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ABSTRACT

Covalent post-synthetic modification (PSM) of metal-organic frameworks (MOFs) has attracted much
attention due to the possibility to tailor the properties of these porous materials. Schiff-base condensation
between an amine and an aldehyde is one of the most common reactions in the PSM of MOFs. Here, we
report the use of the spray drying technique to perform this class of organic reactions, either between
discrete organic molecules or on the pore surfaces of MOFs, in a very fast (1-2 seconds) and continuous
way. Using spray drying, we show the PSM of two MOFs, the amine-terminated UiO-66-NH> and the
aldehyde-terminated ZIF-90, achieving conversion efficiencies up to 20 % and 42 %, respectively.
Moreover, we demonstrate that it can also be used to post-synthetically cross-link the aldehyde groups of

ZIF-90 using a diamine molecule with a conversion efficiency of 70 %
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INTRODUCTION

Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), have
attracted much attention over the past decades due to their potential applications, such as in gas
sorption and storage, catalysis, drug delivery and gas separation.'” One of the main
characteristics of MOFs is the ability to tailor their chemical functionality and/or pore surface
chemistry, either by pre- or post-synthetic modification of the organic linker. Covalent post-
synthetic modification (PSM) involves an organic reaction carried out on the organic linker

while maintaining the MOF integrity.*>

To date, there are many studies based on the PSM of MOFs involving linkers with different
functional groups.®® Among them, the most common reaction involves a Schiff-base
condensation between an amine and an aldehyde to form an imine via water elimination. Using
this chemistry, PSM of the 2-aminoterephthalate (NH»-bdc) linker of UiO-66-NH; has been
widely studied.!%!® For example, Lu et al. showed the successful PSM of UiO-66-NH, with
salicylaldehyde (Sal) by heating a mixture of both species in acetonitrile at 40 °C for three days.
Once functionalized, they further immobilized Cu(Il) salts on the incorporated imine moiety,
and used the resulting framework as an efficient catalyst for the acrobic oxidation of alcohols. !
A similar strategy was also followed to synthesize efficient catalysts for the epoxidation of
olefins, the hydrogenation of aromatics, and the reductive amination of aldehydes.!!!%!3 In
these cases, UiO-66-NH> was post-synthetically modified with Sal, 2-
pyridinecarboxylaldehyde, 4-pyridinecarboxylaldehyde, and 6-
((diisopropylamino)methyl)picolinaldehyde followed by the immobilization of Mo(VI) and

Ir(I). Also, other amino-terminated MOFs such as IRMOF-3 and Cr-MIL-101-NH> have been

used for the development of efficient catalysts. Here, both MOFs were first reacted with
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pyridine-based aldehydes and then with Cu(I) and Co(II) salts to create heterogeneous catalysts
for the synthesis of different 2-aminobenzothiazoles and the aerobic epoxidation of olefins,

respectively.!+!3

Yaghi et al. also reported the use of the Schiff-base condensation reaction to post-synthetically
functionalize aldehyde-terminated MOFs. They reacted ZIF-90 with ethanolamine yielding the
imine-derivative non-porous ZIF-92.!7 Following the same type of chemistry, ZIF-90 was
recently labelled with an Alexa Fluor dye,'® whereas a mixed ZIF-8-90 sample was post-
functionalized with ethylenediamine. This latter PSM allowed the introduction of an aliphatic
amine-terminated group to ZIF-8-90, enhancing its CO sorption capacity.!® In a more recent
study, a superhydrophobic ZIF-90 exhibiting a water contact angle value of around 152° was

prepared by reacting it with a polyfluorinated amine.?

In general, the synthetic conditions for the PSM of MOFs require long reactions times (from 1
to 3 days) and high temperatures. To overcome these limitations, some advances have been
done on developing alternative methods for the PSM of MOFs. One of them is based on the
PSM of IRMOF-3 and UiO-66-NH, by vapour diffusion.?! This method allowed the PSM of
both MOFs with high conversion rates after heating the solvent-free MOFs with the

corresponding aldehyde at 100-120 °C using a vacuum system for 16 h.

