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We hereby report on the thermodynamic and kinetic aspects of ZIF-8 MOF synthesis when performed
using methanolic solutions of precursors and 3-mercaptopropionic acid (MPA) acting as a chemical
modifying agent. MPA is of great interest as it allows us to gain control over the surface chemistry, shape,
and size of colloidal porous nanounits formed. In particular, small and wide-angle X-ray scattering (SAXS/
WAXS), and electron microscopy were employed for determination of suitable MPA: MelmH modification
molar ratios for two different approaches: post-synthesis modification (PSM) and coordination modulation
(CM). Using the CM approach, in situ time-resolved SAXS/WAXS experiments and dynamic light scattering
(DLS) experiments were carried out for a detailed characterization of the MPA influence on the early stages
of nucleation and growth processes. Complementary X-ray photoelectron spectroscopy (XPS) and nitrogen
adsorption experiments showed that MPA remains mainly surface confined and adds mesoporosity to the
synthesized MOF, thus it can be used for positioning thiol moieties without compromising structural
integrity. Moreover, isothermal titration calorimetry (ITC) experiments carried out using the PSM strategy
allowed us to determine an enthalpy value of ~7 kJ mol™ associated with the coordination between Zn?*
and MPA for the first time to our knowledge.
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Design, System, Application

We present a strategy which is useful for both the surface modification and size modulation of metal organic framework porous nanoparticles. The
approach is based on colloidal modification and can be applied either through a coordination modulation scheme (i.e., adding a modifying agent together
with MOF precursors) or using post-synthetic modification of MOF colloidal suspensions. We were able to determine coordination enthalpies associated
with surface coordination for this interesting system. Although the method is discussed thoroughly for a particular MOF class (Zn-based ZIF-8) and a
modifying agent (3-mercaptopropionic acid (MPA)), it could be easily adapted to other MOFs and modulators, allowing us to extend thus the range of
possible applications in the design of porous films through a top-down strategy. There is a range, however, in which the proposed approach is viable,
because the necessary affinity existing between the MOF and modifying agent (in our case, Zn-coordination with carboxylic acid groups of MPA) sets an
upper limit of molar ratios possible (and thus the surface density achievable on the modified nanoparticles). If such a limit is exceeded, disassembly of the
MOF occurs rather than surface decoration, as discussed in detail.

Introduction

Zeolitic imidazolate frameworks (ZIFs) are a MOF subclass
constituted by divalent metallic ions (mainly Zn** and Co**)
tetrahedrally coordinated with bidentate imidazolate-derived
organic linkers. ZIFs feature relatively high thermal and
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physical stability compared to other common MOFs, and owe
their name to the N-M-N coordination bond angle which is
very similar to the Si-O-Si covalent bond angle in zeolites."*
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Due to their intrinsic microporosity and high surface areas,
MOFs in general (and ZIFs in particular), have triggered
intense research activity directed towards exploring possible
applications in diverse fields such as adsorption, separations,
and heterogeneous catalysis.>® Besides the continuously
growing interest in liquid phase applications of MOFs, e.g.,
drug delivery,”'® chromatography'"'> or sensing and
molecular sieving,”*® the issue of their stability upon
exposure to relevant conditions requires further attention.®

ZIF-8 is a characteristic member of ZIF-MOFs
(commercially available from BASF Chemical Company as
BASOLITE-Z1200®), featuring Zn*" ions tetrahedrally
coordinated by the 2-methylimidazolate (MeImH) linker. It
features hydrophobic micropores with an 11.6 A diameter
and 3.4 A pore windows, along with remarkably high nominal
BET surface areas ranging from 1500 to 1800 m* g™,
depending on synthesis methods and activation procedures
followed. Solvothermal approaches for ZIF-8 synthesis have
proven to be simple and robust;'” however, by introducing
further modifications from the colloidal chemistry toolbox, a
much precise control over size, surface chemistry, and
morphology can be attained. For example, both size and
shape modulation and surface modification can be
accomplished by adding suitable chemical modulators, either
together with reactants (coordination modulation, CM) or in
a post-synthetic modification (PSM) step.'®*?° The CM
approach uses chemical modulation in order to control the
formation of coordination bonds during MOF growth,**
while PSM consist in the addition of a modifying agent once
the MOF synthesis step is complete, and it was proven useful
for the incorporation of desired moieties to the MOF
structure.”

