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In this work, a series of functionalized ZIF-8 were synthesized via incorporation of benzotriazole ligands into the
framework with a post-synthetic method. The crystal structure and porosity were preserved for all functionalized
samples. Although a relatively low percentage of ligand exchange (approximately 10-22%) was observed due to
steric and kinetic effects, a remarkable improvement was found in CO5 and CH4 uptake capacities due to the
incorporation of more polar N sites into the structure and the change in pore size of the frameworks. The
resulting ZIF-8-S5 exhibited 45.17(CO3) and 15.08 (CHy4) cm?® g’l at 273 K under 1.2 bar, which corresponds to

an enhancement of 20 and 35% compared to pristine ZIF-8. Further, all functionalized samples showed the
significant improvement of selective CO, over N.

1. Introduction

Zeolitic imidazolate frameworks (ZIFs), a sub-class of metal-organic
frameworks (MOFs), are isomorphous with zeolites, and they usually
exhibit exceptional chemical and thermal stabilities [1]. MOFs (also
ZIFs) have the tailorable structure—that is, their properties can be finely
tuned by using a substituted organic ligand and secondary building
units. Among the various strategies, the solvent-assisted linker exchange
(SALE) is a facile and versatile process for functionalization of MOFs to
improve their catalytic performance, gas sorption and electrochemical
properties [2]. To date, this strategy has been utilized in the synthesis or
functionalization of many ZIFs [3-7]. However, the main challenge for
ligand exchange is introducing new ligands with more coordinative
atoms into the framework [3].

Benzotriazole (BtaH) and its conjugate base, benzotriazolate anion
(Bta), is a versatile ligand existing three adjacent donor sites. It is a weak
acid (pKa = 8.38) and exists as a mixture of tautomeric forms (Fig. 1a-b)
[8]. To date, several BtaH-transition metal coordination compounds
have been reported, in which it has been observed that BtaH showed
monodentate, bidentate and tridentate coordination modes [9]. How-
ever, all these structures were dense and did not show the accessible
porosity.

It has shown that the introducing of uncoordinated nitrogen-donor
groups in to frameworks could improve selective COy adsorption and
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CH,4 storage of MOFs [10-14]. Also, methyl-functionalized MOFs have
been shown to display enhanced CO» uptake affinity [15]. Inspired these
observations, herein, it was aimed to incorporate BtaH and 5-methyl-
1H-benzotriazole (5-Me-BtaH) ligands to the ZIF-8 structure with
SALE method. Thus, it was hypothesized that CO, capture and CH4
storage capacity and also gas selectivity would improve under ambient
conditions due to the integration of BtaH or 5-Me-BtaH into the structure
with bidentate coordination, and, as a result, active N or N and methyl
sites on the pore surface of ZIF-8 (Fig. 1c).

2. Experimental

The as-synthesized ZIF-8 (0.437 mmol) was dispersed in 5 mL DMF
and BtaH (0.874 mmol) was dissolved in 10 mL DMF. Then second so-
lution was poured into first. The resultant mixture was transferred to a
28 mL screw cap vial. The vial placed in an isothermal oven at 80 °C for
48 h. After cooling down to room temperature, the SALE product was
isolated centrifugation (9000 rpm, 20 min) and washed with DMF (2 x
15 mL) and methanol (2 x 15 mL). The obtained powder firstly dried
under ambient conditions and then activated at 120 °C in a vacuum
oven. The same procedure was used for 5-Me-BtaH (SI).
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Fig. 1. (a) Tautomerism in BtaH, (b) pKa values of the ligands, (c) a schematic for the SALE mechanism, (d) XRD patterns of the samples, (e-f) H NMR of

the samples.
3. Results and Discussion

The XRD patterns of functionalized samples well match with the
pristine ZIF-8, indicating that crystal structure of the framework was
maintained during the SALE process in DMF (Fig. 1d). However, an
amorphization was observed for the further increase in daughter ligand
(BtaH or 5-Me-BtaH) concentrations (Fig. S2). Surprisingly, the partial
amorphization was observed in ZIF-67 (a cobalt analogue of ZIF-8)
under same experiments conditions even at lower low daughter ligand
concentrations, while a complete amorphization was encountered at
higher concentrations (Fig. S3). Therefore, the scope of this study was
limited to ZIF-8 only.

