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Top-down patterning of Zeolitic Imidazolate Framework composite

thin films by deep X-ray lithographyw
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For the first time a top-down process was used to control the

spatial location of Metal–Organic Frameworks on a surface.

Deep X-ray lithography was utilised to micropattern a Zeolitic

Imidazolate Framework layer on a sol–gel surface, with exposure

hardening the sol–gel by inducing crosslinking while leaving the

frameworks intact.

Zeolitic Imidazolate Frameworks (ZIFs) are an exciting sub-

class of Metal–Organic Framework (MOF) materials, consisting

of metal atoms linked in a periodic fashion by imidazolate-

based ligands that adopt highly microporous structures analo-

gous to the known zeolite networks. They exhibit very good

chemical and thermal stability up toB500 1C1 and contain pore

windows of diameters within the range of 2–5 Å2 owing to the

1451 metal–imidazolate–metal links in the structure.3 The

synthesis of ZIFs typically occurs in solvents such as dimethyl-

formamide or methanol at 100 1C or above,4 although room

temperature5 or aqueous6 syntheses are possible.

Much attention thus far has been focused on ZIFs as

adsorbent materials with a view towards utilising them in

mobile energy storage applications.7 ZIFs are also ideally

suited for gas separation owing to their large internal pore

volumes and constricted pore windows, which are of a similar

scale to the kinetic diameters of simple gas molecules, leading

to high gas flux with good selectivity.3 Initial work on adapting

ZIFs into gas-selective membranes has focused on growing

them on porous inorganic supports8 to produce membranes

with selective layers of around 50 mm,9 while novel syntheses

can reduce this to as little as 100 nm.5 These membranes have

exhibited selectivity above that possible with polymeric mem-

branes for separation of H2 from CO2.
10 However, separation

performance typically trends towards the natural Knudsen

selectivity,11 which is most likely due to the inherent pinhole

or grain boundary defects present in pure inorganic layers. A

polymer binder is thus desirable to reduce non-selective gas

pathways in such membranes, ideally without sacrificing control

of location and density of the crystal coverage.

Recent efforts have looked at creating patterned surfaces of

MOFs,12 and this capability would be particularly suited for

the use of ZIFs in devices such as gas sensors.5 To control the

spatial location of MOFs on a substrate, the bottom-up

approach has been the primary method used thus far.12

Surface functionalisation,13–15 seeding nanoparticles,16

electrochemical templating,17 galvanic displacement,18 micro-

contact printing and evaporation induced growth,19

Langmuir–Blodgettry20 or dip-pen nanolithography21 are

examples of investigated approaches. These bottom-up methods

all rely on intricate manipulation of surface chemistry or

reaction kinetics to achieve patterned growth, potentially

limiting the available combinations of framework materials,

synthesis solvent and compatible surfaces. Alternatively, a

top-down approach would make the patterning process

independent of framework synthesis and thus allow easier

application of patterning onto any desired substrate.

In this communication we present for the first time the top-

down patterning of a ZIF/sol–gel composite thin film using

deep X-ray lithography (DXRL). This proximity lithography22

was used to selectively crosslink the sol–gel material on the regions

exposed to the X-ray radiation. This approach has shown great

potential for the fabrication of intricate patterns while simulta-

neously maintaining the functionality afforded by the ZIF.

DXRL is a promising technique for producing surface

patterns on the micro- and nanoscale and can be achieved

using synchrotron light sources;22 other sources are currently

under investigation to make a laboratory-based fabrication

method viable. If a single continuous film with patterned regions is

desired, a simple one-step lithography process can be sufficient.23
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Otherwise a polymeric resist film such as polymethylmethacrylate

or an epoxy resin is typically used in a two-step lithography–

development process and, depending on the structural changes

that occur within the resist during exposure, the exposed region

can be etched away (positive resist) or becomes hardened such

that the surroundings can be etched (negative resist).24

Almost all organic materials undergo a transformation

through X-ray irradiation, primarily through the production

of photoelectrons from the target material25 which induce

further chemical reactions from the propagation of free radicals.26

However, the rate at which each material is affected through

exposure can greatly vary. This has been exploited here, with

the intention of producing a patterned gas-selective surface, by

crosslinking a phenyltriethoxysilane (PhTES) sol–gel matrix

heavily loaded with largely stable ZIF particles.

PhTES has been shown to exhibit a negative resist-like beha-

viour under hard X-ray exposure; it polymerises due to condensa-

tion reactions between silanol groups.27 ZIF-9 (Co(PhIM)2,

PhIM = benzimidazole) was chosen as the gas-selective compo-

nent as it has been observed to exhibit a ‘breathing’ effect when

exposed to changes in partial pressure of CO2
28 while being

almost completely impermeable to N2
29 and CH4.