From the above discussion, the importance of properly
addressing the influence of functionalization procedures over
the formation mechanisms and stability of MOF
nanoparticles is revealed to obtain clear results,*"***®
especially if those particles are to be used for the assembly of
hierarchical structures such as porous films. In this regard, it
was recently shown that the constructional mesoporosity of
ZIF-8 films (directly related to the possibility of selective
permeation in aqueous environments) can be tuned by
careful design of porous nanounits.***” Moreover, it was
shown also that such control can be exploited for the design
of composite films in which insulating ZIF-8 nanounits and
conducting polymers (CPs) are synergically combined. These
films were demonstrated to be cost-effective prospective
electroactive catalysts with increased efficiency towards the
energy relevant oxygen reduction reaction (ORR).>*7°

Considerable insight can be gained into the early stages of
MOF formation by resorting to light scattering techniques, as
demonstrated by Cravillon et al,**** who studied room-
temperature ZIF-8 synthesis in methanolic solutions.
Furthermore, ZIF-8 composites including biologically relevant
molecules have been recently studied by Carraro et al,*’
using small angle X-ray scattering. In this work, ZIF-8 particle
size control was achieved via injection of ethanol into the
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synthesis mixture. Using high-brilliance synchrotron light
sources, small and wide-angle X-ray scattering (SAXS and
WAXS) time-resolved experiments allowed scrutinizing even
the early stages of relatively fast nucleation processes.** ™’
However, despite the ever-growing number of new MOFs
reported, thermodynamic aspects related to MOF synthesis
and modification remain relatively unexplored; valuable tools
that could be used in order to fill this gap are calorimetric
techniques, such as isothermal titration calorimetry
(ITC)‘38—47

In this work, important and relatively unexplored
thermodynamic aspects of chemical functionalization of
MOFs with a modifying agent were explored by resorting to a
PSM strategy monitored through an ITC technique.**>°
Specifically, the enthalpy associated with the MPA
modification of ZIF-8 nanounits was determined to be ~7 kJ
mol ™. On the other hand, we used the CM approach to study
other aspects of the process such as the influence of MPA
addition on the formation and growth of ZIF-8 nanounits,
which resulted in surface positioning of thiol moieties. In
this regard, we present time resolved SAXS and WAXS
experiments performed using synchrotron light sources,
which allowed a thorough characterization of key features
related to the early stages of nucleation and growth
processes. Within suitable concentration limits, MPA affects
the particle formation kinetics, size polydispersity, and
morphology of ZIF-8, while preserving the SOD topology,
which is the most stable from the possible polymorphs
arising when Zn** ions and 2-methylimidazole react.”’ The
reason behind the election of MPA which features -SH and
-COOH moieties is to take advantage of the known affinity
between Zn>" and carboxylic acid,”®"* for the design of size-
controlled thiolate-terminated porous colloidal nanounits.*
These nanounits would then display affinity towards metallic
surfaces (e.g., Au, Pt), thus opening a diverse palette for the
assembly of monolayers or decoration of diverse metallic
nanostructures, adding the interesting feature of
porosity.”>*°

Results of time-resolved experiments suggest that, under
the explored conditions, ZIF-8 colloidal formation can be
considered as diffusion-controlled.*”*”*® Furthermore, by
analysing the particle size distributions of ZIF-8 and applying
the Avrami model, we can rationalize the fact that MPA
addition results in larger wunits, typical of competitive
modulation, while XPS measurements allow us to infer that
MPA remains mainly surface-confined.

Experimental

Materials

Anhydrous methanol (CH;OH Anedra, RA-ACS), zinc acetate
dihydrate (ZnC,H¢O4,2H,0 or Zn(Ac), Anedra 99.5%),
2-methylimidazole (C,H¢N, or MeImH Aldrich 99%),
3-mercaptopropionic acid (C3H¢O,S or MPA Sigma 99%),
were used without further purification.

