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In this article we report the detection and characterization of adsorbed interfacial water within

the cages of the metal–organic framework MOF-5 (Zn4O(BDC)3) by terahertz time-domain

spectroscopy (THz TDS) in the frequency range from 5 to 46 cm�1. The experimental spectra

suggest a coupling of the intermolecular motions of the water molecules adsorbed to the collective

vibrations of the network at 4 wt% hydration. This finding is supported by the results of MD

simulations. When increasing the water content to 8 wt% we observed a non reversible

decomposition of MOF-5.

Introduction

Metal–organic frameworks (MOFs) have been attracting

widespread interest in both academia and industry due to

the unique characteristics of this class of inorganic–organic

hybrid materials. MOFs are nanoporous coordination poly-

mers consisting of interchangeable organic linkers to allow the

design of the coordination space of the pores. They can serve

as adsorbants or matrices for chemistry in a confined space.

Extraordinary gas-storage capacities for hydrogen and hydro-

carbons were reported;1–4 other applications are just emerging,

including separation processes,5–7 (drinking) water purifica-

tion and catalysis.8–10 MOFs are based on the Werner-type

coordination chemistry of metal cations Mn+ (n = 2, 3) with

oligo-functional organic spacer ligands leading to more or less

complex 2D and 3D zeolite-like networks of perfect transla-

tional symmetry. MOFs exhibit cavities and/or channels for

the adsorption of guest molecules,11,12 embedding of nanoclus-

ters13,14 or more generally for the anchoring of functional

species within the framework.15 A key issue is the rational

design and the precise control of the formation of the parti-

cular network. The so-called reticular synthesis refers to the

self-organized assembly of suitable metal ion containing

secondary building units (SBUs) by well chosen organic

linkers.16,17

Zinc carboxylate based MOFs like the MOF-5

(Zn4O(BDC)3),
18 which is the study case here, are usually

used in conjunction with organic solvents, and are rather

unstable when exposed to bulk water or even to moist air.

There is great interest in hydrogen storage and the diffusion of

guest molecules using MOF-5 as a model case, which have

been studied by molecular dynamics simulation19 and NMR

studies.20

The MOF-5 exhibits cavities in the form of cubes, where the

corners are built up of zinc oxide (Zn4O) tetrahedra. These

corners are connected by 1,4-benzenedicarboxylates (BDC),

also titled as terephthalates. Thus, a three-dimensional frame-

work in the cubic crystal system with a cavity diameter of

18.5 Å is formed.18 In spite of the increasing number of studies

using MOF-5 as reference system, so far little is known about

the diffusion process of solvents and in particular the hydra-

tion dynamics in these nanocages. A recent study of Kaye et al.

reports the stability of a MOF-5 exposed to humid air studied

by X-ray diffraction.21 They found that the disruption of the

network starts within 10 min and is completed after 24 h. They

propose a formation of an intermediate substance similar to

MOF-69c,22 while the decomposition product is a non porous

solid with the empirical formula C24H22O18Zn4. Huang et al.

proposed that the water can strongly bind to the framework

but in addition a hydrolysis takes place. This leads to a

formation of terephthalic acid and a hydrolysis of the Zn

atoms in the secondary building unit.23

Within this study we want to focus on the water–nanocage

interface. We have used THz spectroscopy as a sensitive tool

for the observation of changes in the solvation dynamics. In

particular we have focused on the question whether hydration

of MOF-5 leads to the additional observation of bulk water

(e.g. droplets of water with unchanged water network mo-

tions) or whether we find indications of coupled crystal lattice

water dynamics. Based upon the results of the previous studies

we have decided to study the (H2O)n@MOF-5 at low hydra-

tion (n o 2) before hydrolysis is expected to take place.

Recently a new window has opened up to study water

dynamics at interfaces. Terahertz light, at frequencies (1012

hertz = 1 terahertz) between microwaves and the infrared, can

excite collective motions of solvent molecules. As we have

shown, terahertz absorption can detect subtle changes in the

dynamical orientation of water molecules that are washed out

in radial distribution functions from scattering experiments,

and it can report on distance scales beyond current NMR

experiments.24–26

Water molecules form hydrogen bonds with 3 to 4 other

neighbour water molecules at any given time, as deduced from,

e.g. neutron diffraction studies. However, these bonds are

subject to constant breaking and reformation on a subpicose-

cond time scale. Terahertz spectroscopy extends the dielectric
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