The progress of SALE was monitored by digestive 1H NMR (Fig. 1le-f,
also Fig S5-S11). The singlets at around 2.11 and 6.78 ppm observed in
all samples represent — CH3z and CH=CH of 2-methylimiazole (mIm)
protons, respectively. The peaks observed between 6.6 and 7.4 ppm with
the incorporation of the daughter ligand to the frameworks correspond
to the benzylic protons of the benzotriazole-based ligands. Calculations
revealed that integration of daughter ligand into ZIF-8 is between 11 and

22 % and slightly increases with an increase of daughter ligand con-
centration in reaction medium (SI). In the view of chemical kinetic, a
lower pKa for the daughter ligand is typically required since pKa dif-
ference in the “N-H” bonds broken and formed can be a measure for the
equilibrium constant of the exchange reaction. For this study, both BtaH
(pKa = 8.63) and 5-Me-BtaH (pKa = 9.12) have lower pKa values than
mIm (pKa = 13.92) which promotes the SALE reaction [3,10]. On the
other hands, steric constraints can be the reason for such lower ligand
exchange ratios [16]. FTIR also utilized to verify the secondary ligand in
ZIF-8 (Fig. S12). The new peaks observed at around 1270 and 790 em !
in the functionalized frameworks correspond to CH in-plane and out-of-
plane bending due to the fused benzene ring [8]. Thermogravimetric
analysis (TGA) measurements showed that although benzotriazole
functionalized samples are stable up to 300-400 °C depending on
daughter ligand content they are less thermally stable than pure ZIF-8
under air (Fig S13).

Fig. 2a shows the nitrogen adsorption/desorption isotherms of all
samples at 77 K. All frameworks exhibit a typical type-I isotherm which
is characteristic for adsorbents that contain micropores only (Fig. 2b). It
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Fig. 2. (a) N, isotherms at 77 K, (b) DFT pore sizes and volumes, (c-d) low pressure CO»,CH,4 and N, isotherms at 273 K, (e-f) low pressure CO,,CH, and N, isotherms
at 298 K. (The dashed lines show the partial pressures of the gases used for selectivity calculations.).

is evident that the amount of adsorbed nitrogen and thus the specific
surface area (SSA) and pore volumes of the frameworks decrease with
the incorporation of the secondary ligand into the structure. For
example, the SSA of pristine ZIF-8 is 1744 m? g}, while ZIF-8-S2 and
ZIF-8-S6 are 1221 and 1210 m? g~! respectively. The steric effects
arising from incorporation of a bulky BtaH ligand into the structure may
be responsible for this decrease in SSA [17].

Although post-synthetic modifications, such as the SALE, cause a

decrease in the surface area of MOFs, active nitrogen and open metal
sites due to structural defects that may occur as a result of SALE can
increase the CO, and CH,4 adsorption capacities [10,18]. Hence, low-
pressure CO5 and CHy isotherms of all materials in this study at 273
and 298 K were conducted twice, taking into account reproducibility
(Fig. 2c-f). For ZIF-8, the CO4 uptakes were measured as 37.02 and
17.35 cm3g ! at 273 and 298 K under 1.2 bar, respectively. As expected,
the CO, uptake capacity of all functionalized materials improved.
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Table 1
Gas uptakes values of the samples. (For the ZIF-8-S1 and S2 daughter ligand is BtaH and it is 5-Me-BtaH for others).
MOF Linker Exchange (%)  BETSA.(cm®g™!)  Pore.Volume (cm®g")  CO, CH4 SCO,/N; (273/298 K)  SCO,/CH, (273/298 K)
(273 K /298 K) (273 K /298 K)
ZIF-8 - 1744 0.60 37.02/17.35 11.14/6.23 7.11/8.80 3.17/2.62
ZIF-8-S1 13 1407 0.54 44.66/18.23 14.33/7.47 9.81/10.19 3.16/2.19
ZIF-8-S2 22 1221 0.48 40.07/18.10 12.19/6.07 11.14/14.35 3.32/3.08
ZIF-8-S3 11 1361 0.53 41.67/20.01 12.97/6.75 9.83/14.21 3.27/2.99
ZIF-8-S4 14 1350 0.53 44.01/20.83 13.88/6.97 11.79/14.89 3.24/3.00
ZIF-8-S5 15 1306 0.53 45.17/20.56 15.08/7.36 12.31/13.20 3.00/2.71
ZIF-8-S6 17 1210 0.48 39.88/18.19 13.25/4.60 10.47/13.70 3.08/4.01
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Fig. 3. Isosteric heats of adsorptions (Qg) as a function of gas loading in cm® g~! for (a) CO, and (b) CH,.