This journal is © The Royal Society of Chemistry and IChemE 2022
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ZIF-8 synthesis and modification with 3-mercaptopropionic
acid (MPA)

Methanolic solutions of 25 mM Zn(Ac), and 50 mM MeImH were
mixed in a 1:1 volumetric proportion (yielding a 1(Zn):
2(MeImH): 1977(MeOH) molar ratio) and left to react without
stirring at room temperature. Both pre- and post-synthetic (ie.,
carried out once 90 min synthesis time elapsed) modification
procedures were carried out by adding 10 mM MPA 20 pL
methanolic stock solution to 2 mL of ZIF-8 synthesis mixture,
yielding either (250:1) or (25:1) (MeImH : MPA) molar ratios as
discussed below (see further details for molar ratio calculations
in the ESI{). In the case of PSM, the MPA and ZIF-8 reaction time
was 60 min. All the samples were collected via centrifugation
(8000 rpm, 30 min) and washed three times with fresh methanol.
Since all the procedures followed involve exposure of colloidal
suspensions to modifying agents in the methanolic phase, no
further activation procedure was carried out (for procedures
related to adsorption isotherms, refer to ESIT).

Calorimetric experiments for post-synthetic modification
(PSM) of ZIF-8

Isothermal titration calorimetry experiments (ITC) were
carried out to characterize the processes occurring during
post-synthetic functionalization of ZIF-8 particles with MPA.
To this end, colloidal dispersions of 7.9 mM ZIF-8 were used
(calculated using a ZIF-8 molar weight of 227.58 ascribed to
the stoichiometric relationship between Zn(Melm), and dry
weight-derived compositions, see ESIf). Suspensions were
placed in a calorimetric cell and appropriate volumes of MPA
stock methanolic solutions were added with a micropipette
allowing 300 seconds of reaction time. The final molar ratio
obtained for (ZIF-8:MPA) was (70:1). The stirring speed and
cell temperature were fixed to 394 rpm and 20 °C,
respectively.

A MicroCal VP-ITC isothermal titration calorimeter from
Malvern was used. The equipment has a pair of coin-shaped
cells made of Hastelloy with a 1.456 mL volume. Temperature
differences between the reference cell and the sample cell are
measured, calibrated to power units. The spin rate range was
fixed to 394 rpm and temperature to 293 K. Measurements
were run with VP viewer 2000-ITC software.

Small- and wide-angle X-ray scattering (SAXS and WAXS)

SAXS and WAXS experiments were carried out at the SAXS-1
beamline of the Brazilian Synchrotron Light Laboratory
(LNLS), Campinas, Brazil. Diffractograms were obtained
using a temperature-controlled holder for liquids with two
parallel mica windows of 1 mm optical path. The wavelength
of the incoming monochromatic X-ray beam was 0.1544 nm.
Silver behenate was used for calibration of the sample-to-
detector distance (~3000 mm). A Pilatus 300 K detector
(Dectris Ltd., Switzerland) was used to record the scattering
patterns. Each individual run was corrected for beam
attenuation and time-integrated photon flux following usual
procedures. SAXS patterns were modelled using the SASFit
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software (version 0.94.6, https://www.psi.ch/en/sing/sansi/
sasfit) in a ¢ range of 0.05-1.34 nm™". A sphere model with a
log-normal distribution of radii was fitted to the experimental
data.®>®®  Size distributions are expressed as the
polydispersity index, PDI = g/r, ¢ being the size distribution
standard deviation and r the mean sphere radius. For a
typical  time-resolved  (synchrotron-based) SAXS/WAXS
experiment, after fixing the sample-detector distance, the
reaction cell was loaded with ZIF-8 precursors. The
experimental design allowed a minimum delay between
mixing and opening of the X-ray shutter of 35 seconds in
every case and given the acquisition period needed for highly
diluted samples, 15 seconds was the minimum time
resolution achievable.

Dynamic light scattering (DLS)

A Zetasizer Nano ZS apparatus from Malvern was used to
determine the nanocrystal colloid size distribution and
polydispersity through in situ DLS experiments. The
temperature of the measurements was 25 °C and the samples
were left for 30 seconds for thermalisation. A total of 10
measurements were averaged in the formation and growth
characterization of the ZIF-8 and ZIF-8 + MPA ¢ = 0 samples.

Scanning and transmission electron microscopy (SEM and
TEM)

Images were collected with a FE-SEM SUPRA 40 (Carl Zeiss)
without metallization using different magnifications. A LaB6-
TEM of type JEOL JEM-1400PLUS (40-120 kV, HC pole piece)
equipped with a GATAN US1000 CCD camera (2k x 2Kk).

