ZIF-8 nanocrystals synthesized in DMF is reported below (Results). 

 

Methods of Characterization 

Powder X-Ray Diffraction (XRD) 

XRD patterns were recorded at room-temperature on a STOE Stadi-P diffractometer in transmission 

geometry using CuKα1 radiation (λ = 1.54059 Å, Ge(111) monochromator) and a linear position 

sensitive detector. Average nanocrystal diameters were estimated from the broadening of the diffraction 

peaks by applying the Scherrer equation. The instrumental peak broadening was determined using a 

silicon reference standard (NIST 640c). 

 

Scanning Electron Microscopy (SEM) 

SEM micrographs were taken in secondary electron contrast at a low acceleration voltage of 2 kV 

using a field-emission instrument of the type JEOL JSM-6700F. 

 

Transmission Electron Microscopy (TEM) 

Powder specimen for TEM was dispersed on a copper-supported carbon film. Observations in bright-

field contrast were made in scanning transmission electron microscope (STEM) mode as well as in 

TEM mode at an acceleration voltage of 200 kV on a field-emission instrument of the type 

JEOL JEM-2100F-UHR. High-resolution transmission electron microscope (HRTEM) micrographs 

were taken on the same instrument in minimum dose exposure (MDE) mode on photographic film 

(Kodak, SO-163) at an electron intensity of approximately 5 µA / cm2 at specimen scale and with an 

exposure time of 1 to 2 seconds. The MDE mode combines beam deflection and image shift in a way 

that the specimen area of interest is irradiated by high energetic electrons basically just during exposure 
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of the negative. Developed negatives were digitized at a resolution of 6400 dots per inch using a flatbed 

scanner of the type Epson Perfection V750 Pro. 

 

Time-Resolved Static Light Scattering (TR-SLS) 

TR-SLS was performed with a home built multi-angle goniometer described by Becker and Schmidt.1 

Cylindrical quartz glass cuvettes with a diameter of 20 mm from Hellma (Mülheim, FRG) served as 

scattering cells. The measuring temperature was 25 °C. This goniometer was equipped with a He-Ne 

laser operating at a wavelength of 632.8 nm and allowed simultaneous recording of the scattering 

intensity at 2 times 19 scattering angles. The angular regime covered a range of 25.84° ≤ θ ≤ 143.13°. 

Recording of an angular dependent curve was completed after 2 ms. 2000 successive recordings were 

added to form one measurement requiring 4 s in total. The time interval between the start of two 

successive measurements was 20 s.  

 

[1] Becker, A.; Schmidt, M. Makromol. Chem. Macromol. Symp. 1991, 50, 249-260. 

 

Small-Angle X-Ray Scattering (SAXS) 

A Rigaku SAXS instrument with a microfocus X-ray source, multilayer optics (CuKα radiation, 

λ = 1.54 Å), three-pinhole collimation and a two-dimensional gas-filled multiwire detector was used. 

The nanocrystal dispersions were filled into flat cells with Kapton windows. The measurements were 

performed at room temperature in transmission mode. Silver behenate powder was used to calibrate the 

sample-to-detector distance. Scattering data were azimuthally averaged and corrected for transmission 

and background which was measured from a cell filled with the pure solvent (methanol).  
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Dynamic Light Scattering (DLS) and Zeta (ζ) Potential Measurements  

DLS measurements were performed on a Zetasizer Nano ZS from Malvern Instruments equipped with 

a He-Ne laser (λ = 632.8 nm) in backscattering detection mode (angle between laser and detector at 

173 °). Nanocrystal dispersions were filtered through 0.45 μm syring filters into DT0012 cuvettes of 

10 mm diameter. The same instrument was used to determine ζ potentials at 25 °C employing the 

Smoluchowski method. 

 

Thermogravimetry (TG) and Difference Thermal Analysis (DTA) 

TG and DTA measurements were performed simultaneously on a Netzsch 429 Thermoanalyzer. For 

this purpose, ca. 30 mg of material was filled into alumina crucibles and heated in a flow of air with a 

ramp of 5 °C / min from room-temperature up to 1000 °C. XRD patterns were taken from the solid 

residues at room-temperature. 

 

Gas Sorption Analysis 

Nitrogen and argon physisorption isotherms were measured at 77 K and 87 K, respectively, on a 

Quantachrome Autosorb 1-MP volumetric instrument. The samples were filled into glass ampoules and 

outgassed in vacuum (~ 10-4 mbar) for 27 h before start of the sorption measurements.  

