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Abstract

In this report, a series of anions were demonstrated to remarkably affect and promote the
formation of ZIF-8 from stoichiometric molar ratio of precursors in agueous ammonia
solution at room temperature. The requirement of ammonia concentration for the formation of
pure ZIF-8 phase can be readily modulated by the anion. In addition, the anion types and
concentrations can effectively promote the formation of pure ZIF-8 phase with tuneable
particle morphologies and textural properties. The anion effect capacity was revealed to be

S0% > CH3;COO > CI'> Br > NOgs, which follows the classic Hofmeister anion sequence.
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1 Introduction

As a new sub-family of metal-organic frameworks, zeolitic imidazolate frameworks (ZIFs)
consist of M-Im-M (where M is Zn, Co and Im stands for imidazolate linker) which is usually
formed by a self-assembly approach. The diverse structures of ZIFs are similar to traditional
aluminosilicate zeolites, where typically Zn** ions play the role of silicon while the
imidazolate anions form bridges that mimic the role of oxygen in zeolite frameworks, with
the M-Im-M angle around 145°.' Consequently, ZIFs are novel porous materials with
ultrahigh surface area and exhibit unique crystal structures mimicking aluminosilicate

zeolites, b 2

which have attracted increasing attention for their promising and potential
applications, such as gas separation and storage,™ catalysis,*® sensing’® and drug delivery.'®
1 A variety of approaches such as solvothermal method® ***® and hydrothermal method*"*°
for the synthesis of ZIFs have been extensively investigated, and the different parameters,

18.20 temperatures'” 2! and deprotonate agents,** 1" 2 2223 that affect the ZIF

such as solvents,
formations, have also been widely discussed.** However, one particular parameter that may
affect the ZIFs formation — the effect of anions, has not been explored yet. Considering that
dramatic salt effects on the formation mechanisms and the morphologies of supramolecular
materials have been observed,? it is of highly interest to understand whether anions may
potentially have significant influence on the formation of ZIF materials.

The Hofmeister series of anions were initially developed in the research of protein
solubility,”® and the orders of anions with decreasing effect are as follows: SO4>, HPO,*, OH"
, F, HCOO", CH3COO, CI' , Br, NO3; ,I' , SCN", ClO,.% In the past, the effects of
Hofmeister anions on the formation process of mesoporous silica have been examined and it
was claimed that Hofmeister anions offer a wide range of possibilities to modulate the

morphologies, stabilities and surface properties of mesoporous silicas.?> For instance, Takashi

and co-workers demonstrated that the effect of anion counteranion on the formation of
2
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mesoporous materials under the acidic synthesis process,?® while Zhao’s group studied the
anion sequence in the phase transformation of mesostructures.”’ Moreover, anion effect on
the formation of metal based supramolecular complexes was also reported. It was found that
the radius of anion played an important role in the formation of the structure and luminescent
intensity of the Cd based coordination frameworks,?® it is even claimed that Cd(ll)
coordination frameworks obtained from various anions can result in anion-induced structural
transformation and anion-responsive photoluminescence.?® In addition, reports of the anion
effect on the formation of metal based supramolecular complexes , such as silver (1)
complexes® and zinc (1) complexes,® can be also found in literature. These previous work
encouraged us to explore the salt effect on the formation of ZIFs in this work.

Herein, for the first time, we reported our recent findings on the effect of anions on the
formation of ZIF-8 materials. It is found that the introduction of anions (8042', CH3COO, CI,
Br’, NO3) into the reaction media of agueous ammonia system, accelerates the self-assembly
of stoichiometric zinc ions with the 2-methylimidazole (MIm) linker (1:2) and results in the
formation of pure ZIF-8 with tuneable morphologies and textural properties. Our findings
indicated that: 1) the requirement of aqueous ammonia concentrations for the formation of
pure ZIF-8 is modulated by the anion types; 2) the generation of pure ZIF-8 materials is
promoted by the anion concentrations and the anion types, which follows the rule of

Hofmeister anion effect, as shown in Scheme 1.