Recently, it has been demonstrated that the spray drying (SD) technique is a useful, continuous
and scalable method to assemble metal ions and organic ligands to synthesize MOFs.?%? This
method allowed to drastically reduce the reaction times down to the second regime, without
affecting the properties of the SD-synthesized MOFs. It also enables obtaining them in the form
of dried powders and to recycle the solvent used during the fabrication. Here, we extended the

use of SD to covalent organic reactions based on the Schiff-base condensation reaction aiming
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to be able to post-synthetically modify MOF crystals. UiO-66-NH> and ZIF-90 were selected
as the target MOFs due to the uncoordinated and available amine and aldehyde groups within

their structures, respectively (Scheme 1).

Scheme 1. Illustration of the covalent PSM performed in a) UiO-66-NH> and b) ZIF-90 under
SD conditions
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EXPERIMENTAL SECTION

General procedure for synthesis of imine ligands

In a typical synthesis, a suspension of NH»-bdc and the corresponding aldehyde (4PC, 2PC and
Sal) in 15 mL of ethanol was spray-dried at an inlet temperature of 130 °C, feed rate of 3.0 mL
min! and a flow rate of 336 mL min™' using a Mini Spray Dryer B-290 (BUCHI Labortechnik;
spray cap: 0.5-mm-hole). The collected solids were characterized by EA, ESI-MS, and 'H- and
BC-NMR spectroscopy. Full experimental details and characterization can be found in the

Supporting Information.
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Synthesis of UiO-66-NH2.

UiO-66-NH; was synthesized through the previously reported method.?® In a typical synthesis,
35 mL of HCI 37% was added to a solution 0.1 M of ZrCl4 and 0.1 M of NH»-bdc in 500 mL
of DMF. The resulting mixture was heated at 120 °C under stirring for 2 h. The obtained solid
was collected by centrifugation, washed two times with 100 mL of DMF for 12 h at 120 °C,
three times with 100 mL of absolute ethanol for 12 h at 60 °C. Finally, the resulting powder
was dried at 85 °C overnight (yield = 75 %). Characterization details can be found in the

Supporting Information.

Synthesis of ZIF-90.

ZIF-90 was synthesized through the previously reported method.!'® In a typical synthesis, 0.27
mL of trimethylamine (1.96 mmol) was added to a solution 0.01 M of imidazole-2-
carboxaldehyde and 3.75 mM of Zn(NO3)2-6H>0 in 200 mL of DMF. The resulting mixture
was stirred for 1 min at room temperature and then, 100 mL of ethanol was added. The particles
were collected by centrifugation, washed five times with ethanol and one time with acetone,
and finally dried at 85 °C overnight (yield = 70 %). Characterization details can be found in the

Supporting Information.

General synthesis of the PSM of UiO-66-NHa:.

0.150 g of Ui0-66-NH> (0.085 mmol) was suspended in ethanol (15 mL) and the corresponding
aldehyde (4PC, 2PC and Sal) was added to the dispersion. The resulting reaction mixture was
then spray-dried at an inlet temperature of 130 °C, feed rate of 3.0 mL min™' and a flow rate of
336 mL min' using a Mini Spray Dryer B-290 (BUCHI Labortechnik; spray cap: 0.5-mm-

hole). A yellow powder was collected after 5 min. The resulting solid was then dispersed in 20
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mL of ethanol and precipitated by centrifugation. This process was repeated four times. The
final product was washed one time with acetone and dried for 12 h at 85 °C. In addition, as a
control experiment, the above-mentioned method was reproduced, except that instead of spray
drying the reaction mixture, we heated it at 130 °C for 5 min. Under these conditions, a
conversion rate of only 3 % was found. Full experimental and characterization details can be

found in the Supporting Information.

General synthesis of the PSM of ZIF-90.

A dispersion of ZIF-90 (0.100 g, 0.39 mmol) and the corresponding amine in 15 mL of ethanol
was spray-dried at an inlet temperature of 130 °C, feed rate of 3.0 mL min'! and a flow rate of
336 mL min' using a Mini Spray Dryer B-290 (BUCHI Labortechnik; spray cap: 0.5-mm-
hole). A yellow powder was collected after 5 min. The resulting solid was then dispersed in 20
mL of ethanol and precipitated by centrifugation. This process was repeated five times. The
final product was washed one time with acetone and dried for 12 h at 85 °C. In addition, as a
control experiment, the above-mentioned method was reproduced, except that instead of spray
drying the reaction mixture, we heated it at 130 °C for 5 min. Under these conditions, the
conversion rate was 0 %. Full experimental and characterization details are reported in the

Supporting Information.

Quantification protocol.