 

Fourier-Transform Infra-red Spectroscopy (FT-IR) 

FT-IR ATR spectra were recorded on a Bruker TENSOR 27 instrument.  
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Results 

ZIF-8 Nanocrystals Synthesized in Methanol 

Powder X-ray Diffraction (XRD) 

 

 

 

Figure S1. Experimental XRD pattern of nanoscale ZIF-8 powder (red pattern) and XRD pattern 

simulated from ZIF-8 crystal structure data1 excluding guest species (blue pattern).  

The experimental pattern could be cleanly indexed on the basis of a cubic I-centered lattice without 

any additional systematic extinctions resulting in a refined cell constant of a = 17.0177(5) Å. This is in 

agreement with the reported crystal structure (space group I-43m).1 From peak broading an average 

nanocrystal diameter of 46 nm was estimated by applying the Scherrer equation. 

 

[1] Park, K.S.; Ni, Z.; Côté, A.P.; Choi, J.Y.; Huang, R.; Uribe-Romo, F.J.; Chae, H.K.; O’Keeffe, M.; 

     Yaghi, O.M. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 10186. 
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Electron Microscopy 

 

     Figure S2. STEM bright-field micrograph providing an overview of the ZIF-8 nanocrystals. 

 

 

     Figure S3. Schematic representations of a rhombic dodecahedron ({110} crystal morphology) which 

is the shape adopted by the ZIF-8 nanocrystals. The orientation on the left-hand side approximately 

corresponds to the orientation of the nanocrystals on the TEM grid (compare the HRTEM micrograph 

shown in Fig. 1b). 
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Time-Resolved Static Light Scattering (TR-SLS) 

Particle formation has been studied by means of TR-SLS. All experiments were based on two starting 

solutions respectively: (i) Zn(NO3)2·6H2O in methanol and (ii) 2-methylimidazole (Hmim) in methanol. 

Solutions have been cleaned by passing them through 0.45 µm filters to remove any dust particles and 

to combine them into the scattering cell as follows. First, 4 mL of the Hmim solution was filtered into 

the scattering cells. In a successive step, 4 mL of the Zn(NO3)2·6H2O solution was filtered into the same 

scattering cell and gently shaken. Addition of the second component solution determined the starting 

point (time t = 0) of the growth process. The characteristic parameters of all solutions investigated for 

the present contribution are summarized in Table S1.  

Table S1  

Experiment c(Zn(NO3)2·6H2O)/ g·L-1 c(Hmim) / g·L-1 Rg / nm 

1:5:1000 7.344 10.134 20.3 

1:5:1000 7.344 10.134 22.7 

1:5:2000 3.672 5.066 14.0 

1:5:3000 2.448 3.378 15.6 

1:5:4000 1.836 2.534 < 15  

1:8:2000 3.672 8.108 20 - 30 

1:8:2000 3.672 8.108 20 - 30 

 

Scattering curves were processed as the Rayleigh ratio of the aggregates ΔRθ which was calculated 

from the difference between the Rayleigh ratio of the particle dispersion and of the solvent at variable 

scattering angle θ. Details are given elsewhere.1 Particle radii always kept below 50 nm and the 

scattering curves could be approximated according to the following series expansion2 

 

cAq
R

MR
Kc g

w
2

2
2

3
11

+
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+=

Δ θ

 (1) 



 

9 

 

with K the contrast factor of the species forming in solution. These species are assumed to consist of 

ZIF-8. ΔRθ is the Rayleigh scattering of the ZIF-8 particles at the scattering angle θ, c is the 

concentration of Zn(NO3)2·6H2O + Hmim in g·L-1, Mw is the weight averaged molar mass, Rg
2 is the 

z-averaged squared radius of gyration of the growing particles and A2 is the second osmotic virial 

coefficient. The contrast factor  
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and the momentum transfer  

 

)2/sin(4 θ
λ
πnq =      (3) 

 

was calculated with NA Avogadro’s number, with λ = 632.8 nm the laser wavelength, with n = 1.326 the 

refractive index of pure methanol as solvent and with dn/dc the refractive index increment of ZIF-8 in 

methanol. Lack of such a dn/dc forced us to apply a default value of dn/dc = 0.1 ml/g. This still 

reproduces the correct order of magnitude of mass values and gives correct relative values. In addition, 

the concentration of the constituents as well as the concentration of ZIF-8 particles depends in a 

complex way on the growth time. Therefore, an appropriate extrapolation of eq(1) to c = 0 was not 

possible. However, neglect of the concentration dependent term in eq(1) seems to be justified in the 

light of the very low concentrations applied in the present work. 
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Figure S4. Representative example of a scattering curve evaluated according to eq(1). 

 

[1] Liu, J.; Rieger, J.; Huber, K. Langmuir 2008, 24, 8262. 