30

Thin PhTES films were drop-cast on cleaned and dried

silicon wafers from a solution of PhTES in toluene and

isopropanol (Fig. 1a), the preparation of which is described

elsewhere31 but with the use of a closed flask to retain the solvent.

The wafers were heated on a hot plate at 150 1C for 1 minute

until the film was observed to have dried out (Fig. 1b). After

cooling to room temperature in air, ZIF-9 powder was manu-

ally spread around the surface of the PhTES film to achieve a

homogeneous coverage (Fig. 1c). The wafer was heated for

10 seconds during which the sol–gel layer softened32 and the

ZIF-9 particles were slightly sintered into a polycrystalline film

which adhered to the viscous PhTES film underneath

(Fig. 1d). After allowing the wafer to cool, the manual

deposition and heating process was repeated until a visibly

dense coating was obtained.

The samples were exposed for a limited time to synchrotron

X-rays through a mask (Fig. 1e). The exposure mask was

custom-built for the purpose of demonstrating the microscale

etching of surfaces using deep X-rays, and featured a variety of

patterns of 5 to 500 mm including microgears, hexagonal,

rectangular and circular arrays and barcode patterns (see ESIw).
The exposure process produced no immediate visual indica-

tion of a change in either the ZIF or the sol–gel layer. After

gentle rinsing in ethanol, the unexposed regions of the PhTES

layer were completely etched away, leaving behind well-

defined pillars on the silica wafer surface (Fig. 1f).

Characterisation of unirradiated and irradiated (under the

same X-ray exposure conditions as were used for the thin film

samples) ZIF-9 powder has been performed. Little difference is

observable in the powder XRD patterns of the unexposed and

the exposed samples, with the pattern matching well with the

theoretical XRD pattern3 (see ESIw), indicating that the crystal-

linity of the powder samples has been preserved through the

intense X-ray exposure process. Gas sorption experiments

(Fig. 2) for exposed ZIF powder show that CO2 uptake at

273 K is virtually unchanged, only decreasing by 3.6% at

760 mmHg, while remaining completely inaccessible to N2, but

that the ‘breathing’ effect has been altered. This is consistent with

an increased rigidity of the framework that may be the result of

minor changes to some benzimidazole ligands due to free radicals

produced during exposure; a dedicated investigation is needed in

order to provide a better insight into this phenomenon.

The topography of the patterned surface is depicted in detail

in Fig. 3. Optical (Fig. 3a) and SEM (Fig. 3b) imaging of the

developed areas shows clearly delineated regions where the

composite structure has remained intact, with the ZIF layer on

top concentrated only to a depth of a few microns, demon-

strating that the process maintains a dense crystalline layer

supported by a hardened sol–gel substrate underneath. EDX

Fig. 1 Fabrication process: phenyltriethoxysilane (PhTES) solution

is drop-cast onto a silicon wafer (a) and heated until set (b). ZIF-9

powder is spread across the PhTES surface (c), heated to adhere the

crystals (d) then repeated to achieve a dense coverage. The surface is

then exposed to lithographic X-ray beam (e) and rinsed with ethanol,

etching unexposed areas to leave behind the patterned surface (f).

Fig. 2 Gas sorption results at 273 K show little reduction in overall

CO2 uptake and selectivity over N2 but uptake beginning at lower

partial pressures consistent with increased framework rigidity.
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mapping of the surface after lithography (Fig. 3c) shows that the

etched areas are free of cobalt (the metal constituent of ZIF-9)

while still very much concentrated on the pillars, showing that the

integrity of the PhTES pillars and the ZIF layer has been main-

tained through the etching process. The FTIR image of a single

pillar supports the EDX result by showing an intense absorption

related to the C–N vibration (Fig. 3d); such a mode at about

1300 cm�1 is generally observed in the ZIF-9 FTIR spectra.33–35

We have shown here a new, versatile method for patterning ZIF

surfaces by a top-down X-ray lithographic approach that may

reduce the reliance on surface chemistry and reaction kinetics

optimisation for producing patterned materials. This has been

achieved through control of the irradiation conditions to ensure

that the crystallinity and the adsorption capacities of ZIF-9 have

been preserved, allowing this approach to potentially be applied

for gas separation, sensing or transport by adapting the method to

a variety of framework materials and substrates. Work to adapt

this method to laboratory-based equipment is currently underway.
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Fig. 3 Successful patterning of a ZIF-9/PhTES composite thin film

has been achieved with example patterns of sharply defined and

regularly arranged 50 mm � 50 mm pillars imaged optically (a)

and using an SEM (b). EDX surface mapping (c) of silicon (blue)

and cobalt (yellow) and shows each element confined within the

regular patterns, as supported by FTIR imaging (d) showing the

integrated C–N stretching band (1310–1290 cm�1).
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