2 Experimental
2.1 Materials

2-methylimidazole (99%, MIm), Zn(NO3),*6H,0 (99%), ZnSOy4, ZnCl,, ZnBr,, Zn(OAC),,
NaNOs, Na,SO,4, NaCl, NaBr, NaOAc, and 35 wt% ammonia aqueous solution were obtained

from Sigma-Aldrich and used without further purification.
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2.2 Materials synthesis

ZIF-8 was synthesized by rapid pouring an aqueous solution of zinc salts into an aqueous
ammonia solution of 2-methylimidazole and the mixture was stirred at room temperature for
24 h. In a typical synthesis, zinc salt and corresponding sodium salt dissolved in distilled
water was added into a solution of MIm in distilled water, where 35 wt% ammonia solution
was added in the water beforehand. After aging for 24 hours at room temperature, the product
was collected by repeated centrifugation (6000 rpm, 10 min). The resulting powders were

then air dried in a fume cupboard for several days before subject to further characterizations.

2.3 Materials characterisation

X-ray diffraction (XRD) patterns were recorded with Cu Ko radiation (40 kV-40 mA) at
step time 1 s and step size of 0.02°. Fourier-transform infrared (FTIR) spectra were obtained
in Alpha Bruker system. The samples were measured in the wavenumber range of 2000-500
cm™®. Thermogravimetric analysis (TGA)/ differential thermal analysis (DTA) was performed
on a TA SDT Q600 instrument from room temperature to 800 °C with a heating rate of 10
°C/min under a continuous air flow of 100 mL/min. A Hiden QGA gas analysis mass
spectrometer (MS) was coupled with the Q600 instrument to monitor and detect the gaseous
compositions in the exhaust emission. Scanning electron microscopy (SEM) images were
recorded using a Philips XL-30 scanning electron microscope in a high vacuum mode and at
an acceleration voltage of 20 kV. Samples were mounted using a conductive carbon double-
sided sticky tape. A thin (ca. 10 nm) coating of gold was sputtered onto the samples to reduce
the effects of charging. N, gas sorptions were carried out on a Quantachrome Autosorb-iQ
gas sorptometer via conventional volumetric technique. Before gas analysis, the sample was
evacuated for 4 h at 250 °C under vacuum. The textural properties were determined via

nitrogen sorption at -196 °C. The surface area was calculated using the Brunauer-Emmett-
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Teller (BET) method based on adsorption data in the partial pressure (P/Po) range of 0.02-
0.22. The total pore volume was determined from the amount of nitrogen adsorbed at P/Po of

ca. 0.99.

3 Results and discussion

3.1 Effect of ammonia concentrations on the formation of ZIF-8

The effect of ammonia concentrations on the formation of ZIF-8 was first investigated
using different zinc salts in aqueous system, where stoichiometric molar ratio of 1:2 for
Zn?*/MIm was used. From the XRD patterns in Fig. 1, it is clear that lower ammonia
concentrations result in the formation of impurity in the product, while higher ammonia
concentrations can generate pure ZIF-8, which is in agreement with previous reports.*” *
Taking SO4* as an example (Fig. 1a), the products derived from the molar ratios of Zn?*/NH;
< 1:75 are mixture of ZIF-8 and a dense dia(Zn) impurity,?* but the products from molar
ratios of Zn?*/NH; > 1:75 exhibit pure sodalite (SOD)-type structures in their XRD patterns.
While other different anion zinc salts such as CH3;COO", CI', Br" or NO3™ were used, the XRD
patterns of the products (shown in Fig. 1 b-e) revealed that the molar ratios of Zn?*/NH;z >
1:100, 1:200, 1:400 or 1:20 were required to form pure ZIF-8, with the yield of 75%, 70%,
67% and 85%, respectively. These results also indicate that the requirement of ammonia
concentrations for the formation of pure ZIF-8 phase is modulated by the anion types. The
morphologies of pure ZIF-8, which were obtained from different anion zinc salts at high
ammonia concentrations, exclusively exhibited equilibrium rhombic dodecahedral particle
shapes (Fig. 2).** In addition, the textural properties of the resulting ZIF-8 materials, as
shown in Fig. 3, are clearly variable for samples from different anion zinc salts, implying that
the anion types can dramatic affect the textural properties of the samples even if they are

obtained under the same conditions.
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3.2 Effect of additional anions on the formation of ZIF-8