X-ray photoelectron spectroscopy (XPS)

Experiments were performed using a SPECS Sage HR 100
spectrometer with a non-monochromatic X-ray source
(magnesium Ko line of 1253.6 eV energy and 250 W), placed
perpendicular to the analyser axis.

Nitrogen adsorption experiments

Surface area determination was carried using powder
samples with an ASAP 2020 HD88 surface area and porosity
analyser (Micromeritics). The activation procedure consisted
in vacuum drying at 150 °C for 12 h.

Results and discussion

Effect of MPA post-synthetic modification (PSM) on ZIF-8
colloids: determination of suitable concentration ranges

Different conditions were tested for identification of MPA
concentration ranges suitable for modification, ie., a
concentration high enough to yield considerable surface
functionalization, while not causing degradation of ZIF-8
nanoparticles and loss of the porous crystalline phase. MPA
proportions are expressed in terms of MOF linker : modifying
agent molar ratios (see ESIT for details). For a MeImH : MPA =
25:1 molar ratio, PSM was observed to cause a gradual
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decrease in the intensity of ZIF-8 diffraction peaks until total
disappearance, as monitored via WAXS (see Fig. 1). This
result can be ascribed to coordinative etching due to the
known affinity between the carboxylate moieties of MPA and
5233 Taking this into account, PSM was then carried
out using lower MPA proportions; ie., we employed a
MeImH : MPA = 250:1 molar ratio, which was observed to
yield the desired surface modification without compromising
the ZIF-8 structure, as will be discussed in the next
paragraphs. MPA was added then using the PSM strategy to a
ZIF-8 colloidal suspension obtained after 1:30 h (90 min.)
reaction time (hereafter referred to as ZIF-8 + MPA ¢ = 1:30).
Fig. 2(a) shows the SAXS patterns corresponding to the final
stage of time evolution for bare ZIF-8 (final size r = 20 nm),
and MPA modified. Fig. 2(b) shows the SEM micrographs of
nanoparticles obtained using the above-discussed conditions,
together with the size distribution (centered at r = 30 nm,
comparable to bare ZIF-8 presented in Fig. 4, see below),
which provides further support to the results observed in
SAXS.

Additionally, the occurrence of further changes upon
addition of MPA via PSM was investigated via N, adsorption
(see ESIf), TEM (see Fig. S1f) and DLS measurements,
together with zeta potential variations (see Fig. S27). Based
on previous reports for similar systems,>® we hypothesized
that the above described PSM approach should lead to the
appearance of additional mesoporosity on inherently
microporous ZIF-8 units, arising from coordinative etching
triggered by affinity between Zn** and carboxylate moieties.
The extent of such modifications can be controlled in
principle vie manipulation of reaction conditions such as
temperature, exposure period or modifying agent
concentrations. N, adsorption isotherms were then
measured, and the results obtained for bare and MPA-
modified ZIF-8 were compared (see ESIf). Both materials
feature type I isotherms corresponding to microporous

zinc ions.

'L“\ ';'- i
ﬂﬁ“

Intensity (a.u.)

—T T T T T T T T T T T T

| R §
4 5 6 7 8 9 10 11 12 13 14
q(nm’)

Fig. 1 Time evolution obtained via WAXS for ZIF-8 colloidal
suspensions upon addition of MPA for a final (25 : 1) molar ratio.
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materials with comparable BET surface area values (1657
m? g and 1687 m® g', for bare and MPA modified
materials, respectively), however a hysteresis loop ascribable
to the presence of mesopores can be clearly observed only
after MPA modification.

