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The effect of amorphization on the molecular motion of the 2-
methylimidazolate linkers in ZIF-8
Naoki Ogiwara,a Daniil I. Kolokolov,*b,c Masaki Donoshita,a Hirokazu Kobayashi,a,d Satoshi Horike,e 
Alexander G. Stepanov,b,c and Hiroshi Kitagawa*a,e 

We investigated the effect of amorphization on the mobility of the 
2-methylimidazolate linkers in ZIF-8. Solid-state 2H NMR studies 
revealed that amorphization significantly affects the mobility of the 
linkers, including the rotational angle and speed. Furthermore, a 
new intermediate librational mode appeared in amorphous ZIF-8.

Molecular motion in solids is an important phenomenon 
because it strongly correlates to a wide range of 
physicochemical properties, such as dielectric,1 magnetic,2 and 
optical properties.3 Hence, a rational design to control 
molecular dynamics is a critical strategy for the development of 
functional materials.4 Metal–organic frameworks (MOFs), 
constructed from metal ions and organic linkers, have attracted 
increasing attention as  a promising platform to design 
materials with controllable structural mobility due to their 
structural diversity derived from numerous available choices of 
constituents.5-8 The remarkably high designability/tunability of 
MOFs is very useful to effectively control the molecular motion 
and associated functions, such as gas diffusion,9,10 
luminescence,11 and spin crossover.12

Amorphous MOFs (amMOFs), lacking any long-range order 
but retaining the basic metal–linker connectivity of the 
crystalline MOFs, have emerged as a new class of materials in 
the maturing field of MOFs in recent years.13 Due to their highly 
disordered structures, amMOFs contribute to improving the 
functionalities of ionic14 or electronic15 conductivity of the 

crystalline phase. Furthermore, amMOFs have intrinsic 
mechanical properties16 and inherent porosity,17 offering the 
irreversible trapping of guest molecules18 and prolonged 
controlled release of therapeutic agents,19 which are not 
achievable with the mother MOF crystals. Thus, since some 
advantages of amMOFs are attributable to the modulation of 
the guest diffusion, a clarification of the dynamic motion, such 
as the flip-flop motion of ligands (restricted rotations of the 
linker's plane by 2-site jumps between two stable orientations), 
is important for obtaining a better understanding of the 
diffusion in amMOFs. However, not many studies have yet been 
carried out on the dynamic motion of amMOFs, whereas much 
effort has been devoted to disclosing the static amorphous 
structure.13,16,20 Here, we investigated, for the first time, the 
influence of amorphization on the motion exhibited by linkers 
in MOFs.

We selected ZIF-8 [Zn(2-mIM)2] (2-mIM = 2-
methylimidazolate) for use in this study.21,22 ZIF-8 is one of the 
most well known MOFs; it has been widely studied not only for 
its fundamental properties (mechanical properties,23 molecular 
motion,24-26 etc.) but also for its practical applications, such as 
separation,27 heterogeneous catalysts,28 and sensors.29 
Synthetic procedures for amorphous ZIF-8 prepared by ball-
milling (amZIF-8) also have been developed.30,31 

To address the mobility of ligands in amZIF-8, we made use 
of 2H solid-state NMR spectroscopy, which is a well established 
technique to probe the mobility of molecules in solid materials. 
2H NMR line shape, being defined completely by intramolecular 
quadrupole interaction, is quite sensitive to the type and the 
rate of the molecular motion. Spin−lattice and spin–spin 
relaxation times (T1 and T2) also provide valuable information 
on the energetics and the rate of the different intramolecular 
and intermolecular motions.32,33

In a typical synthesis, deuterated ZIF-8 crystals were 
prepared in MeOH solution (pH mediated) at room 
temperature.25 The amorphization of ZIF-8 was performed 
using the ball milling method to obtain deuterated amZIF-8.20 
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The powder X-ray diffraction patterns of amZIF-8 showed broad 
peaks due to the lack of long range structural periodicity (Fig. 
S1). The Zn-K edge X-ray absorption spectra (XAS) revealed that 
the local structure of amZIF-8 was identical to that of ZIF-8 
crystals (Figs. S2–S4), indicating that amZIF-8 retains the 
coordination geometry around the Zn2+ ions of the crystalline 
phase. The N2 sorption isotherm at 77 K and the calculated BET 
surface area confirmed that amZIF-8 has nonporous character 
originating from an amorphous structure (Fig. S5), which is in 
agreement with previously reported results.20