Samples were digested in strong acidic conditions and their "H-NMR spectra were collected to
calculate the conversion of imine by the comparison of the integration of the characteristic
signals of the corresponding reactants (amine and aldehyde). For the PSM of UiO-66-NH>, 10

mg of activated sample, 0.6 mL of DMSO-ds and 120 pL of HF 5 % were poured in a plastic
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NMR tube, and the mixture was sonicated for 1 h until a clear solution was obtained. For the

PSM of ZIF-90, 10 mg of sample was digested with 20 pL of DCI and 0.75 mL of DMSO-ds.

RESULTS & DISCUSSION

Organic Schiff-base condensation reactions conducted via spray-drying. To demonstrate
that organic reactions and, in particular, Schiff-base condensation reactions between aldehydes
and amines could be performed using the SD technique, we initially tested the formation of 2-
((pyridin-4-ylmethylene)amino)terephthalic acid using NH>-bdc and 4-
pyridinecarboxylaldehyde (4PC) as reactants (Scheme 2). This synthesis started with the
mixture of NHz-bdc and 4PC in ethanol (15 mL) at room temperature. The NH»-bdc:4PC molar
ratio was systematically changed from 1:1, 1:2 and 1:3. Each suspension was then spray-dried
at a feed rate of 3.0 mL min™ and an inlet temperature of 130 °C, using a Mini Spray Dryer B-
290. This inlet temperature was selected to assure the evaporation of ethanol as well as to force
the evaporation of the water formed during the Schiff-base condensation reaction. For each
reaction, a yellow powder was collected after 5 min. '"H-NMR spectra of all collected powders
confirmed the imine formation by the appearance of a peak at 8.17 ppm corresponding to the
imine proton (Figures 1a, S1). The synthesis of 2-((pyridin-4-ylmethylene)amino)terephthalic
acid was further corroborated by '*C-NMR (peak corresponding to the carbon atom of the
CH=N imine group at 163 ppm; Figures 1b, S2) and ESI-MS (calculated for [M-H]
[C14HoN204]: m/z = 269.0568; found m/z = 269.0566; Figure S3). We finally determined the
conversion rate of each reaction by comparing the integration of the peaks at 8.17 ppm (imine
proton) and at 7.02 ppm (aromatic proton of the unreacted NHz-bdc). The conversion rates

were 37 %, 84 % and 92 % for the NH2-bdc:4PC molar ratios of 1:1, 1:2 and 1:3, respectively
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We then extended the SD synthesis to two other imine compounds (Scheme 2). The syntheses
were done using the same conditions as for 2-((pyridin-4-ylmethylene)amino)terephthalic acid,
except that instead of 4PC, we used 2-pyridinecarboxylaldehyde (2PC; conversion rate: 87 %)
and Sal (conversion rate: 75 %) in a NH2-bdc:2PC/Sal molar ratio of 1:3. In both cases, the
expected imine compounds were successfully synthesized, as confirmed by 'H- and *C-NMR

and ESI-MS (Figures S4-S9).

Scheme 2. Imine molecules synthesized via SD.
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The high conversion rates obtained in these Schiff-base condensation reactions are remarkable
if we consider that, to the best of our knowledge, this is the first time that discrete organic
molecules have been synthesized via SD. It is well known that, in these condensation reactions,
water is produced so that its removal favours the formation of imines following the Le

Chatelier’s principle. Since SD is based on the fast evaporation of the liquid, we reason that
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water can be rapidly removed from the atomized droplets during the Schiff-base reaction,

thereby favouring the formation of the imine bond.
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Figure 1. a) *H-NMR and b) *C-NMR spectra, collected in DMSO-ds, of 2-((pyridin-4-
ylmethylene)amino)terephthalic acid synthesized using a NH2-bdc:4PC molar ratio of 1:3.

Only the peaks corresponding to the imine molecule are shown.

PSM of UiO-66-NHz. Once we proved the SD synthesis of imine compounds via Schiff-base
condensation, we then transferred the same type of chemistry to MOF crystals. For this, we
selected UiO-66-NH; as the first test case scenario because the amino groups of the NH»>-bdc

linkers are pointing into the pores, and of its high chemical and thermal stability.

