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ABSTRACT: Zeolitic Imidazolate Framework-8 (ZIF-8) is a promising material for gas separation applications. It also serves 
as a prototype for numerous ZIFs, including amorphous ones, with a broader range of possible applications, including sensors, 
catalysis, and lithography. It consists of zinc coordinated with 2-methylimidazolate (2mIm) and has been synthesized with 
methods ranging from liquid-phase to solvent-free synthesis, which aim to control its crystal size and shape, film thickness 
and microstructure, and incorporation into nanocomposites. Depending on the synthesis method and post-synthesis treat-
ments, ZIF-8 materials may deviate from the nominal defect-free ZIF-8 crystal structure due to defects like missing 2mIm, 
missing zinc, and physically adsorbed 2mIm trapped in the ZIF-8 pores, which may alter its performance and stability. Infra-
red (IR) spectroscopy has been used to assess the presence of defects in ZIF-8 and related materials. However, conflicting 
interpretations by various authors persist in the literature. Here, we systematically investigate ZIF-8 vibrational spectra by 
combining experimental IR spectroscopy and first-principles molecular dynamics simulations, focusing on assigning peaks 
and elucidating the spectroscopic signals of putative defects present in ZIF-8 material. We attempt to resolve conflicting as-
signments from the literature and to provide a comprehensive understanding of the vibrational spectra of ZIF-8 and its defect-
induced variations, aiming towards more precise quality control and design of ZIF-8-based materials for emerging applica-
tions. 

1. INTRODUCTION 

 

Metal-organic frameworks (MOFs) are porous materials 
composed of metal ions or metal-containing clusters linked 
by organic ligands that form three-dimensional networks 
with highly ordered pore structures.1-6 Zeolitic imidazolate 
frameworks (ZIFs) are a subclass of MOFs, and ZIF-8 is a 
prototypical ZIF consisting of zinc cations tetrahedrally co-
ordinated with 2-methylimidazole (2mIm) ligands to form 
an ordered structure with nm-sized porous cavities accessi-
ble through smaller pore windows.7 It has been investigated 
in the form of powders,8, 9 films,10-14 and in composites15 
made by solvothermal and vapor-phase approaches,16-20 for 
applications ranging from gas21 and hydrocarbon mixture 
purification,22, 23 and storage,24,25 catalysis,26 drug delivery,27 
and sensors.28  

Depending on the synthesis conditions and post-synthesis 
treatments, various types of defects can be introduced in 
ZIF-8, and its structure may deviate from the defect-free 
nominal crystallographic structure. Zhang et al.29 reported 
a computational description of defects in ZIF-8 and pro-
posed three possible cases: missing 2mIm, missing zinc, and 
dangling linker groups caused by Zn coordinating to other 
species like water molecules instead of 2mIm. They 

computed activation energies for forming these defects, and 
they proposed that defects could form when ZIF-8 was ex-
posed to water molecules at ambient condition. The intro-
duction of water-terminated defect sites was reported by 
Cheng et al.30 These defects can likely alter the performance 
of ZIFs.  For example, Lee et al.31 reported that the perfor-
mance of propane/propylene separation can be influenced 
by the ZIF-8 membrane synthesis method, likely due to dif-
ferences in defects associated with such methods. They cor-
related the relatively poor long-term membrane stability of 
rapidly grown membranes to their more defective struc-
ture. In an another example, it was shown that vapor-phase 
synthesis based on the conversion of ZnO into ZIF-8 by ex-
posing ZnO to 2mIm vapors can leave ZnO residues under-
neath the ZIF-8 layer.32 Tian et al.33 utilized X-ray photoelec-
tron spectroscopy (XPS) to detect functional groups, such as 
carbonates, water/hydroxides, and unreacted zinc-oxide in 
ZIF-8. However, XPS is probing depths on the order of only 
a few nanometers and has limitations in identifying chemi-
cal structures.   

Infrared (IR) spectroscopy provides complementary infor-
mation, as the vibrational spectra contain peaks assignable 
to specific functional groups and atomic connectivity, while 
IR light probes much deeper into the material than the es-
cape depth of the low energy electrons that dictate the 



 

depth sensitivity of XPS. In addition to vibrational modes 
that that can be identified as typical to specific moieties 
(e.g.: C-H stretching in the methyl group, or in the ring), 
structures with long range order, such as ZIF-8, have char-
acteristic phonon modes related to the collective vibration 
of the structure. In this way, IR spectra are rich in structural 
and chemical information providing a fingerprint of the ma-
terial. Changes in this fingerprint can be correlated to struc-
tural or chemical changes as the material is subject to dif-
ferent treatments.34 However, the interpretation of such 
changes is not straightforward and leads to conflicting as-
signments and discrepancies in the literature.35 The combi-
nation of experimental and theoretical methods can provide 
a clearer picture of the correlation between IR spectra and 
structure, and potentially resolve such discrepancies.   

In this study, we combine experimental infrared spectros-
copy with first-principles computational methods to inter-
pret the vibrational spectra of pristine ZIF-8, and structural 
variations resulting from the introduction of defects. We at-
tempt to resolve conflicting assignments found in earlier lit-
erature and improve the understanding of the vibrational 
spectra associated with ZIF-8. The information presented 
here is anticipated to contribute to a better understanding 
of ZIF-8 structures and the effects their variation could have 
in emerging applications in diverse fields, including gas sep-
aration, catalysis, sensors, and lithography. 

. 

2. MATERIALS AND METHODS 

 

2.1 Materials 

 

2-methylimidazole (2mIm, 99%) was purchased from 
Sigma Aldrich. Diethylzinc (DEZ, 95%) was purchased from 
STREM chemicals. SSP Silicon wafers <100> and DSP Silicon 
wafers <111> were purchased from University Wafer Inc 
and used for synthesizing ZIF-8 films.  Zinc acetate dihy-
drate (Zn(OAc)2·2H2O) was purchased from Fisher chemi-
cal. Homemade Milli-Q DI-water was used. 200 proof Etha-
nol was purchased from VWR International. All chemicals 
were used without any further purification. 