[2] Zimm, B. J. Chem. Phys. 1948, 16, 1093. 

 

 

 

 

 

 

 

 



 

11 

Dynamic Light Scattering (DLS) 

 

 

 

 

 

 

Figure S5. Left-hand side: Particle size distribution for a stable dispersion of ZIF-8 nanocrystals in 

methanol obtained by DLS. Right-hand side: Photograph of a stable ZIF-8 dispersion in methanol while 

demonstrating the Tyndall effect with a laser pointer. 

The z-average diameter (hydrodynamic diameter) of the nanocrystals is 49 nm, the polydispersity 

index (PDI) is 0.09. 
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Small-Angle X-Ray Scattering (SAXS) 

 

   

     Figure S6. Left-hand side: SAXS curve recorded from a stable dispersion of ZIF-8 nanocrystals in 

methanol. Right-hand side: Pair distance distribution function (PDDF) obtained from the SAXS data by 

indirect Fourier transformation (IFT) using Bayesian analysis1 as implemented in the Rigaku SAXSGUI 

program.  

     The data indicate the presence of isometrical particles with a radius of gyration Rg = 20.4(7) nm and 

a maximum particle dimension of 58(3) nm. 

 

[1] Vestergaard, B.; Hansen, S. J. Appl. Crystallogr. 2006, 39, 797. 
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Thermogravimetry (TG), Difference Thermal Analysis (DTA), and Temperature-

Dependent Powder X-Ray Diffraction (XRD) 

 

     Figure S7. TG (solid line) and DTA curves (dotted line) for nanoscale ZIF-8 measured 

simultaneously in a flow of air. 
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Figure S8. XRD patterns taken from ZIF-8 samples that had been heated to different temperatures (as 

indicated) in air for 24 h. 

The TG curve exhibits a small gradual mass loss (1 %) up to ca. 200 °C, which is attributed to the 

removal of guest molecules (e.g., methanol) from the cavities and some species (e.g., Hmim) from the 

surfaces of the nanocrystals. The following two steep, endothermic mass losses (64 %) up to ca. 700 °C 

correspond to the removal of the organic linker molecules (calculated mass loss: 62.8 %). The final 

white solid residue was identified as ZnO by XRD. The temperature-dependent powder XRD patterns 

demonstrate that the framework structure of the ZIF-8 nanocrystals remains stable up to at least 200 °C. 

However, decomposition is observed in the patterns of samples that had been heated to 300 °C. Optical 

inspection of the powders revealed that the samples which had been heated to 200 °C or higher 

temperatures had changed in color, from white of the as-synthesized material to increasingly deep 

orange with increasing temperature, indicating some decomposition.  
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Gas Sorption Analysis 

 

 

Figure S9. Top: Nitrogen sorption isotherms at 77 K. Bottom: Argon sorption isotherms at 87 K. In 

order to emphasize the low-pressure ranges, linear-log plots are shown on the right-hand side. Red and 

blue data correspond to the adsorption and desorption branches, respectively.  

The nitrogen and argon isotherms of nanoscale ZIF-8 are in overall agreement with data of microscale 

ZIF-8 reported recently by Park et al.1 In particular, the two steps reported on both the nitrogen and 

argon adsorption isotherms of microscale ZIF-8 are also observed here for the nanoscale ZIF-8 in 

approximately the some pressure ranges: First step up to P/P0 = 5·10-3 and second step up to 

P/P0 = 5·10-2 on the nitrogen adsorption isotherm, first step up to P/P0 = 0.01 and second step up to 

P/P0 = 0.6 on the argon adsorption isotherm. However, for nanoscale ZIF-8 the two-step feature is less 

clearly seen in the case of the nitrogen isotherm, and the hysteresis for argon desorption is much more 

pronounced. The two steps have been tentatively attributed to a pressure-induced structural 

reorganization of the different adsorbate molecules (N2, Ar) in the micropores of ZIF-8.1 A further step 
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at large relative pressures (P/P0 > 0.8) with a hysteresis loop for the nitrogen and argon isotherms is 

observed only for nanoscale ZIF-8. This is due to the presence of large mesopores between adjacent 

nanocrystals. The broad size distribution of the inter-particle mesopores is centered at ca. 18 nm, 

according to an analysis of the argon sorption data by the Barrett-Joyner-Halenda (BJH) method 

(desorption branch). 

     The apparent specific surface areas for nanoscale ZIF-8 were determined by the Brunauer-Emmett-

Teller (BET) method, which has been recently validated for MOFs.2 Micropore volumes were estimated 

by the single-point method. The obtained values are reported in Table S2. 