A series of ethanolic colloidal suspensions (15 mL) containing UiO-66-NH> [synthesized under
solvothermal conditions; particle size = 245 £+ 65 nm; obtained as pure phase as confirmed by
X-ray powder diffraction (XRPD), scanning electron microscopy (SEM), N2 sorption isotherm

(Seer = 914 m? g'!') and '3C MAS-NMR; see Figures S10-S12] and the aldehydes 4PC, 2PC
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and Sal were initially prepared at molar ratios of NH»>-bdc:aldehyde corresponding to 1:3, 1:5,
1:10 and 1:15. Each suspension was then spray-dried under the same conditions as for the pure
condensation SD reactions. Once the suspensions had atomized, the different yellow powders
were collected from the spray dryer collector, cleaned with ethanol four times and once with
acetone, and finally dried at 85 °C for 12 h. The different samples were named as (UiO-66-
4PC)x, (Ui0-66-2PC)x and (UiO-66-Sal)x (where x is 3, 5, 10 and 15, depending on the
equivalents of aldehyde used). Field-emission scanning electron microscopy (FESEM) of all
dried powders revealed that initial size and morphology of the parent UiO-66-NH; crystals did
not change during the SD process (Figure S13). XRPD indicated that all crystalline powders

retain the crystallinity of the parent UiO-66-NH, MOF (Figures 2b, S14-S16).

To confirm the PSM of UiO-66-NH, with the different aldehydes, we first performed *C MAS-
NMR on (UiO-66-2PC);s, (UiO-66-4PC)15 and (UiO-66-Sal)is (Figures 2a, S17-S19). All
spectra showed the appearance of a new signal centred at 160-161 ppm, which was attributed
to the carbon atom of the CH=N imine group. This peak is consistent with the one observed at
160-162 ppm in the 3C-NMR spectra of the imine compounds previously synthesized via SD
(Figures S2, S5 and S8). It is also in agreement with the *C MAS-NMR signal associated to

the imine carbon in other reported post-functionalized UiOs.!!:1?

The degree of post-synthetic conversion was analysed by first digesting the samples and then
analysing the resulting solutions by 'H-NMR. From the digestion under acidic conditions, the
MOF framework is destroyed and the released imine molecules are hydrolysed forming the
NHz-bdc and the corresponding aldehyde. We then calculated the conversion rate by
comparison of the integration of one peak at 7.36 ppm corresponding to NH>-bdc and those

peaks at 7.98, 8.52 and 7.52 ppm corresponding to 4PC, 2PC and Sal, respectively (Figures

10
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S20-S32). Also note here that all samples were previously washed three times with ethanol and
acetone, and then dried at 85 °C overnight before their digestion. This activation process
ensures the removal of all non-reacted aldehyde molecules adsorbed in the pores of the MOFs
during the SD process, as confirmed by FT-IR (Figures S33-S35). Table 1 lists the degrees of
conversion calculated for all synthesized samples. From this data, it was clear that the degree
of conversion increases while increasing the equivalents of aldehyde used in the reaction. For
example, the degree of conversion increased from 13 % to 20 % between (UiO-66-2PC); and
(Ui0-66-2PC);s. It is important to highlight here that the degree of conversion achieved by SD
are higher than the ones reported for the PSM of UiO-66-NH; with the same aromatic
aldehydes.!®!* The only exception was the conversion rate of 29 % reported by Bokhoven and
co-workers for the formation of (UiO-66-Sal) via the vapour-phase method.?! However, this
latter method is a non-continuous method, which requires vacuum and 16 h to achieve this

conversion rate.

11
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Figure 2. a) *C MAS-NMR specta of (UiO-66-2PC)1s (red) and UiO-66-NH; (black). The
signal of CH=N imine group is highlighted with an asterisk (*). b) XRPD patterns of simulated
UiO-66-NH2 (grey) and activated UiO-66-NH: (black), (UiO-66-2PC)1s (red), (UiO-66-4PC)1s
(blue) and (UiO-66-Sal)1s (green). c-e) N2 sorption isotherms of (c) (UiO-66-2PC)x, (d) (UiO-
66-4PC)y, and (e) (UiO-66-Sal)x synthesized with different equivalents of aldehyde (x). In c-
e), x = 3 (red), x =5 (blue), x = 10 (green), x = 15 (orange). For comparison, N2 sorption

isotherms of activated UiO-66-NH: (black) are also included.