 

2.2 Synthesis of ZIF-8 films 

 

ZIF-8 films supported on Au-coated silicon wafers were 
synthesized using the vapor-based synthesis method intro-
duced by Ameloot and co-workers 16 and as described in our 
earlier work. 36,37  The silicon wafers were coated with ca. 
100 nm Au using a Lesker 75 PVD system. The Au-coated 
silicon wafers were then cut into 1 cm × 1 cm square pieces 
and were utilized as a support for ZIF-8 films. ZnO thin film 
deposition was performed on the square-sized pieces 
loaded into an atomic layer deposition (ALD) reactor (Sa-
vannah S200, Veeco Instruments Inc.). The deposition was 
performed by alternating between H2O and Diethyl Zinc 
(DEZ) precursor pulses, each followed by an Ar purge. The 
sequence time for each "H2O pulse/Ar purge/DEZ pulse/Ar 
purge" cycle was set to 0.015/5/0.015/5 seconds, respec-
tively. A total of 100 ALD cycles lead to a ca.13-15 nm ZnO 

film, as confirmed by ellipsometry, using a Film Sense FS-1 
Multi-Wavelength Ellipsometer.   

Crystalline ZIF-8 films (hereafter ZIF-8 Film) were synthe-
sized in a Teflon bottle. Initially, 0.2 g of 2mIm solid was 
placed at the bottom of a 60 mL Savillex Teflon bottle, and a 
drop of DI water (40 µL) was carefully added without touch-
ing the 2mIm solid. Subsequently, ZnO-coated substrates 
(prepared as described above) were placed on a Teflon ped-
estal inside the bottle. After closing the lid, the Teflon bottle 
was placed in a pre-heated oven at 120 °C and held for 20 
hours. The Teflon bottle was then removed from the oven 
and allowed to cool in ambient condition. After cooling, the 
wafers were removed from the Teflon bottle and immersed 
in methanol for 15 minutes aiming to the removal of excess 
2mIm remaining on the film surface. The ca. 150 nm thick 
films were then air-dried overnight under ambient condi-
tions. The dried samples remained stored under ambient 
conditions until they were subsequently used for further 
analysis in IR studies. 

Some crystalline ZIF-8 films were synthesized in a quartz 
reactor as described earlier38 (hereafter ZIF-8q Film, with 
subscript q indicating quartz reactor). ZnO-coated sub-
strates were placed on a stainless-steel mesh used as a sam-
ple holder inside a custom-built quartz reactor with 0.2 g of 
2mIm solids (no water was added in these experiments). 
The quartz reactor was then flushed with Ar gas and evacu-
ated for 15 min under dynamic vacuum. After that, the valve 
connecting the reactor to the vacuum pump was closed, fol-
lowed by heating the reactor at 120 °C for four hours under 
static vacuum (~10 mbar). After the reaction, the reactor 
was cooled to room temperature. The produced ZIF-8 films 
(~150 nm thick) were rinsed by immersing them in metha-
nol for 15 min and then air-dried overnight and stored un-
der ambient conditions before taking any IR measurements. 

 

2.3 Synthesis of ZIF-8 powder 

 

ZIF-8 powder was synthesized at room temperature follow-
ing the method reported by Miyake et al.9 The molar ratio 
for Zn:2mIm: H2O for the synthesis mixture used in this 
work was 1:100:2228. The average crystal size of obtained 
ZIF-8 powder was about ~3 µm. 

 

2.4 Characterization Methods 

 

Infrared reflection absorption spectroscopy (IRRAS) was 
performed on ZIF-8 films in ultra-high vacuum (UHV) con-
ditions with a base pressure of <1 x 10-8 mbar. The ZIF-8 
films supported on Au-coated wafers were placed on a flag-
style steel sample plate. A thermocouple (type K) was spot 
welded next to the wafer for measuring sample tempera-
ture during heating. The IR spectra were collected using a 
Bruker Vertex 80V spectrometer equipped with a mercury-
cadmium-telluride (MCT) detector, set at a grazing inci-
dence angle of 8°. Spectra were collected over a 4000-800 
cm-1 range, with a resolution of 4 cm-1. The data were col-
lected using the standard Bruker OPUS software package 
v8.1.  



 

The Attenuated Total Reflectance Fourier Transform Infra-
red (ATR-FTIR) analysis was conducted for ZIF-8 powder 
using a ThermoNicolet Nexus 670 FTIR Spectrometer. The 
spectrometer was equipped with a KRS-5 ATR accessory 
featuring diamond and sapphire anvil fittings, along with a 
cover suitable for volatile samples. 

The X-ray Diffraction (XRD) pattern for ZIF-8 powder was 
obtained using a Rigaku MiniFlex X-ray diffractometer. The 
measurements were conducted at 40 kV and 15 mA, utiliz-
ing a Cu K𝛼 source (𝜆=1.54 Å). The scan covered a 2-theta 
range from 5 to 50° with a step size of 0.02° and a scan rate 
of 1° per minute. 

Grazing incidence X-ray diffraction (GIXD) measurements 
were performed for ZIF-8 films using a Rigaku Smartlab II 
setup. The X-ray source was operated at 40 kV and 45 mA 
using Cu Kα radiation (λ = 1.54 Å) at a constant incidence 
angle of 0.18 degrees. The diffraction pattern was measured 
over a range of 5-40 degrees and at speed of 0.5 degree/mi-
nute with 0.04 degrees step size.  

The X-ray photoelectron spectroscopy (XPS) spectra were 
obtained in ultrahigh vacuum (UHV) conditions, with a base 
pressure of ~10^-9 mbar at room temperature. A SPECS 
electron spectrometer, featuring a PHOIBOS 100 hemi-
spherical energy analyzer and a monochromatic Al Kα x-ray 
source (1486.7eV), was utilized for data collection. Data 
analysis and fitting were performed using CasaXPS soft-
ware. 