In order to determine whether the introduction of additional anions can influence on the
formation of ZIF-8 phase, a variety of anion sodium salts including Na,SO4, CH3COONa
(NaOAc), NaCl, NaBr, and NaNO3 were separately added as additional anion sources, to the
reaction media containing zinc salts with the same anion for one batch synthesis. Based on
the results in Fig. 1, we chose the lowest ammonia concentration required for the formation of
mixture of ZIF-8 and dia(Zn) phase to determine whether the presence of extra anions in the
synthesis media can promote the transformation the formation of mixture to pure ZIF-8
phase. For example, the synthesis product from the molar ratio of ZnSO4:MIm:NH3=1:2:50 is
a mixture. However, with the introducing of increased amount of Na,SQO, into the synthesis
system, interestingly the impurity dia(Zn) in the product was gradually reduced and pure ZIF-
8 was eventually formed with the molar ratio of ZnSO4:Na,SO, =1:15 (as shown in Fig. 4a),
suggesting that the additional SO,* indeed accelerates the formation of pure ZIF-8 phase. The
Fourier-transform infrared (FTIR) spectrum for all the as-synthesised samples, including both
ZIF-8 material and the impurity dia(Zn) containing composites (as shown in Fig. 4b),
demonstrated similar spectra, probably due to the fact that the dia(Zn) has some similar
functional groups with ZIF-8. Moreover, SEM images (Fig.4 c-e) clearly show that with the
introduction of increased additional SO,* into the reaction media, the morphologies of the
products changed significantly from irregular rough-surface particle shapes to regular
smooth-surface ZIF-8 with rhombic dodecahedral particle shapes.

Fig 5a shows the thermal gravimetric analysis (TGA) of the as-synthesised samples
performed under air flow. Two weight loss events centred at 450 and 500 °C were observed,
corresponding to the decomposition of organic species and the buring of the formed carbon

species with the release of H,0, CO, and NO, (see Fig 5¢ and d). In addition, two exothermic

6
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peaks centred at 450 and 500 °C were demonstrated in DTA curves, which is consistent with
the TGA results. Obviously, no SO, signal was detected (shown in Fig 5e) by MS, indicating
no sulfate residuals existed in the as-synthesised samples. Interestingly, the TGA (Fig. 5a)
result shows that residual weight precentage of the heated samples is decreased with the
increasing of the amount of Na,SQO4, suggesting that the promotive formation of crystalline
ZIF-8 may lead to residual weight decreasing, as the impurity dia(Zn) is the quite dense dia
framework reported by Qi et al.?! The yield of the synthesised products is 95%, 91%, 85%,
77% and 76% with ZnSO4:MIm:NH3:Na,SO, molar ratio of 1:2:50, 1:2:50:5, 1:2:50:10,
1:2:50:15, and 1:2:50:20, respectively. Obviously, the product yield decreases with the
addtion amount of Na,SO,, due to the formation of highly porous ZIF-8 material under high
Na SO, concentration, which is also consistent with TGA results.

In addition, as presented in Fig. 6, with the increase in the concentrations of SO4> in the
synthesis system, all the products exclusively exhibit type I nitrogen sorption isotherms with
micropore domination; however, compared with the sample without additional Na,SQO,, the
sample from ZnSO4:Na,SO4 = 1:20 exhibited up to 50% increase in both the specific surface
area and total pore volume, remarkably changing from 1015 to 1576 m? g and 0.49 to 0.74
cm® g respectively. Obviously, the introduction of additional SO,* anions effectively
promotes the formation of pure ZIF-8 phase with variable particle morphologies and textural
properties.

