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Reducing the particle size of the metal—organic frameworks (MOFs)
MIL-68(In) and ZIF-8 leads to increased adsorption of volatile
semiochemical guests. Opposing trends were observed in release
dynamics, with the release rate of isobutyl acetate increasing with
particle size for MIL-68(In) and decreasing for ZIF-8, which can be
attributed to the lower diffusion barriers through channels in
comparison to moving between discrete pores.

Metal-organic frameworks (MOFs) are porous materials
composed of metal nodes that are interconnected by bridging
organic linkers." The exceptional porosities and structural tun-
ability of MOFs have led to their implementation in a range of gas
capture,™ separation,* and catalytic conversion applications.> As
such, further understanding of the loading and release dynamics
of volatile molecules in MOFs is vital to realising their potential.
Previous studies have identified that modifying the structure of a
MOF through ligand expansion or functionalisation can tune the
diffusion dynamics of guests.®® However, the effect of the particle
size on diffusive gas uptake, release, and related applications in
MOFs has attracted less attention.

In this study we explore the effects of systematic reduction of
the mean particle size of the channel-type MIL-68(In) and the
cage-type ZIF-8 MOFs on the uptake and release rates of volatile
biological messenger molecules, known generally as semio-
chemicals. These chemicals can be used to manipulate insect
behaviour for sustainable pest management strategies, but
their volatility limits their practical utility.” Inclusion of these
molecules within porous materials is a potential solution to
this issue, making them ideal model guests for this study.'®'*
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Particle size effects on vapour uptake and release
dynamics in metal—-organic frameworksf
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MIL-68(In) and ZIF-8 were chosen for the ease of control over
their particle sizes and for their distinct pore architectures.
MIL-68(In) is composed of chains of In(ui) octahedra connected
by terephthalate linkers to form a kagome lattice (Fig. 1a)."?
The fused nature of these indium octahedra results in one-
dimensional trigonal (~6.2 A, atom-to-atom based on ionic
radii) and hexagonal (~16.5 A) channels separated by tere-
phthalate walls.”> In contrast, ZIF-8 is composed of Zn(m)
tetrahedra interconnected by 2-methylimidazolate linkers to
form a sodalite topology, in which large tetrahedral cages
(~11.7 A) are connected to four neighbouring cages via shared
corners, forming windows of ~ 3.4 A, and six small cubic cages
via shared faces with windows of ~0.8 A (Fig. 1b)."*** The use
of both channel- and cage-type MOFs allows us to examine the
implications of fundamentally different pore architectures on
the loading and release dynamics of guests.

The particle sizes of the as-synthesised frameworks were
controlled through two different methods, based on the differ-
ent donor atoms of each linker. In the case of MIL-68(In), we
utilised the standard approach of employing a monotopic
modulator, sodium acetate, which acts as a capping agent to
restrict the growth of the crystallites.">*® Four samples of MIL-
68(In) were obtained with distinct particle size ranges by

Fig. 1 Crystal structures of (a) MIL-68(In) and (b) ZIF-8. Indium octahedra
are shown in purple, zinc tetrahedra in light blue, carbons in grey,
nitrogens in dark blue, oxygens in red and hydrogens in white.
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Fig. 2 Scanning electron microscopy images of MIL-68(In) A—D and ZIF-
8 E—H with increasing degrees of modulation down the figure. All scale
bars represent 5 um.

systematically increasing the concentration of modulator, and
these are referred to herein as A, B, C, and D respectively. All
experimental details are provided in the ESL

Scanning electron microscopy (SEM) imaging of the acti-
vated frameworks shows that increasing the concentration of
the modulator decreased both the lengths and widths of the
MIL-68(In) rods formed (Fig. 2A-D and Fig. S1-S4, ESI), whilst
powder X-ray diffraction (PXRD) demonstrates that the crystal
structure was maintained in each sample (Fig. S5, ESIt). With
increasing modulation, there is a preference for the ‘through-
pore’ reflection [2,2,0], over the ‘through-wall’ [1,1,0] reflection,
as the monotopic acetate modulator disproportionately
decreases crystallisation in the direction of linker extension.
Particle size distributions shown in Fig. S6 and Table S2 (ESIf)
demonstrate the significant difference in the particle sizes
obtained for each set A-D. The unmodulated system, A, pre-
sents as rods (11.45 + 3.43 um) with well-defined edges, but
upon introduction of modulator, the particles of B are signifi-
cantly smaller with less clearly defined edges but more consis-
tent particle sizes (3.30 £+ 0.90 pm). Further modulation
continues to reduce the overall particle sizes for C (1.45 +
0.39 um) and D (1.01 + 0.27 pum) as well as leading to
significant aggregation of the microrods.