12
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No-sorption isotherms were finally measured at 77 K on all activated samples that were further
degassed at 200 °C for 12 h under vacuum. We found that the surface area and pore volumes
decreased for the samples showing higher degree of conversion (Table 1, Figures 2c-e, S36-
S47). We attributed this trend to the fact that the new imine moieties grafted on the pores are

bulkier than the amino group.

Table 1. BET areas, pore volumes and % of conversion of UiO-66-NH2, (UiO-66-2PC)y,

(UiO66-4PC)y and (UiO-66-Sal)x.

MOF X Sper (m? g™ Pore vol. (cm® g!)*  Conversion (%)°
UiO-66-NH; -- 914 0.3729 --
(Ui0-66-2PC)y 3 699 0.2954 13
625 0.2576 16
10 586 0.2412 17
15 516 0.2190 20
(Ui0-66-4PC)y 3 736 0.3056 9
712 0.3015 16
10 621 0.2652 18
15 573 0.2441 20
(Ui0-66-Sal)« 3 761 0.3151 11
5 709 0.2923 14
10 665 0.2789 16
15 616 0.2587 19

a Calculated at P/Po = 0.4. ® Calculated from *H-NMR spectra of the digested samples.

PSM of ZIF-90. To explore the versatility of the PSM via SD, we then switched to a terminal
aldehyde-containing MOF to post-functionalize it with amine molecules. To this end, we
selected ZIF-90 that is built up from imidazole-2-carboxaldehyde (ICA) and Zn(II) ions, giving
rise to a sod-3D porous network showing a pore size around 11 A and a pore size window
around 3.5 A. Following a similar synthetic procedure as for the PSM of UiO-66-NH,, three
ethanolic suspensions of ZIF-90 [synthesized at room temperature; particle size =41 =+ 9 nm;

obtained as pure phase as confirmed by XRPD, SEM, N, sorption isotherm (Sger = 1070 m? g°

13
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" and 'C MAS-NMR; see Figure S48-S50] and butylamine (BA) were initially prepared at
molar ratios of ICA:BA corresponding to 1:3, 1:10 and 1:15. Each suspension was then spray-
dried under the same above-mentioned conditions. Once the suspensions had atomized, the
different pale yellow powders were collected from the spray dryer collector, cleaned with
ethanol five times and once with acetone, and finally dried at 85 °C for 12 h. Again, the resulting

powders were named as (ZIF-90-BA)x, where x is the number of equivalents of BA.

Similarly, FESEM revealed that initial size and morphology of the parent ZIF-90 crystals did
not change during the SD process (Figure S51), whereas XRPD indicated that all crystalline
powders retain the parent sod structure (Figures 3b, S52). In this case, the formation of
imidazol-2-butylmethanimine (IBI) was initially confirmed by FT-IR spectroscopy. Two sets
of new bands appeared in the IR spectra of the post-synthetic functionalized ZIF-90 (Figure
3c): 1) the band corresponding to the C=N group, centred at = 1644 cm™!, which intensity
increased as the equivalents of BA were increased; and 2) the aliphatic C-H stretching of the
butyl moiety within the 3000-2700 cm™! range. Moreover, no band corresponding to -NH> was
observed, indicating that there was not unreacted BA inside the pores of ZIF-90. The formation
of IBI was further corroborated by the peaks observed in the *C MAS-NMR spectra at 59, 32,
20 and 13 ppm, which were all attributed to the butyl chain (Figure 3d). The peak at 59 ppm
was assigned to the methylene group bonded to imine nitrogen. Moreover, the signal of the
aldehyde group was observed at 195 ppm, indicating that not all carbonyl groups were reacted.
Finally, the formation of IBI was undoubtedly confirmed by identifying it in the solution
resulting from dissolving all (ZIF-90-BA)x samples using acetic acid (Figures S53-55). Indeed,
'H-NMR spectra showed peaks at 8.55 and 3.82 ppm that were attributed to the CH=N imine
proton and the N-CH> methylene protons of IBI, respectively. On the other hand, the peak at

m/z = 152.1180 in the ESI-MS spectra, matches with the molecular formula of the protonated

14
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IBI [CsHi3N3]" (m/z = 152.1182). Note here that, under these conditions, IBI was also partially

hydrolysed.