Table S2 

Nitrogen sorption:  

BET surface area 962 m2/g   

[9.0·10-3 < P/P0 < 8.4·10-2; C = 1050; correlation coefficient: 0.99957] 

Mircopore volume 0.36 cm3/g [at P/P0 = 3,3·10-2, second step]* 

Argon sorption:  

BET surface area 989 m2/g 

[5.0·10-3 < P/P0 < 5,0·10-2; C = 4036 ; correlation coefficient: 0.99999] 

Micropore volume 0.35 cm3/g [at P/P0 = 2.7·10-2, first step] 

0.47 cm3/g [at P/P0 = 7.1·10-1, second step] 

* Since the first step is not clearly seen on the adsorption isotherm only a value including the second 

step is reported. 

 

 The values for both the surface area and micropore volume are lower than the corresponding values 

for microscale ZIF-8 reported recently by Park et al.1 (BET surface area: 1630 m2/g, micropore volume: 

0.64 cm3/g). Also, estimates of the micropore volume by computational methods give larger values 

(0.66 cm3/g,1 0.56 cm3/g by applying the CalcSolv routine in the PLATON3 software package with 

default values for van der Waals radii). This, possibly, indicates that the as-synthesized nanoscale ZIF-8 
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still contains some residual species in the cavities (e.g., unreacted Hmim) which could not be desorbed 

during the activation step before the gas sorption measurements. We did, however, not find indications 

for larger amounts of such residual species by our other analyses (CHN, TG, XRD). 

It is to be noted that Huang et al4 synthesized microscale ZIF-8 material in basic aqueous methanol at 

room temperature using Zn(OH)2 as a reagent and ammonia as a base (diffusion method), i.e., they used 

a protocol that is somewhat related to our room-temperature method. They report a BET surface area of 

1030 m2/g, which closely agrees with the value we have obtained for nanoscale ZIF-8. It therefore 

appears that if some residual species is indeed present in the pores of the as-synthesized material then 

this is caused by the low synthesis temperature and/or solvent system. 

 

[1] Park, K.S.; Ni, Z.; Côté, A.P.; Choi, J.Y.; Huang, R.; Uribe-Romo, F.J.; Chae, H.K.; O’Keeffe, M.; 

     Yaghi, O.M. Proc. Nalt. Acad. Sci. U.S.A. 2006, 103, 10186 (see discussion in the Supporting 

     Information). 

[2] Walton, K.S.; Snurr, R.Q. J. Am. Chem. Soc. 2007, 129, 8552. 

[3] Spek, A.L. J. Appl. Crystallogr. 2003, 36, 7. 

[4] Huang, X.-C.; Lin, Y.-Y.; Zhang, J.-P.; Chen, X.-M. Angew. Chem., Int. Ed. 2006, 45, 1557. 
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FT-IR Spectrum 

 

 

     Figure S10. FT-IR ATR spectrum recorded from ZIF-8 nanocrystals. 
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ZIF-8 Nanocrystals Synthesized in DMF 

Powder X-ray Diffraction (XRD) 

 

 

     Figure S11. Experimental XRD pattern of nanoscale ZIF-8 powder (red pattern) and XRD pattern 

simulated from ZIF-8 crystal structure data1 including guest species (blue pattern). 

The experimental pattern could be cleanly indexed on the basis of a cubic I-centered lattice without 

any additional systematic extinctions resulting in a refined cell constant of a = 16.988(2) Å. This is in 

agreement with the reported crystal structure (space group I-43m).1 From peak broading an average 

nanocrystal diameter of 43 nm was estimated by applying the Scherrer equation. 

 

[1] Park, K.S.; Ni, Z.; Côté, A.P.; Choi, J.Y.; Huang, R.; Uribe-Romo, F.J.; Chae, H.K.; O’Keeffe, M.; 

     Yaghi, O.M. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 10186. 
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Electron Microscopy 

 

     Figure S12. SEM micrograph providing an overview of the ZIF-8 nanocrystals. 
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Thermogravimetry (TG) and Difference Thermal Analysis (DTA) 

 

     Figure S13.  TG (solid line) and DTA curves (dotted line) for nanoscale ZIF-8 measured simulta-

neously in a flow of air. 

     The TG curve exhibits a mass loss of 24 % up to ca. 250 °C, which is attributed to the removal of 

guest molecules (e.g., DMF) from the cavities and some species (e.g., Hmim) from the surfaces of the 

nanocrystals. The following two endothermic mass losses (48 %) up to ca. 600 °C correspond to the 

removal of the organic linker molecules (calculated mass loss: 48.6 %). The final white solid residue 

was identified as ZnO by XRD. The TG results correspond to the formulation [Zn(mim)2](DMF). 

 