Other anion sodium salts such as NaOAc, NaCl and NaBr were also introduced into the
synthesis system and it was found that the transformation from the mixture of ZIF-8 and
dense dia(Zn) phase to pure ZIF-8 could be also readily realised when the molar ratio of zinc
ion/sodium anion salt is higher than 1:20, 1:30 and 1:20 for NaOAc, NaCl and NaBr
respectively (shown in Fig. 7a-c). However, the addition of NaNOs into the synthesis media

of Zn2+:MIm:NH3 =1:2:15, which is the lowest ammonia concentration for the formation of a
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mixture (as demonstrated in Fig. 1e), has not observable effect on the formation of pure ZIF-8
and the XRD patterns were kept unchanged even if the molar ratio of Zn(NO3),:NaNOg is up
to 1:30 (shown in Fig. 7d), indicating that NO3s has the weakest anion effect on the
modulation of pure ZIF-8 generation among the studied anions. In addition, SEM images
clearly show that the introduction of increased additional anions into the synthesis system
results in the morphologies of the product were evolved remarkably from irregular rough-
surface particles to regular smooth-surface ZIF-8 particles with rhombic dodecahedral shape
(seen Fig. 8). Based on the results above, it is clear that except NO3, the presence of anion
sodium salts with appropriate anion concentrations in the synthesis solution can effectively

accelerate the formation of pure ZIF-8 phase with adjustable particle morphologies.

3.3 Effect of anion capability on the formation of pure ZIF-8

To find out the anion effect capability on the formation of pure ZIF-8 phase, different
anion sodium salts with various concentrations were introduced into a reaction solution with
fixed molar ratio of Zn**MIm:NH5;=1:2:50 (namely a synthesis system with the same
ammonia concentration). It is surprising to note that except NaNOg, pure ZIF-8 can be readily
formed because of the presence of additional anion sodium salts, as shown in Fig. 9. Most
strikingly, it can be summarised from the XRD results in Fig. 4a and Fig. 9 that the lowest
molar ratio of Zn?*:anion sodium salt, where the anions include SO, CH5COO/, CI', Br and
NOj’, that leads to the formation of pure ZIF-8 phase is 1:15, 1:20, 1:40, 1:60 and nil,
respectively. Combined the above observed NOj; has the weakest anion effect on the
modulation of pure ZIF-8 formation, we can reasonable to conclude that the anion effect
capacity on the formation of pure ZIF-8 phase from our experimental results is SO,* >
CH3;COO > CI' > Br > NOg3, which is in agreement with the classic Hofmeister anion

sequence.”®
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Due to the fact that anions have negative charges, there could be interactions between zinc
ions and the anions in the synthesis system. Anions could also interact with the protons that
are deprotonated from the 2-methylimidazole ligand, and this interaction could be helpful for
the protons to react easily with OH™ from ammonia solution, which is hypothesised to initiate
the formation of ZIF-8.1"?* As various anions have different radii effect and dehydration

2521 these effects lead to the different abilities to interact with

effect in the aqueous system,
zinc ions and protons, and also lead to the final observed orders which follows the classic
Hofmeister anion sequence. Therefore, it is believed that additional anions can not only
promote the formation of pure ZIF-8 phase, but also affect the properties of obtained ZIF-8
materials.

When considering the properties of Hofmeister anions in order, the charge is always the
fundamental ionic property 2. Therefore, due to the higher charge, SO,* owns the strongest
Hofmesiter effect. For the anions with the same charge, their size such as the Pauling radius
plays an important role on comparing the capability of Hofmeister anion sequence. Based on
the Pauling radius data,®* % the order of the radii effect should be Br > CI' > NO; >
CH3COO'. In addition, the free energy or the entropy of hydration which measures the
interaction of anions with water, is another fundamental property. The order of dehydration
effect should be SO,% > CH3COO > CI"> Br > NO5™ anions.* * It should be noted that SO,*
presents a hydration free energy (-258.2 kcal/mol) which is about three times larger than that
of other listed anions,® indicating that SO, has a strong interaction with the protons
deprotonated from the 2-methylimidazole. As a result, the interplay of the radii effect and the

dahydration effect gives rise to the observed anion sequence which follows the classic

Hofmeister anion sequence.