Among them, the ZIF-8-S5 is capable of adsorbing 45.17 and 20.56
em®g ™! of CO, at 273 and 298 K under 1.2 bar, which corresponds to an
improvement of more than 20%. Similar enhancement trend was

observed for CH4 uptakes of the samples. ZIF-8-S5 attained a high CHy4

uptake of 15.08 and 7.36 cm®g ™! at 273 and 298 K under 1.2 bar.
Compared to ZIF-8, this corresponds to an enhancement of 35%. The
selective CO5 adsorption upon Ny and CHy for all of the samples also
were calculated from the pure gas isotherms by considering partial
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pressures of gas mixtures [19]. ZIF-8-S5 showed the highest CO5/Ny
selectivity which is almost two times higher than that of pure-phase ZIF-
8 (Table 1).

To further understand the adsorption properties, the isosteric heats
of adsorption, Qg, were determined from the CO, and CH4 adsorption
isotherms at 273 and 298 K under ambient pressure. Qg of CO; for
pristine ZIF-8 was determined as ~ 17 kj mol ! regardless of the amount
of CO, absorbed. This indicates that ZIF-8 has uniform adsorption sites
and shows a relatively weak binding energy and low CO5 uptake because
of its coordinatively saturated metal sites. As can be observed from
Fig. 3a, Qg values of functionalized samples are much higher than that
of ZIF-8. This implies that integration of functionalized linkers into the
framework improve the adsorption affinity for CO,. Also, the trend in
the Qs values is clearly in compliance with the uptake amounts of the
order of the samples. However, the shape of Qg curves of the func-
tionalized samples, especially for ZIF-8-S1 and ZIF-8-S5, are quite
different that of ZIF-8. As the more energetic sites are preferentially
populated first by the adsorbate, both ZIF-8-S1 and ZIF-8-S5 have a high
Qg at low coverage. A continuous decrease in Qg is observed as the
adsorbate molecules occupy adsorption sites but this reduction deviates
from linearity in the studied region for both materials. This would
appear to indicate that functionalized samples have the non-uniform
pore size distribution and heterogonous adsorption sites in terms of
their energy. The Qg of CHy4 for all seven materials evaluated in this
work plotted in Fig. 3b. The framework with the highest volumetric CH4
adsorption, namely ZIF-8-S5- has the highest adsorption enthalpy. The
low-coverage Qg of ZIF-8-S5 (23 kj mol ! is nearly fifty percent higher
than the value of Qg of pure ZIF-8 (16 kj mol’l), confirming strong
interactions between methane and the framework [20]. For ZIF-8-S5, Qg
of CHy first slowly decreases and then increases rapidly with methane
loadings. This support the idea that the methane-methane interaction in
addition to the methane-framework interaction becomes dominant at
high loadings as reported for other MOFs [21,22]. Overall, the suitable
pore spaces, high density of accessible N sites, and open zinc sites within
ZIF-8-S5 may be the main reason for high methane storage.

4. Conclusion

In summary, a series of functionalized ZIF-8-S were synthesized by
the SALE method. Incorporation of BtaH and 5-Me-BtaH into the
framework significantly improved the CO, and CH4 uptakes. The main
reason behind this can be the incorporation of the secondary ligand into
the framework in bidentate mode, resulting in the formation of active N
sites on the pore surfaces. Additionally, a decrease in pore volume/
window due to the integration of a bulky ligand can be resulted in an
enhancement in selective gas uptake.
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