Atomic Force Microscopy (AFM) and AFM-IR data were col-
lected on a Bruker Nano-IR3-s equipped with a quantum 
cascade laser at Brookhaven National Laboratory. Scans 
were collected in Tapping AFM-IR mode using Anasys In-
struments PR-EX-TnIR-C-10 probes with a resonance fre-
quency of 300kHz and a spring constant of 40N/m. 

Scanning Electron Microscopy (SEM) images were captured 
by JEOL 1400F and Tescan Mira 3 GM SEM instruments, op-
erating at voltages ranging from 2 to 10 kV. 

 

2.5 Computation of Vibrational Spectra and Vector 
Plots   

 

First principles molecular dynamics (FPMD) simulations 
were carried out for a single unit cell of ZIF-8 embedded in 
periodic boundaries. Given the computational demands of 
FPMD simulations and their unfavorable scaling with the 
system size, it is preferable to investigate a multitude of 
small systems containing a specific modification of the ZIF-
8 structure and/or including adsorbed species instead of a 
larger system with multiple unit cells containing multiple 
types of defects. Here, we considered the following four sys-
tems: (a) defect-free ZIF-8, (b) missing-Zn defect in ZIF-8, 
containing a missing Zn node replaced by two protons, (c) 
missing-2mIm defect in ZIF-8 containing a missing imidazo-
late linker replaced by H2O and OH− species, and (d) addi-
tional-2mIm in ZIF-8, containing two 2mIm molecules in the 
pore of defect-free ZIF-8. The CP2K software package39 was 
used for the FPMD simulations in the canonical (NVT) en-
semble (T = 298 K). We employed the Perdew–Burke-Ern-
zerhof (PBE) functional40 along with D3 dispersion correc-
tions by Grimme41. The basis set used for Zn, C, H, O, and N, 
was DZVP-MOLOPT-SR-GTH,42 with PBE pseudopotentials 

of the Goedecker-Teter-Hutter (GTH) analytical form43. A 
planewave cutoff energy of 600 Ry was used, and the target 
accuracy of 10−6 Ha was used for the self-consistent field 
(SCF) calculations. The length of the simulations was 5 ps 
for each structure with a time step of 0.5 fs. The last 3 ps 
were used for computation of the vibrational spectra. To ob-
tain the vibrational spectra, we used the approach of Wan-
nier localization44, wherein we calculated the centers of 
maximally localized Wannier functions every 2.5 fs on-the-
fly and constructed the system dipoles using the Wannier 
centers. The "Crazy Angle algorithm" implemented in CP2K 
(rather than Jacobi diagonalization) was utilized to con-
struct a suitable unitary transformation of the molecular or-
bitals. The TRAVIS45 tool was used to evaluate the Fourier 
transform of the autocorrelation functions of the system di-
pole moments and obtain the vibrational spectra at 298 K. 
In addition to the FPMD simulations, we also carried out 
density functional theory-based geometry optimization (T = 
0 K) of single unit cells using the Vienna Ab initio Simulation 
Package (VASP)46,47 and the PBE functional. Frequency cal-
culations were performed to obtain the vibrational modes, 
and corresponding vibrational IR spectra intensities were 
computed using Density-Functional Perturbation Theory 
(DFPT). This approach yields the line spectra at T = 0 K. The 
displacement vectors for the vibrational modes corre-
sponding to different peaks allow for the visualization of the 
vibrational modes. The two complementary approaches are 
summarized in Scheme 1. The unit cell sizes for different 
simulation cases were kept the same (16.991 Å), as re-
ported by Park et al.7 

Scheme 1: Computational workflow for obtaining the vibra-
tional spectra from FPMD (at T = 298 K) and the line-plot 
based on DFT (at T = 0 K). 

 

3. RESULTS AND DISCUSSION 

 

Figure 1 displays IR spectra in the range of 1700-900 cm-1 
obtained by several authors for different forms of ZIF-8. Ad-
ditional information about these previously reported IR 
spectra can be found in Table S1. It is evident that there are 
differences among these IR spectra. Moreover, the assign-
ment of the peaks to vibrational modes differs among these 
studies.   



 

 

Figure 1: Previously reported IR spectra for ZIF-8 Powder 
(Spectra A - Zhang et al.,48 B - Liu et al.,49 C - Nozari et al.,50 
and D - Silva et al.51 ) and ZIF-8 Films/Membranes (Spectra 
E - Zhao et al.,52 F - Nordin et al.,53 G - Tian et al.,33 H - Miao 
et al.,38 I - Mello et al.,37 and J-  Kräuter et al.54). 

 

Zhang et al. 48 (spectrum A) assigned the peaks at 1145 cm-

1, 1300-1460 cm-1, and 1585 cm-1 to the C-N stretching, en-
tire imidazole ring stretching, and C=N stretching modes, 
respectively.  They also reported a peak at 1635 cm-1 and 
assigned it to C=C stretching modes. However, Liu et al.49 
(spectrum B) assigned only the peaks in the 1100-1400 cm-