Another interesting aspect of MPA used as a modifying
agent that can be further scrutinized using the PSM approach
is the calorimetric determination of coordination enthalpy
values corresponding to the interaction between Zn>* and
MPA. To this end, ITC experiments were carried out; Fig. 3
shows the results obtained for PSM ZIF-8 modification using
MPA together with the baseline used for deconvolution of
multiple operating processes (addition of MPA to bare
methanol). MPA coordination is clearly an exothermic
process (see Fig. 3) which can be associated with Zn>" ion
chelation with carboxylic acid moieties from MPA; however,
two possible mechanisms must be considered. Either MPA
coordination occurs directly on exposed coordinatively
unsaturated Zn>" metal sites (CUS) on the nanoparticle
surface, or the process involves instead an additional MeImH
linker removal step prior to coordination with MPA (ie.,
coordinative etching). This last scenario would generate
visible alterations on the otherwise smooth nanoparticle
surface, while also be greatly favoured due to the order-loss
induced by the exchange between mono (MeImH) and
bidentate carboxylate linkers. Removal of the Melm-Zn
coordination bond is an endothermic process with an
estimated enthalpy of 12 kJ mol™ in the aqueous phase.®!
The ITC-derived enthalpy value corresponding to MPA
coordination was determined to be ~7 k] mol ', assuming
that MPA is the limiting reagent and that there are sufficient
sites available for coordination on the nanoparticle surface
(see details of calculations in the ESIf). This result can be
rationalized by considering the reported values for the
enthalpy of Zn** complexation with acetate ions in the
ethanol phase (=20 kJ mol™);** as the ITC-determined
enthalpy would account for the difference between these
processes, ITC results strongly suggest that MPA coordination
occurs through replacement of MeIm-Zn via coordinative
etching (=8 kJ mol™") rather than direct coordination with
Zn2+ CUS.62'63

Particle size and crystalline structure temporal evolution of
ZIF-8 when using coordination modulation with MPA

Having determined the suitable MPA concentration ranges
for ZIF-8 stability via the PSM experiments described above,
we employed such conditions to assess the influence of MPA
as a coordination modulator (CM). SAXS experiments were
carried out during colloidal synthesis of ZIF-8 following the
same procedures as those discussed above. The obtained
time-dependent scattering patterns were modelled assuming
hard spheres and log-normal size distributions, as shown in
Fig. 4a) and b) (see the Experimental section for details). For
the earliest experimentally accessible time interval (~30 s)
objects of radius r = 17 nm were detected, which then

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 2 (a) SAXS scattering pattern of the final state of ZIF-8 + MPA t = 90 min. Data were fit using a sphere model. (b) SEM images and its
corresponding size distribution. Differences in sizes compared to the SAXS radius are related to different size estimation from each technique.
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Fig. 3 (a) ITC thermograms of ZIF-8 during the MPA reaction (1111 uJ total energy for ZIF-8 + MPA). (b) Calorimetric curve of MPA in methanol,

whose total energy is -5416 uJ. This value was subtracted to (a).®

gradually increased in size until reaching a limit value of r =
26 nm for 400-500 seconds, featuring relatively low
polydispersity (PDI ~ 0.11). As shown in Fig. 4b), the PDI
reduction profile matches with the theoretical predictions
corresponding to a diffusion-controlled process.’”*”*® In
order to determine the real-time evolution of the crystalline
structure of nanoparticles obtained, growth processes were
also monitored in situ via WAXS. The observed features
correspond to typical ZIF-8 SOD phase diffraction peaks, and
allows confirmation on the identity of the material obtained
(see Fig. 4c) and d)). The time evolution of the ZIF-8
crystallization extent () is also shown as the inset in Fig. 4c),
which was calculated taking as a reference the area of the
diffraction peak centered at ¢ = 5.25 nm™' corresponding to
the (110) ZIF-8 crystallographic plane.

This journal is © The Royal Society of Chemistry and IChemE 2022

For experiments including MPA together with ZIF-8
precursors for a fixed molar ratio 250:1 of MeImH : MPA, the
product obtained will be hereafter referred to as ZIF-8 + MPA
t = 0 (ie., CM approach). Time-dependent SAXS patterns
show a remarkably low polydispersity, as evidenced by the
local minima observed (at ¢ ~ 0.15 nm™") in the scattering
patterns readily detectable for ¢ > 45 s. (see Fig. 5). The
derived size evolution presented in Fig. 5 is similar to what
was obtained for bare ZIF-8 in Fig. 4; however, the final
nanocrystal size (r = 40 nm) is 60% larger. ESIt Fig. S3 shows
a comparison of WAXS experiments carried out in order to
demonstrate that the crystalline structure of bare ZIF-8 and
ZIF-8 + MPA t = 0 is consistent with the calculated
diffractograms.” Reproducibility of the above-discussed SAXS
results was confirmed by carrying out additional dynamic
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Fig. 4 a) Time evolution of the SAXS scattering patterns of ZIF-8, solid lines represent the best fit obtained using the hard sphere model and log-
normal size distribution (see text). b) Size distribution (lower panel) and polydispersity index (PDI = o/r (5, standard deviation) upper panel). c) Time
evolution of WAXS patterns. The inset shows the crystallization extent evolution of ZIF-8 SOD crystals as calculated from the increasing relative
area of (110) reflection. The red line is the best fit obtained using a hyperbolic function. d) WAXS pattern of ZIF-8 SOD nanoparticles obtained for

the final state of synthesis.