To investigate the mobility of 2-mIM in amZIF-8, we first 
recorded 2H solid-state NMR spectra. Fig. 1 shows that the 2H 
NMR spectra of amZIF-8 exhibit two signals, corresponding to 
the rapidly rotating CD3 groups of 2-mIM (narrow axially 
symmetric pattern) and the CD groups (broad axially symmetric 
pattern) of 2-mIM as in the case of ZIF-8 crystals.25 These results 
imply that the type of motion of the linkers remains unchanged 
between ZIF-8 crystals and amZIF-8.

It was evident, however, that the 2H NMR line shape analysis 
could not address changes in the framework dynamics by 
amorphization. Therefore, we subsequently performed variable 
temperature T1 and T2 measurements in an effort to understand 
the difference in molecular motion. First, we considered the 
mobility of the 2-mIM CD groups because their dynamics 
directly map the mobility of the whole linker (Fig. 2 and Fig. S6). 
In ZIF-8 crystals, the CD groups followed three types of 
motion:26 (i) fast restricted libration; (ii) slower, large amplitude 
twist of the linker (“the gate opening motion”); and (iii) a slow 
restricted libration, associated with the “soft vibrational modes” 
of the whole framework. On the other hand, amZIF-8 gave not 

only these three modes observed in the crystalline phase but 
also a new mode of motion, (iv). This mode is rationalized as an 
additional restricted libration with the intermediate rate. To 
quantitatively compare ZIF-8 with amZIF-8 for individual 
motional modes, we proceeded to further analyze the 
experimentally obtained T1 and T2 curves by a numerical fitting 
using the general formalism based on the Bloch–Wangsness–
Redfield NMR relaxation theory34 extended for the presence of 
additional slow anisotropic motions33 (see ESI for details). The 
resulting rotational angles (), the activation barriers (Ea), and 
rate constants () for each mode are given in Table 1.

Fig. 1. 2H NMR line shape for 2-mIM of (a) ZIF-8 and (b) amZIF-8 
at 295 K. (c) The numerical simulation. Summation is shown in 
gray, the CD3 groups in red, and the CD groups in blue. 

Fig. 2. 2H NMR T1 (squares) and T2 (circles) relaxation curves as a function of temperature for the CD group of the 2-mIM linker in 

(a) ZIF-8 and (b) amZIF-8. The numerical simulation results are given by solid lines. Dashed lines emphasize individual motional 
modes. (c) Schematic illustration of the four main motions in the presence of amZIF-8.

Table 1. Fitting parameters for T1 and T2 relaxation in ZIF-8 and amZIF-8.

mode (i) mode (ii) mode (iii) mode (iv) mode (v)

i ()
Ea,i(kJm

ol-1) i (s) ii ()
Ea,ii(kJ
mol-1) ii (s) iii ()

Ea,iii(kJ
mol-1) iii (s) iv ()

Ea,iv(kJ
mol-1) iv (s) v  ()

Ea,v(kJ
mol-1) v (s)

ZIF-8  17 1.5 8.9  
10-14 80 o 60 2.3  

10-12  6 1.5 1.3  
10-6 -- -- -- 70.5 1.5 5.3  

10-13

amZIF-8  17 2 2.3  
10-14 48 o 50 3.2  

10-13  6 0.1 1.9  
10-7  6 5.5 4.0  

10-9 70.5 3.8 7.3  
10-13

QCD, = 203 kHz for modes (i)–(iv) and QCD3, = 170 kHz for mode (v).  = 1/(k 2), where k is given in Hz. The error for activation energy barriers 
is 10%. It is 20% for the pre-exponential factors and 10% for the angles. The equilibrium population of the open state (Popen) for the mode (ii) 
of ZIF-8 and amZIF-8 was 0.1 and 0.01, respectively. The PeqII for the other motions were equivalent for all the sites.
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The i, Ea,i, and i of the fast restricted librational motion (i) 
for amZIF-8 were estimated to be  17, 2.0 kJmol-1, and 2.3  
10-14 s, respectively, which are almost same as for the crystalline 
phase. Observations indicated that changes in the torsional 
potential of the linkers induced by amorphization did not 
significantly affect the small angular displacement. In contrast, 
the large amplitude twist mode (ii) underwent a notable change 
upon amorphization. The rate constants of amZIF-8 became 
faster (ii (amZIF-8)  5.3  10-8 s < ii