1 range to the C-N stretch mode, and did not report any peak 
around 1635 cm-1.  Nozari et al.50 (spectrum C) assigned a 
broad IR range to groups of vibrational modes such as the 
entire 1700-800 cm-1 to in-plane bending and the entire im-
idazole ring stretching modes. Silva et al.51 (spectrum D) as-
signed the peaks at 1457, 1423 and 1145 cm-1 to C-N and 
C=N vibrational modes. But, Zhao et al.52 (spectrum E) as-
signed the 1456 cm-1 peak to in-plane vibration of -CH3. 
They also assigned the peaks around 1580 cm-1 to C=N 
stretches in agreement with other authors.48,49,51,52 How-
ever, Xu et al.55 disagree with this assignment based on their 
simulations as we will discuss below. Nordin et al. 53 (spec-
trum F) assigned the 1584 cm-1 peak to C=N stretches and 
broadly assigned the 1350-1500 cm-1 range to the entire im-
idazole ring stretching, which is not in agreement with the 
assignment reported by Zhao et al.52 Tian et al.33 (spectrum 
G) reported detailed peak assignments including 1574 cm-1 
to C=N stretch, 1473 cm-1 & 1418 cm-1 to -CH3 bending 
modes, 1147 & 1180 cm-1 to C-N in-plane stretching and 

1311 & 954 cm-1 to imidazole ring C-H bending modes. 
However, the assignment of the peak at 1091 cm-1 to C-N 
symmetric stretch contradicts recent observations made by 
Kräuter et al.54 as they attribute it to Si-O stretches coming 
from the native oxide of the silicon substrate. We also in-
cluded ZIF-8 IR results reported earlier by our group (Miao 
et al. 38 and Mello et al.37) (spectra H & I) where peaks 
around 1400 cm-1 were assigned to -CH3 bending modes and 
the 1585 cm-1 peak to C=N stretch. We also observed an ad-
ditional peak around 1260 cm-1 (as shown in spectra H & I) 
, similar to results reported by Stassen et al.16 and Kräuter 
et al.54 Results reported by Kräuter et al.54 (spectrum J) have 
also a broad feature around 1090 cm-1 in addition to the 
1260 cm-1 peak and were interpreted as Si-O peaks coming 
from the native oxide of the substrate, an assignment which 
will be discussed below in view of our findings. 

Figure 2 presents simulated ZIF-8 IR spectra reported by 
different authors (see Table S2 for details). Xu et al.55 (spec-
trum α) reported a comparison of simulated with experi-
mentally obtained IR spectra from ZIF-8 powder and sug-
gested that the peaks around 1300 cm-1 and 1450 cm-1 could 
originate from C=N stretching, which contradicts other au-
thors who assigned 1585 cm-1 to C=N stretching. 48,49,51, 52 In 
their simulations, Xu et al.55 did not observe any peak at 
1585 cm-1. Möslein et al.56 reported simulated IR results for 
defect-free ZIF-8 (spectrum β) as well as defective ZIF-8, 
along with experimental IR results. They did not observe 
any peak around 1585 cm-1 from defect-free ZIF-8, which is 
in agreement with the results reported by Xu et al.55 while 
in the presence of missing-Zn defects, they reported addi-
tional peaks around 1115 cm-1, which they assigned to -C-
N-H bending (made possible by the presence of H bound to 
N, when missing-Zn defects are present). In the presence of 
missing-2mIm defects, they reported additional peaks at 
1250 cm-1 and 1350 cm-1. Xiong et al.57 (spectrum γ) also re-
ported a simulated IR spectrum of ZIF-8 and suggested that 
the 1310 cm-1 peak be attributed to in-plane antisymmetric 
ring stretching, which is in contradiction with the results re-
ported by Xu et al.55 who assigned the 1307 cm-1 peak to C=N 
stretching.  

Figure 2: Simulated IR spectra for defect-free ZIF-8 reported 
by different authors (Spectrum α – Xu et al.55 , β - Möslein et 
al.56 & γ - Xiong et al.57) and in this work (Spectrum δ). 



 

 

Figure 3: Simulated ZIF-8-unit cells: (A) defect-free ZIF-8, 
with (B) missing-Zn defect, (C) missing-2mIm defect, and (D) 
two additional-2mIm molecules inside ZIF-8 pores. (Color 
Scheme: Cyan - Zinc, Blue - Nitrogen, Grey - Carbon, Red - 
Oxygen, White – Hydrogen; The dotted lines in 2B (right), 
2C (right) and 2D (right) represent hydrogen bonding)  

 

In an attempt to settle these differences in vibrational mode 
assignments for ZIF-8, we modeled four ZIF-8 structures 
(shown in Figure 3): defect-free (3A), missing-Zn defect (3B), 
missing-2mIm (3C), and ZIF-8 with additional-2mIm in the 
pores (3D). Figure 3A presents a unit cell of defect-free ZIF-
8 (left) and a close-up (right) of a deprotonated 2mIm mol-
ecule (2mIm anion) coordinated to two Zn atoms. Each unit 
cell has twelve Zn atoms, and one zinc atom was removed to 
model a missing-Zn defect. The missing-Zn defect is pre-
sented in Figure 3B; a unit cell view is given on the left while 
a close-up image is shown on the right highlighting, along 

with the missing Zn2+ cation, four nitrogen atoms from four 
2mIm ligands, two of which are protonated to maintain 
charge neutrality. For the missing-2mIm defect (shown in 
Figure 3C), we removed one negatively-charged 2mIm 
linker which leads to two undercoordinated Zn sites. To 
achieve charge neutrality and to coordinate the two Zn sites, 
we added one hydroxide (OH−) anion and one water mole-
cule, as suggested by Möslein et al.56 However, during the 
MD simulations, the water attached to Zn atom detaches 
and an -OH bridge forms between the two Zn atoms as 
shown in Figure 3C. We also modeled ZIF-8 with two 
trapped 2mIm molecules inside its pore to simulate extra-
framework additional-2mIm, as shown in Figure 3D. 