light scattering (DLS) experiments, which although imposing
some limitations on the accessible time scale due to the
extended collection periods needed, allow us to confirm the
previously described results. Fig. S4 in the ESIf shows the
DLS-derived temporal size evolution of both ZIF-8 and ZIF-8 +
MPA t = 0, which is in line with SAXS observations. SEM
micrographs and size distribution analysis also confirm the
effect of MPA addition as can be observed in Fig. 6. For ZIF-8
synthesis, nanocrystals with a size distribution centered
around 35 nm were obtained, while for ZIF-8 + MPA t = 0 the
size distribution is centered around 45 nm.

Using the SAXS and DLS time-resolved experimental data
obtained and empirical models for nucleation (see eqn (S1)-
(S3) in the ESIf) allows gaining further insight into the
underlying operating growth mechanism. As shown in Fig.
S5-S6 and Table S1 (see ESIf), and based on the maximum
R? regression coefficient, the growth process for the hereby
explored conditions is compatible with a diffusion-controlled
mechanism. It should be stressed that numerical values
obtained for specific model parameters are not meant to be

106 | Mol Syst. Des. Eng., 2022, 7, 101-111

exhaustive due to the wide variety of ZIF-8 synthesis methods
and conditions described in the literature. However, as
methanolic solutions of precursors and room temperature
are among the most used conditions, hereby the reported
parameter values are of great significance. On the same note,
DLS and SAXS are based on different principles and employ
distinct approximations, therefore, minor discrepancies are
to be expected.

In order to rationalize the size increase caused by MPA
addition, SAXS results were fitted within the framework of
the classical Avrami model (a = 1 - e ™), where a = 7/R is
determined as the ratio of the time-dependent radius r(¢) and
final radius R, ¢ represents the reaction time, and k is the
reaction rate constant. Fig. 7 shows the data fitting obtained
using the Sharp-Hancock method,** numerical results are
summarized in Table 1.

Linear fitting of data corresponding to the ZIF-8 size time
evolution features an Avrami exponent value of n = 0.43,
which suggests a diffusion-limited process.*”*”*®* On the
other hand, ZIF-8 + MPA ¢ = 0 experiments can be fitted more

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 5 (left panel) Time evolution of SAXS scattering patterns for the MPA modified ZIF-8 synthesis (ZIF-8 + MPA t = 0), solid lines represent the
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to SAXS results, despite differences in sizes compared to the SAXS radius related to different size estimation from each technique.?

appropriately by assuming two regimes operating in  initial stage (n = 0.95),>* followed by a diffusion-limited
subsequent stages: a phase boundary growth process for an  process (n = 0.46). Differences observed can be understood by

This journal is © The Royal Society of Chemistry and IChemE 2022 Mol Syst. Des. Eng., 2022, 7, 101-111 | 107


https://doi.org/10.1039/d1me00080b

Published on 09 December 2021. Downloaded by ECOLE POLY TECHNIC FED DE LAUSANNE on 2/7/2022 2:27:24 PM.

Paper

2

204 @ ZIF-8
1,5-‘
101
0.5-

0.0 4

In(-In(1-r/R))

o
w
1

2]

o
_— "
N
o
5
-y
o
~

2)
e
N
m
&

Reduced precursors
: concentration

View Article Online

MSDE

204 @ ZIF-8+Mpa t=0

0.5 4

o
(=]
L

In(-In(1-r/R))