The particle sizes of the ZIF-8 system were controlled
through a surfactant-mediated synthesis, in which surfactant
molecules adsorb onto the surfaces of growing MOF crystallites
without bonding, arresting their crystallisation.'” As such, the
surfactant concentration is critical in controlling the end
particle size. SEM imaging of the activated frameworks shows
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that with increasing surfactant concentration the resultant
particle size decreases (Fig. 2E-H and Fig. S7-S10, ESIY),
evidenced by the particle size distributions shown in Fig. S12
(ESIT). PXRD patterns of each ZIF-8 set also demonstrate that
the crystal structure is maintained throughout, with an
increased representation of the [2,1,1] reflection over the
[1,1,0] as the dimensions decrease, a result of the change in
morphology from the larger rhombohedral dodecahedral par-
ticles of E (1.01 & 0.69 pm) and F (0.92 + 0.19 pm) to the cubic
crystallites observed for samples G (0.67 £+ 0.13 um) and H
(0.18 £ 0.02 um).

Thermogravimetric analyses (TGA) of the as-prepared and
activated samples, and "H NMR spectra of digested activated
samples indicate that activation in a ventilated oven at 120 °C
for 72 hours removed all solvent molecules present in the pores
post-synthesis (Fig. S13-S18, ESIt), with the crystallinities
of the samples maintained (Fig. S19 and S20, ESIf). These
analyses also demonstrate that neither modulator remains
post-synthesis.

N, sorption isotherms were obtained at 77 K for all activated
systems (Fig. S21 and S22, ESIt) and used to calculate their BET
areas (Table S2, ESIt). The MIL-68(In) samples have propor-
tional levels of defectivity and porosity, a result of the short
synthesis times required to produce controlled particle sizes
which has been observed in previous reports."®'® The ZIF-8
samples show negligible differences in sorption behaviour and
surface area, with lower defectivity percentages attributed
to the extended synthesis duration. Pore size distributions
calculated for both systems from isotherm data demonstrate
narrow distributions within each MOF system and similar
overall distributions between the two MOFs (Fig. S23 and S24,
ESIY), suggesting that only the particle sizes and not the overall
porosity of each system should have an effect on uptake and
release dynamics.

The systematically decreasing particle size ranges alongside
the two distinct pore architectures of both MOF systems pre-
sent an ideal sample set for studying how particle size affects
volatile guest uptake and release. In line with our previous
work,'”™" the volatile guests chosen for loading were the
semiochemicals isobutyl acetate and 3-octanone, which have
vapour pressures at 20 °C of 13 and 2 mmHg, respectively.

Loading was performed according to our vapour diffusion
method, in which activated MOFs are placed in a sealed dry
environment with multiple semiochemical wells providing a
saturated atmosphere."* Semiochemical uptakes for each MOF
system are shown in Fig. 3.

The uptakes of both semiochemicals are greater in the MIL-
68(In) systems than the ZIF-8 systems, despite the larger pore
volumes of the ZIF samples (Fig. S25, S26 and Table S2, ESIY).
We attribute this to the difference in diffusion barriers between
the two systems, as the open-ended channel pores of MIL-68(In)
have a much lower barrier to diffusion than the fused cages and
narrow apertures of ZIF-8. The generally lower uptakes of
isobutyl acetate compared to 3-octanone in the ZIF system is
ascribed to the reduced ability of the former to diffuse through
the cage windows, a result of the increased sterics of the
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Fig. 3 Isobutyl acetate and 3-octanone semiochemical uptakes for MIL-
68(In) A=D and ZIF-8 E-H, shown alongside simulated uptakes obtained
from single point isotherms (hashed bars).

isobutyl group. Similar cases in which slight changes in molecular
structure elicit significantly different rates of diffusion through
ZIF-8 have previously been demonstrated for xylene isomers,”
ethane/ethylene,”" and propane/propylene mixtures,”” and similar
pore aperture effects have been reported for other MOF
architectures.”®”* A report by Ueda and co-workers highlighted
that it is the cylindrical cross-sectional diameter of a molecule that
is the limiting factor to diffusion through ZIF-8 windows, suggest-
ing that the larger cylindrical diameter of isobutyl acetate restricts
the adsorptive uptake. This is further supported by the reduced
experimental uptake of isobutyl acetate in ZIF-8 when compared
to the simulated uptakes obtained through Grand-Canonical
Monte Carlo methods (see Section S1.4 for details, ESIT).

Reducing the particle size in both systems resulted in an
increase of the uptake of both semiochemicals, though the effect
is larger for isobutyl acetate. This is attributed to the increased
surface adsorption associated with the increasing surface area to
volume ratios of the smaller particles. This is further evidenced
by the generally larger experimental uptakes for all systems
compared to the uptakes obtained from simulated single-point
isotherms, which cannot account for surface loading. We have
observed the enhanced affinity of isobutyl acetate for surface
adsorption compared to other semiochemicals previously and
ascribe this to its higher volatility and polarity."