 (ZIF-8)  4.2  10-6 s, at 500 
K) but the rotational angles were much more restricted in terms 
of amplitude (ii

 (amZIF-8)  48 < ii
 (ZIF-8)  80). The large 

amplitude twist was further characterized by the equilibrium 
population of the open state (Popen). The Popen in amZIF-8 
decreased to 0.01, which is 10 times smaller than that of ZIF-8 
(Popen = 0.1). This clarifies larger hindrances for large amplitude 
rotation in the amorphous phase. The observation is in line with 
the disappearance of hysteresis in the N2 sorption isotherm (Fig. 
S5). The libration amplitude of the slow librational mode (iii) for 
amZIF-8 (iii =  6) is consistent with that for ZIF-8 (iii =  6), 
whereas mode (iii) in amZIF-8 becomes almost barrierless (Ea,iii = 
0.1 kJmol-1) and the rate constant ca. 10 times faster (iii = 1.9  
10-7 s). This is probably because the amorphous phase has a 
highly disordered structure and could effectively transport the 
phonon vibrations. The new librational mode (iv) in amZIF-8 is 
rather peculiar as it is an activation process, with a barrier only 
slightly larger than for the fast librations (i) but an intermediate 
motional rate. However, simultaneously, it is very restricted in 
the angular amplitude, as in the case of the slow mode (iii) (iv 
= 12). Its presence may indicate that the amorphous phase has 
an additional collective vibration mode of the lattices and/or an 
additional degree of freedom in the torsional potential 
responsible for local rotations of the linkers compared with the 
crystalline phase.

Fig. 3. 2H NMR T1 relaxation curves as a function of temperature 
for the CD3 groups of the deuterated 2-mIM linker in ZIF-8 
(black) and amZIF-8 (red). The numerical simulation results are 
given by solid lines.

We also investigated the dynamics of the CD3 groups in 2-
mIM by T1 relaxation measurement (Fig. 3). Curves for both the 
crystalline and amorphous phases could be simulated within 
the same model, as for the CD groups, with an addition of the 
axially symmetric CD3 groups’ rotation (mode (v), Table. 1, Fig. 
S7). In ZIF-8 crystals, the CD3 groups rotate in the absence of 
almost any restrictions due to their specific orientation in the 
void of the ZIF-8 cavity. On the other hand, in the amorphous 
phase, the CD3 groups’ rotation mode (v) is characterized by 
much slower rotation rates (v  7.3  10-13 s) due to a much 
higher activation barrier (more than twice as high) (Ea,v  3.8 
kJmol-1). The regulated CD3 groups' rotation is attributable to 
the loss of nanoporous nature in amZIF-8 (Fig. S5).

In summary, we have studied, for the first time, the effect of 
amorphization on the dynamics of the linkers in a MOF. 2H NMR 
line shape analysis revealed that the type of motion of the 2-
mIM linker in ZIF-8 is preserved after amorphization. In contrast, 
the T1 and T2 measurements of amZIF-8 revealed that the 
amorphization could significantly change the rotational angle, 
the activation barriers, and the rate constants for the original 
modes of motions in ZIF-8. Moreover, from the results of T1 and 
T2 measurement, we discovered the presence of the new 
librational mode (iv) in amZIF-8, which could not be observed in 
the crystalline phase. We believe that our findings provide 
valuable insight into the changes induced in the framework 
mobility in amMOF and could be useful in the development of 
new functional materials with intrinsic dynamic properties. 
Investigations into the dynamics of glassy MOFs35-37 is our next 
challenge.
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