0.5+

-1.0

T T

4 5
Int)
ZIF-8+Mpa t=0

€]
Inhibited nucleation
High precursors concentration

Fig. 7 Avrami analysis of the data obtained from the SAXS growth profiles. A) ZIF-8 and B) ZIF-8 + MPA t = 0. The variable r is the radius of the
particle depending on the time (ry) and R is the final radius reached by each system. C) Comparison of the formation and growth mechanism
proposed for ZIF-8 and ZIF-8 + MPA t = 0 colloidal suspensions. The grey points represent the size evolution of the nanocrystals.*

resorting to several facts. Firstly, the reduction of the
crystallization rate constant observed for MPA addition in the
CM scheme (see Table 1) can be rationalized by taking into
account that MPA might suppress deprotonation of MeImH,
which is in turn necessary for ZIF-8 formation steps
((zn(MeIm),(MeImH),(L),] intermediate complexes, where L
represents the additional coordinating linkers subject to
further exchange reactions).®® Secondly, due to a larger alkyl
chain, formation of carboxylic acid-mediated Zn>*'-MPA
complexes is favoured with respect to acetate complexes,””

Table 1 Fitting parameters of the Avrami analysis obtained for different
crystallization temporal domains of ZIF-8 and ZIF-8 + MPA t = 0. n is the
Avrami exponent, k is the crystallization rate constant, and t,4 = 1/k is the
induction time

ZIF-8 + MPAt =0

ZIF-8 First time interval Second time interval
n 0.43 + 0.01 0.95 + 0.05 0.46 + 0.02
nlnk -1.25 £ 0.09 -4.0 + 0.2 -1.6 + 0.1
k(s 0.05+0.01 0.014 + 0.004 0.026 + 0.008
tma (s) 18.6 +4 67 + 20 37+ 11
R? 0.9702 0.9821 0.9864

108 | Mol Syst. Des. Eng., 2022, 7, 101-11

and thus leads to a decreased number of condensation events
leading to formation of ZIF-8 nuclei with sizes above the
critical radius.®® Such a decreased number of nuclei would
explain the observed larger final radius in ZIF-8 + MPA t = 0
experiments due to a higher concentration of free precursors,
in line also with the fitting parameters obtained typical of
competitive modulation (see scheme in Fig. 7C)).>**°

Having established the role of MPA as a modulator in ZIF-8
nucleation and growth processes, XPS experiments were carried
out to determine the surface composition of nanoparticles (see
Fig. 8). A signal centered at a BE of approx. 165-167 eV
ascribable to the presence of S (2ps;,) can be observed in
Fig. 8(b), suggesting the presence of thiol-terminated moieties
(see comparison between experimentally obtained S:Zn%
proportions and calculations in Table S2t). In addition, we have
recently found similar results with thiol-functionalized ZIF-8
nanocrystals using cysteamine as a functionalizing agent.*®

Conclusions

In this work we explored both PSM and CM approaches
towards ZIF-8 synthesis using MPA as a chemical modifying

This journal is © The Royal Society of Chemistry and IChemE 2022


https://doi.org/10.1039/d1me00080b

Published on 09 December 2021. Downloaded by ECOLE POLY TECHNIC FED DE LAUSANNE on 2/7/2022 2:27:24 PM.

MSDE

View Article Online

Paper

—— ZIF-8+MPA =0
g ——ZIF-8
™

‘

Intensity (a.u.)

Intensity (a.u.)

P

- ZIF-8+MIPA t=0
r ——ZIF-8

1200 900 600 300 0
Binding Energy (eV)
(a)

175 170 165 160 155
Binding Energy (eV)
(b)
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agent. The concentration ranges used were constrained to
cause observable surface modification, while still
preserving the MOF crystalline structure. By resorting to
time resolved experiments using a CM synthesis approach,
we were able to determine the occurrence of a size
modulation effect due to competition for Zn>" ions
between MeImH and MPA. ZIF-8 formation and growth
were observed to follow a diffusion-controlled mechanism
while addition of MPA was observed to make the process
phase-boundary  limited instead. For  determining
enthalpies corresponding to MPA and Zn** coordination,
we resorted to a PSM synthesis scheme, and were able to
identify the operating mechanism and an approximate
value for coordination enthalpy.

In summary, MPA modification was shown to constitute
a feasible way to synthesize thiol-decorated ZIF-8
nanounits with reduced polydispersity, and preserved both
the surface area and crystalline structure. Therefore, we
consider that this is a promising strategy for the design
of porous (both micro and meso) colloidal building blocks
with tailored affinity towards metallic surfaces, with
multiple possibilities in the design of functional
nanoarchitectures.”®>*
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