4 Conclusions



RSC Advances Page 10 of 24

In conclusion, a series of anions that affects the formation of ZIF-8 in agueous ammonia
systems has been demonstrated. The requirement of ammonia concentration for the
generation of pure ZIF-8 phase can be modulated by the anions. In addition, the anion types
and concentration remarkably influence on the formation of pure ZIF-8 and the anion effect
capacity follows the classic Hofmeister anion sequence. The Hofmeister anion effect is
important to better understand the formation mechanism of ZIFs in different systems and is

also useful in other research areas such as interface chemistry.
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NO,” Br CI' CH,CO0" SO,

Increasing Hofmeister anion effects

Scheme.1 Hofmeister anion effect on the formation of ZIF-8.
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Fig. 1 XRD patterns of the as-synthesised samples in different concentrations of ammonia
solution for variable zinc salts: (a) ZnSO,4 (b) Zn(OAc),, (¢) ZnCl,, (d) ZnBry, and (e)
Zn(NO3),, representatively.
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Fig. 2 Representative SEM images of as-synthesised ZIF-8 in ammonia solution with various
anions: (@) ZnSO4MIm:NH; =1:2:100; (b) Zn(OAc),:MIm:NH; = 1:2:100; (c)
ZnCly:MIm:NH; =1:2:200; (d) ZnBr:MIm:NH;z =1:2:400 and (e) Zn(NOs):MIm:NH;
=1:2:100, respectively.
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Fig. 3 Nitrogen sorption isotherms of as-synthesised ZIF-8 derived from different anion zinc

salt in various concentrations of aqueous ammonia solution. (a) Zn(NO3), and (b) ZnSOs,.

Solid and hollow data correspond to the adsorption and desorption branches, respectively.
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Fig. 4 (a) XRD patterns and (b) FTIR spectrum of the as-synthesised samples in different
concentrations of sodium sulfate; (c-e) SEM images of as-synthesised samples in ammonia
solution with Zn?:MIm:NHs: Na,SO, molar ratios of 1:2:50, 1:2:50:5 and 1:2:50:20,

respectively.
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Fig. 5 (@ TGA curves, (b) corresponding DTA curves and (c-e) MS signals for different as-

synthesised samples heated in air atmosphere.
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Fig. 6 Nitrogen sorption isotherms of as-synthesised ZIF-8 under different concentrations of

sodium sulfate. The solid and hollow cycle correspond to the adsorption and desorption

branches, respectively.
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Fig. 7 XRD patterns of the as-synthesised samples in different concentrations of ammonia

solution for variable zinc salts with the additional anions: (a) NaOAc, (b) NaCl, (c) NaBr, and

(d)NaNOs, representatively.
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Fig. 8 Representative SEM images of as-synthesised products in ammonia solution from
different anion sodium salts (a, b and ¢) NaOAc and (d, ¢ and e) NaCl with various additional
anion concentrations: (a) Zn?*: MIm : NHz=1:2: 75; (b) Zn?**: MIm : NH3: NaOAc=1:2:
75:10; (c) Zn**: MIm : NH3: NaOAc=1:2:75:20; (d) Zn*": MIm: NH3=1:2: 100; (e)
Zn?*: MIm : NHs: NaCl =1 : 2 : 100 : 5; (f) Zn?": MIm : NH3: NaCl = 1 : 2 : 100 : 30,

respectively.
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Fig. 9 XRD patterns of the samples derived from a same concentration of agueous ammonia
solution with the introduction of additional of (a) NaOAc, (b) NaCl, (c) NaBr and (d) NaNOs,
respectively.

23



RSC Advances Page 24 of 24

Table of Content:

NO, Br CI CH,COO" SO,

Increasing Hofmeister anion effects

The classic Hofmeister anions can remarkably affect and promote the formation of
ZIF-8 with tuneable particle morphologies and textural properties.