Figure 4 presents simulated IR spectra at 298 K along with 
atomic displacement vector plots corresponding to each po-
sition for each variant of ZIF-8 shown in Figure 3. Figure S1 
shows the corresponding line-plots at 0 K. The comparison 
of our simulated IR spectrum for defect-free ZIF-8 is also in-
cluded as Spectrum δ in Figure 2. The simulated peak posi-
tions largely match the reported results from previous liter-
ature. In addition to the simulated IR spectra, animation 
files for each vibrational mode corresponding to each vari-
ant of ZIF-8 are provided in the Supporting Information. We 
would like to emphasize that vibrational modes are more 
complex than what is typically described in words as a rela-
tive motion of two atoms (i.e., bond stretching) or of three 
atoms (i.e., angle bending) or by displacement vectors for 
individual atoms. Thus, we strongly encourage the reader to 
watch the animations associated with these regions or 
modes (see Supporting Information Files) to complement 
the text. Below, we offer a detailed peak-by-peak assign-
ment to vibrational modes based on our simulation results. 

Figure 4: Simulated ZIF-8 IR spectra: (A) defect-free ZIF-8, 
(B) missing-Zn defect, (C) missing-2mIm defect, and (D) two 
additional-2mIm molecules inside ZIF-8 pores. Cartoons on 
top represent atomic displacement vector plots corre-
sponding to each peak position (line-break is from 1700 to 
2800 cm-1; full range without break is provided in Figure 
S2), Same color scheme for atoms as in Figure 3. 

 

3.1 Vibrational mode assignments  

In the following paragraphs, we will discuss the different re-
gions of the spectrum in order of ascending frequency, in-
cluding experimental results, simulations, and their com-
parison with the literature and we will provide our 



 

proposed assignments. We emphasize that vibrational 
modes are typically more complex than what words or a 
vector can describe. Therefore, we provide animations as-
sociated with these regions or modes to complement the 
text. These are included in the Supporting Information and 
were simulated based on the density functional theory cal-
culations. 

 

3.1.1 Vibrational modes associated with defect-
free ZIF-8  

 

Vibrational modes at 990 cm-1 

 

We propose the feature at 990 cm-1 (centered at 984 cm-1 in 
the simulations and observed near 992 cm-1 in experiments) 
is due to a combination of C-Hm (Hm represents an H atom 
from the methyl group) bending modes from C-CH3 along 
with in-plane C-Hr rocking in the Hr-C-C-Hr (Hr represents 
an H atom from the imidazole ring) moieties. The animation 
corresponding to these vibrational modes is included in the 
Supporting Information (labeled as “985_defect_free”). This 
peak has been observed in previous reports without assign-
ment to a specific vibration.56 Zhang et al.48 have assigned 
this peak to bending mode of C-N. We also observe a small 
in-plane deformation of the ring, as can be seen in the ani-
mation file. Prior simulations by Xu et al.55 are in line with 
our results. 

 

Vibrational modes around 1100-1200 cm-1  

 

We suggest that the feature around 1140 cm-1 (centered 
at 1144 and 1137 cm-1 in the experiments and FPMD simu-
lations, respectively and representing multiples lines 
near 1145 cm-1 in the static calculations) arises from com-
bined scissoring and rocking motions of C-Hr in the Hr-C-C-
Hr moieties of different 2mIm within a unit cell of ZIF-8. 
Note that some linkers within the unit cell show the rocking 
while others show the scissoring mode. From the multiple 
lines in this region from the static calculations, we com-
pared the four with the highest intensities in the zero-K line 
spectrum (1144.2, 1145.4, 1145.5, and 1146.2 cm-1) and 
found that they all correspond to small variations of the 
same vibrational mode (as illustrated in the corresponding 
animation file labeled as “1145_defect_free” in the Support-
ing Information). 

Another feature around 1200 cm-1 (centered at 1180 and 
1195 cm-1 in the experiments and FPMD simulations, re-
spectively) involves bending modes from C-Hr with respect 
to the ring as well as breathing of the entire ring (including 
C-N vibrations). Minor C-Hm bending modes from C-CH3 

were also observed in this region. Although these peaks 
have been assigned to C-N stretching modes in previous lit-
erature,33,48, 58 it should be noted that these assigned vibra-
tional modes are a simplification because, as can be seen in 
the animation file (labeled as “1210_defect_free” in Support-
ing Information), they include more complex combinations 
involving multiple vibrational modes. 

 

Vibrational mode at 1310 cm-1 

 

We propose that the peak at 1310 cm-1 (at 1310 cm-1 for 
simulations and at 1309 cm-1 in experiments) can be as-
signed to rocking mode of C-Hr in the Hr-C-C-Hr moieties, 
which agrees with the assignment by Tian et al.33 A small 
deformation in the ring was also observed in this region, as 
shown in animations file labeled “1320_defect_free” in the 
Supporting Information.   

 

Vibrational modes around 1400-1500 cm-1 

 

The broad feature in this region presents two major peaks, 
one at 1400 cm-1 (present at 1404 cm-1 in simulations and 
at 1427 cm-1 in experiments) and another at 1450 cm-1 (ob-
served at 1453 cm-1 in FPMD simulations and at 1460 cm-1 
in experiments). A shoulder at 1500 cm-1 is also observed. 
The corresponding atomic displacement vectors are domi-
nated by the vibrational modes associated with C-Hm bend-
ing modes from C-CH3 with minor contributions from Hr-C-
C-Hr rocking modes. We also observe ring deformation, 
partly in agreement with reports by Zhang et al.48 and Liu et 
al.,49  who have assigned 1300-1460 cm-1 to entire ring 
stretching modes and 1100-1400 cm-1 to C-N stretches. Our 
assignment also agrees with Zhao et al.,52 as they have as-
signed the peak at 1453 cm-1 to -CH3 vibrational modes. The 
animation file corresponding to vibrational modes in this 
region is included in Supporting Information and labeled as 
“1400_defect-free”. 

We also note that the relative intensities of the bands in this 
region differ between various experimental measurements 
and varies for powder and film samples (see Figure 1) with 
the powder samples mostly yielding higher intensity for the 
band at 1427 cm−1. Relative peak intensities in this region 
also differ between defect-free and defective structures. Be-
yond defects, another possible reason could be variations in 
the lattice parameter for thin films compared to the ideal 
structure. Exploratory geometry optimizations for a unit 
cell with a 2% smaller lattice parameter yield a reduction in 
the intensities at ~1420 cm−1 and increased intensities 
around 1460 cm−1 compared to those with the regular unit 
cell size. 