To observe differences in the release rates of these semiochem-
ical guests with particle size, we conducted time-resolved release
studies. The loaded MOFs were kept in an open vial at a constant
temperature of 40 °C and "H NMR spectra of digested samples
were obtained at set time intervals to determine the release profile
from each framework over 50 days (Fig. 4). It is clear from Fig. 4a
and b that changes in the particle size of both MIL-68(In) and ZIF-8
MOFs have significant effects on the rate of loss of isobutyl acetate
from the pores. In MIL-68(In), samples A-D have the same loading
after 1 day despite different initial loadings, which we ascribe to
the loss of surface loaded isobutyl acetate. However, from this
point, the release rate increases with particle size, resulting in a
loading difference of >100 mg g " between A and D after 50 days.
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Fig. 4 Semiochemical release profiles for isobutyl acetate from (a)
MIL-68(In) and (b) ZIF-8, and 3-octanone from (c) MIL-68(In) and (d)
ZIF-8 samples.

ZIF-8 does not follow the same trend as MIL-68(In). A large
initial loss of semiochemical at day 1 is observed for the smallest
particles of sample H, consistent with the loss of surface loaded
isobutyl acetate. However, after this point, the rate of release
increases with decreasing ZIF-8 particle size. Sample H releases
over half of its day 1 loading over the duration of the release,
whereas sample E, with particle sizes an order of magnitude
larger, shows negligible release over 50 days.

We attribute this difference in the release dynamics of
isobutyl acetate between the two MOFs to the nature of their
pores. The channel pores of MIL-68(In) allow for more facile
diffusion into and out of the pores through their open-ended
nature. Thus, the larger and therefore more ordered particles
release isobutyl acetate faster than the smaller aggregated
particles which essentially block the pores of adjacent particles.
In the case of ZIF-8, there is a more significant energy barrier to
diffusion through the cage windows.”®>" As such, the larger
particles load and release much slower than the smaller parti-
cles, as the smaller particles contain an increased proportion of

This journal is © The Royal Society of Chemistry 2025
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“surface” cages. A number of previous reports have demon-
strated that even a small increase in molecular size leads to
significant effects on the diffusion rates of guests through ZIF-8
windows.?*>*® In particular, Hupp et al. demonstrated that the
diffusivities of linear alkanes from Cs to C;¢ vary from 10~ ** to
107'®* m® s, with shorter alkanes generally displaying higher
diffusivities.”” As such, the large molecular weight and more
significant steric size of isobutyl acetate would be expected to
give a lower diffusivity. This is perhaps best evidenced by
comparing samples MIL-68(In) D and ZIF-8 E, which have
similar particle size ranges, and demonstrate a significantly
higher rate of release from the channel-pored MIL-68(In) sys-
tem. Moreover, simulated Henry constants (Fig. S41, ESI})
demonstrate that there is a stronger interaction for both
semiochemicals with MIL-68(In) than ZIF-8, demonstrating
that the strength of adsorption is not a reason for the rates of
release within ZIF-8 to be slower.

These differences in release dynamics are not observed for 3-
octanone-loaded samples (Fig. 4c and d). Though a similar
initial loss of surface-loaded semiochemical after 1 day is
observed in both systems, there is no statistically significant
difference between the releases after this point. This is a
consequence of the much lower volatility of 3-octanone which
diminishes the effect of particle size. PXRD measurements of
the loaded, post-release and humidity-treated samples demon-
strated that the structures of A-H were maintained throughout
(Fig. S31-S40, ESIt), indicating that any losses of crystallinity
were not affecting diffusion dynamics.

To conclude, we conducted semiochemical uptake and release
studies to understand how particle size impacts volatile guest
behaviour in channel- and cage-type MOFs. Decreasing particle
size leads to an increased uptake due to adsorption on the external
crystal surfaces, and this effect is more prevalent when the guest is
the more volatile isobutyl acetate. Furthermore, the substantial
difference in the barrier to diffusion through open channels and
cages with small window apertures results in opposing effects of
particle size on semiochemical release. For open channel MOFs,
reduction of the particle size leads to aggregation and blocking of
the release pathways hence slower release, whereas in cage MOFs
the window size can inhibit loading into the inner cages of larger
crystallites, significantly reducing the rate of guest release.

These results are pertinent in the context of using MOFs for
any guest uptake/release application. The inflated uptake
values that arise from surface adsorption in cases of smaller
particles can lead to misunderstanding when using larger
guests, such as the semiochemicals explored in this study.
Moreover, the observed differences in the effects of particle
size on release from both the channel and cage systems has
significant implications for the selections of MOF architectures
for applications such as purification, molecular separations,
and guest delivery.
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