 

Vibrational modes around 3000 cm-1  

 

Consistent with earlier reports,48,49,59 we assign C-Hm methyl 
group’s symmetric and asymmetric stretches to 2960 cm-1 
(present at 2961 cm-1 in simulations and at 2929 cm-1 in ex-
periments, animation file labeled as “2972_defect_free” in 
supporting information) and 3020 cm-1 (centered at 3026 
cm-1 in simulations and at 2963 cm-1 in experiments, anima-
tion file labeled as “3023_defect_free” in Supporting Infor-
mation), respectively.  

 

Vibrational modes around 3200 cm-1  

 

We assign the peak in this region (centered at 3202 cm-1 in 
simulations and observed at 3133 cm-1 in experiments) to 
stretching modes from C-Hr ring (as presented in animation 



 

file labeled as "3202_defect_free” in Supporting Information) 
which is in agreement with reports by Zhang et al.,48 Liu et 
al.,49 and others.55   

 

3.1.2 Vibrational modes associated with defects 
in ZIF-8 and additional 2mIm in ZIF-8 pores 

 

Here, we attempt to explain additional peaks present in ZIF-
8 simulated IR spectra when missing Zn or 2mIm defects or 
additional 2mIm are introduced. 

 

Vibrational modes associated with ZIF-8 with missing-Zn 
defect (1100, 1580, 2000-2600 cm-1) 

 

Because one missing Zn atom results in four dangling 2mIm 
(two of which present an N and two an NH), N–H···N bond-
ing may occur between the N-H and the N from two 2mIm, 
as indicated by the dotted line in Figure 3B. This results in 
additional peaks that we report here and can be utilized as 
a signature for identifying missing-Zn defects in ZIF-8 as 
well as other ZIFs. A comparison of simulated IR plots cor-
responding to defect-free ZIF-8, and ZIF-8 with missing-Zn 
defect shows broad features at 1110 cm-1 and an additional 
peak at 1580 cm-1. We propose that the broad feature we 
observe at 1110 cm-1 can be assigned to -C-N-H bending 
modes,60 as shown in the animation file labeled as 
“1110_missing_Zn” in the Supporting Information. This ob-
servation agrees with results reported by  Möslein et al.56  
We also propose that this peak includes contributions from 
bending modes of C-Hr in the Hr-C-C-Hr moieties, similar to 
the vibrational modes at 1137 cm-1 in defect-free ZIF-8. The 
peak at 1580 cm-1 can be attributed to -NH bending from -
CNH moiety of a dangling linker, as shown in Figure 4 and 
as illustrated in animation file labeled as “1586_missing_Zn” 
in the Supporting Information. We also observed an addi-
tional set of peaks around 2600-2000 cm-1, which were not 
present in defect-free ZIF-8, as shown Figure S2. The corre-
sponding atomic displacement vector plots are presented in 
Figure S3. The peaks at the 2500 cm-1 region can be assigned 
to -NH stretching vibrations, as illustrated in the animation 
file labeled as “2506_missing_Zn” and “2588_missing_Zn” in 
the Supporting Information. This frequency is significantly 
lower than expected for a N-H stretching mode (~3400 cm-

1), likely due to the elongation of the N-H bond due to N-H..N 
hydrogen bonding.61, 62 Figure S4 shows that the N-H bond 
length increases from 1.015 Å in isolated 2mIm molecule, to 
~1.048 Å (H atom in N-H..N) for the additional 2mIm defect 
case, and to ~1.080 Å for the missing-Zn defect case (H atom 
in N-H..N). In the missing-Zn defect case, we also observed 
that the hydrogen atom can hop from one N atom to another 
during our FPMD simulations as shown in the movie file la-
beled as “Movie File-1” in the Supporting Information.  

 

Vibrational modes associated with ZIF-8 with missing-2mIm 
defect (3700 cm-1) 

 

In the missing-2mIm defect case, we replace one 2mIm 
linker with one -OH group and one water molecule bound 
to two Zn atoms (one to each), similar to that reported by 

Möslein et al.56 During our FPMD simulations (T = 298 K), 
we noticed significant motion of the water molecule, indi-
cating that it is loosely bound. The H2O bound to one of the 
two Zn atoms detaches from it, and the -OH bound to the 
other Zn atom bridges the two Zn atoms and results in -OH 
bridging within the first 2.5 ps of the trajectory as shown in 
the movie file labeled as “Movie File-2” in the Supporting In-
formation. For this reason, the IR spectrum obtained from 
FPMD simulations, shown in Figure 4, is for the case where 
the loosely bound H2O molecule is not present. Using DFT 
geometry optimizations (T = 0 K), we obtained two struc-
tures, one where a water molecule and an -OH group are 
bound to two Zn atoms (and form a HOH-OH bridge be-
tween the two Zn atoms) and another, where the water mol-
ecule is detached from the Zn atom and an -OH bridges two 
Zn atoms, with the former being 51 kJ/mol (4.3 kJ/mol per 
Zn) lower in energy. Figure S5 compares the line plots for 
both static structure configurations corresponding to miss-
ing-2mIm defects and does not show additional peaks be-
tween 1250-1350 cm-1 for either case, as reported by 
Möslein et al.56   As stated before, we observed -OH bridging 
between two Zn atoms from the missing-2mIm simulated 
structure and we report an additional peak at 3700 cm-1 that 
can be assigned to -OH stretches (as shown in Figure S3 and 
in animation file labeled as “3700_missing_2mIm”). 

 

Vibrational modes associated with ZIF-8 with additional-
2mIm in its pores (1567, 2900-3400 cm-1) 

 

We simulated the additional-2mIm case, to investigate 
trapped unreacted 2mIm in ZIF-8 by introducing two 2mIm 
molecules inside the pore of defect-free ZIF-8. These extra 
molecules may arise in practice due to trapped 2mIm dur-
ing the synthesis process. The two 2mIm molecules interact 
with each other via a hydrogen bond (N-H…N). A peak at 
1567 cm-1, which is not present in defect-free ZIF-8, can be 
assigned to -C-N-H bending modes with the H atom partici-
pating in hydrogen bond between two additional 2mIm 
molecules (as shown in the animation file labeled as 
“1575_additional_2mIm” in the Supporting Information). 
This peak is absent for the case when only a single 2mIm 
molecule, devoid of N-H…N hydrogen bonding, is present 
inside a ZIF-8 pore (see 1-additional-2mIm spectra in Figure 
S2). For the additional-2mIm case, we also observed addi-
tional peaks in the 2900-3400 cm-1 region, apart from the 
already existing peaks at 3202 and 3026 cm-1 seen in defect-
free case. For these additional 2mIm molecules, N-H stretch-
ing modes are observed at 3339 cm-1 (for the -NH not in-
volved in hydrogen bonding) and 2922 cm-1 (for the -NH in-
volved in hydrogen bonding). The animation files corre-
sponding to the 3339 and 2922 cm-1 -NH stretching modes 
are included in the Supporting Information and are labeled 
as “3400_additional_2mIm” and “2981_additional_2mIm”, 
respectively. The lower frequency of 2922 cm-1 (vs. 3339 
cm-1) for the NH stretch involved in hydrogen bonding is in 
line with slightly longer N-H bond length of ~1.05 Å (vs 1.02 
Å; see Figure S4(B) for bond lengths). Also note that for the 
case of a single 2mIm inside a ZIF-8 pore, the frequency at 
2922 cm-1 is not observed, because of the absence of NH…N 
hydrogen bonding interaction. Apart from the 3202 cm-1 
peak assigned to the stretching modes of C-Hr (seen also in 



 

the defect free case), an extra peak at 3134 cm-1 is present 
for the additional-2mIm case, corresponding to the stretch-
ing modes from C-Hr but with the ring Hr atom of the linker 
interacting with the N atom of the 2mIm molecule (as pre-
sented in the animation file labeled as “3140_addi-
tional_2mIm” in the Supporting Information; the distance 
between the H atom of CHr and the N from 2mIm is 2.34 Å 
from the geometry-optimized structure). The simulated IR 
intensity can be correlated with the number of functional 
groups present in the simulated system. For example, we 
see an increased intensity around 1450 cm-1 for the addi-
tional-2mIm case as opposed to reduced intensity when one 
linker was removed from the unit cell, as in the case of miss-
ing-2mIm defect. This behavior can be attributed to the 
number of methyl groups (-CH3) present in the simulated 
unit cell structure. 

Figure 5: (A and C) Experimental IRRA spectrum of ZIF-8 
films (made by vapor phase conversion of ZnO-coated sub-
strates), and (B and D) simulated ZIF-8 IR spectra for defect-
free ZIF-8 & ZIF-8 with missing-Zn defect, missing-2mIm de-
fect, and two additional-2mIm in ZIF-8 for the 1800-800 cm-

1 (A and B) and the 3800-1800 cm-1 (C and D) ranges. 

3.2 On the IR spectra of vapor phase deposited ZIF-
8 Films 

 

In Figure 5, the simulated IR plots, for the 3800-800 cm-1 
wavenumber range, are compared with the experimental IR 

spectrum obtained from a ZIF-8 film (synthesized by treat-
ing ZnO-coated substrates with 2mIm and water vapors in 
a Teflon bottle). While we observe that the experimental IR 
results closely match the simulated results for a defect free 
structure, we observed an additional peak at 1585 cm-1 (Fig-
ure 5 (A)), which was also reported previously by other au-
thors.48,49 Interestingly, IRRA spectra of ZIF-8q (q, for quartz 
reactor-see Materials and Methods section) film as well as 
ZIF-8 powder also exhibit the peak at 1585 cm-1, as pre-
sented in Figure 6(A). Further investigation revealed the 
presence of additional set of peaks around 2500 cm-1, 
shown in Figure 6 (A, inset). The peaks around 2500 cm-1 
along with the peak at 1585 cm-1 agree with our simulation 
results from the missing-Zn defect case and suggest the 
presence of missing-Zn defects in the ZIF-8 films and pow-
der used in our study. The 1585 cm-1 peak has been re-
ported in experiments by several authors48,49 but it has not 
been observed in our simulations of defect-free ZIF-8, nor by 
defect-free simulations of other authors.55,56 As discussed 
above, we assigned this peak to -CNH in-plane bending 
modes from -NH created due to the missing-Zn. As explained 
earlier, the vibrations at 2600-2000 cm-1 can be assigned to 
-NH stretches in missing-Zn defect case where one hydrogen 
is shared by two nitrogen atoms resulting in a weaker bond. 
Further, we do not observe any peak around 3700 cm-1 from 
experimental IRRA spectra for ZIF-8 film (Figure 5 (C), Fig-
ure 6(A)) and thus cannot detect the presence of missing-
2mIm defect sites in the ZIF-8 films or ZIF-8 powder. Fur-
ther, a minor peak around 1650 cm-1 is also observed from 
experimental as well as simulation results. Our calculations 
suggest that this peak corresponds to in-plane bending of -
CHring. An animation file for this peak, labeled as “1650_de-
fect_free”, is included in the Supporting Information. We 
also observed minor peaks at around 1500 cm-1 and 1400 
cm-1 in the experimental spectra. We propose that these 
peaks correspond to bending of methyl group along with 
bending modes from -CHring. The animation file for set of vi-
brational modes around this region are provided as “1400-
1500_defect_free” in the Supporting Information.  

Further, Zn-N stretches have been previously reported 
around 420 cm-1.63,64 However, our simulations agrees with 
report by Xu et al.55 who have assigned the peak around 420 
cm-1 to bending mode of methyl group and imidazole ring. It 
is acknowledged that bending or stretching of the imidazole 
ring may cause changes in the relative positioning of N with 
respect to Zn. The animation file corresponding to vibration 
mode around 420 cm-1 are included as “420_defect_free” in 
Supporting Information. Due to limitations from optical 
components in our experimental setup, we could not obtain 
IR spectra below 800 cm-1 experimentally. SEM images and 
XRD patterns of ZIF-8 films and powder used herein are 
characteristic of ZIF-8 (Figures S6-S9). AFM-IR results illus-
trating film height profiles as well as IR chemical maps of a 
region in ZIF-8 and ZIF-8q films are presented in Figures S10 
and S11, respectively. 

We also performed experiments of tracking IR spectra as a 
function of temperature to eliminate the possibility of the 
peak at 1585 cm-1 coming from extra 2mIm present in ZIF-
8 cages. If the latter would be the case, this peak would re-
duce in intensity when heating up to temperatures above 
473 K, based on TGA analysis on ZIF-8 by different authors, 



 

including Attwa et al.65, that have reported the loss of such 
unreacted species at 473 K. When we heated the ZIF-8q film 
in UHV environment up to 523 K, we did not observe a re-
duction in 1585 cm-1 peak intensity (See Figure S12), while 
some reduction in other peaks from ZIF-8 were observed. 
This indicates that the experimental IR peak at 1585 cm-1 is 
not related to unreacted 2mIm trapped during the synthesis 
process. Additionally, the presence of unreacted 2mIm 
would be accompanied by a peak related to -NH stretching 
vibration at around 3400 cm-1, which is shown in simula-
tions but not observed in the experimental data (Figure 5).  

 

 

Figure 6: (A) IRRA spectra of ZIF-8 films synthesized in a 
Teflon-based reactor (ZIF-8 Film, No Si contamination) and 
a Quartz-based reactor (ZIF-8q Film, possible Si contamina-
tion) and FTIR spectrum of ZIF-8 powder. The in-set shows 
an enlarged view of IR spectra for the 2350-2550 cm-1 re-
gion. (B) High-resolution XPS data showing the Si 2p and Zn 
3p regions for ZIF-8 Film, ZIF-8q Film, and ZnO (top to bot-
tom). Red-dashed and Red-dotted line represent fitted com-
ponents and background, respectively. Black-solid line rep-
resent accumulated intensity of fitted XPS data while raw 
data is shown by hollow circles. Note the difference in scale 
bars. 

Furthermore, we observe additional peaks around 1260, 
1090 and 800 cm-1 from ZIF-8q films, which we did not ob-
serve in any of the ZIF-8 variants we simulated. We propose 
that they can be assigned to Si-CH3 and Si-O vibrational 
modes.66 Figure 6(B) presents high-resolution Si 2p and Zn 
3p spectra of ZnO deposited using ALD method. While no Si 

2p signal was observed from ZnO-coated wafers (labeled as 
ZnO Film), Figure 6(B) confirms the emergence of a strong 
Si signal after 2mIm vapor treatment of ZnO-wafers using 
the quartz-reactor, whereas such peak is not present in the 
ZIF-8 films made in the Teflon reactor. To assess the possi-
bility of Si signal coming from the cracks in the Au-coating, 
we deposited ~15 nm of ZrO2 on top Au-Si substrate as a 
barrier layer by the ALD method. Figure S13 shows high-
resolution Si 2p and Zn 3p spectra for a ZIF-8q film synthe-
sized with a ZrO2 barrier layer deposited between Au-Si and 
ZnO and further supports that the presence of Si signal after 
2mIm exposure in our quartz reactor does not come from 
the support but rather the environment, most probably 
stemming from the presence of silicone vacuum grease or 
silicone O-rings commonly used in vacuum systems. Stassen 
et al.16  and Kräuter et al.54 have also observed the peaks at 
1260, 1090 and 800 cm-1 from ZIF-8 films synthesized using 
vapor-based method. While we could not find assignments 
for these peaks in the report by Stassen et al.16, Kräuter et 
al. 54 have assigned all three peaks (1260 cm-1, 1065 cm-1 & 
805 cm-1) to Si-O occurring due to the native oxide of Si sub-
strate, which is in disagreement with the reports by Johnson 
et al.66 who have assigned the peak at 1260 cm-1 to -CH3 de-
formation from Si-CH3, 1020-1070 cm-1 to Si-O-Si stretch-
ing, and around 800 cm-1 to -CH3 rocking and Si-C stretching 
in  Si-CH3. We therefore propose that, in ZIF-8q film case, the 
peak at 1260 cm-1 and the broad feature around 1090 cm-1 
and 800 cm-1 are due to Si-CH3 and S-O-Si vibrational modes 
originating from material generated from the siloxane co-
polymer, commonly utilized in vacuum grease, transported 
to, and deposited on the ZIF-8q film during 2mIm vapor 
treatment. The presence of such surface contamination 
could affect performance of membranes and other uses and 
should be eliminated. 

 

4. CONCLUSIONS 

 

Using a combination of simulations and experimental IR 
measurements, we systematically assign vibrational modes 
for ZIF-8 structure along with its defective variants. We at-
tempted to resolve several controversies in the earlier liter-
ature. We have also provided atoms' displacement vectors 
and animations corresponding to each IR peak to visualize 
ZIF-8 IR vibrational modes for defect-free as well as defec-
tive variants. 

We suggest that the peak around 1585 cm-1 indicates local-
ized missing-metal sites. We further report that contamina-
tion from Si present in O-rings and/or vacuum grease could 
result in a peak around 1260 cm-1, which is not a ZIF-8 peak.  
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