In order to quantify the conversion rate, 'H-NMR spectra of the digested samples in DCI,

DMSO-ds were collected (Figure S56-S59). Under these stronger acidic conditions, ZIF-90 is

dissolved and the released IBI is completely hydrolysed forming ICA and BA. Thus, the degree

of conversion was measured by comparison of the integration of the peaks at 7.57 and 0.86

ppm corresponding to ICA and BA, respectively. We found that the conversion rates were 25

% for (ZIF-90-BA)3, 32 % for (ZIF-90-BA)10 and 42 % for and (ZIF-90-BA);s.
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Figure 3. a) Schematic representation of the PSM of ZIF-90 with butylamine via SD. b) XRPD

patterns of ZIF-90 and (ZIF-90-BA)x, as compared to the simulated powder pattern for the

crystal structure of ZIF-90 (grey). c) IR spectra of ZIF-90 and (ZIF-90-BA)x, highlighting the

aliphatic C-H and imine C=N vibrational bands with an asterisk (*). d) **C MAS-NMR spectra

of ZIF-90 and (ZIF-90-BA)is, where the peaks corresponding to the butyl chains are
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highlighted with an asterisk (*). ) N2 sorption isotherms at 77 K of ZIF-90 and (ZIF-90-BA)x.

In b-e), ZIF-90 (black), (ZIF-90-BA)s (red), (ZIF-90-BA)10 (blue), and (ZIF-90-BA)1s (green).

These results were consistent with the gradual decrease of the Sger values (determined by the
Na-sorption isotherms at 77 K) as the conversion rate (introduction of more bulky butyl chains)
was also increased (Figures 3e, S60-S62). The calculated Sper were 670, 483 and 424 m? g’!
for (ZIF-90-BA )3, (ZIF-90-BA)10, and (ZIF-90-BA )15, respectively. These values corresponded

to a loss of 39 %, 45 % and 63 % of the Sget of the parent ZIF-90.

Table 2. BET areas, pore volumes and % of conversion of ZIF-90, (ZIF-90-BA)x and (ZIF-90-

HMDA)s
MOF X Soer Pore vol. (cm® g!)*  Conver. (%)°
(m*g™)
ZIF-90 1070 0.4412 -—-
(ZIF-90-BA), 3 670 0.3150 25
10 483 0.2166 32
15 424 0.2042 42
(ZIF-90-HMDA)s 5 69 0.0377 70

3 Calculated at P/Po = 0.4. ® Calculated from *H-NMR spectra of the digested samples.

Previous studies have shown that the introduction of alkyl chains in the pore surfaces of a MOF
increases its hydrophobicity.?**> We therefore studied the surface wettability of all post-
functionalized ZIF-90 samples by measuring the contact angle (©¢) on pressed pellet disks of
ZIF-90, (ZIF-90-BA)3, (ZIF-90-BA)10, and (ZIF-90-BA)is. The Oc in each case was 90.4°,
93.3°, 96.1° and 99.3°, respectively - confirming an increase in the hydrophobicity when the

conversion rate increases (Figure S63).
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Finally, the effect of the particle size on this spray-drying solid/liquid reaction was studied. To
this end, a suspension containing larger ZIF-90 crystals (particle size: 18 =9 um, Figures S64-
S65) and ICA (using ICA:BA 1:15 molar ratio) were spray-dried under the same experimental
conditions as described above, vide supra. Here, a conversion rate of 22 % was determined by
analysing the "H-NMR spectra of the digested sample (Figure S66). This value is lower than
the one obtained when ZIF-90 nanoparticles were used (42 %), and it is comparable to other

conversion rates found in aldehyde-terminated ZIF particles of similar size.?>-°

PSM of ZIF-90 with a diamine molecule. We further evaluated the PSM via SD by using
hexamethylenediamine (HMDA) to crosslink nearby aldehyde groups located on the pores of
ZIF-90 (Figure 4a). It is important to mention here that PSM of ZIFs with terminal and aliphatic
diamine molecules, such as ethylenediamine, have already been reported. For example, Balkus
and co-workers cross-linked neighbouring SIM-1 crystals with ethylenediamine to form a

highly compact selective water/methanol membrane.?’

Following the procedure applied in the previous PSMs via SD, an ethanolic suspension of ZIF-
90 and HMDA (molar ratio aldehyde:amine = 1:5) was spray-dried under the same above-
mentioned conditions. The collected powder called (ZIF-90-HMDA)s was also cleaned with
ethanol five times and once with acetone, and dried at 85 °C for 12 h. Again, we did not observe
any significant change on the crystal size and morphology during the SD process (Figure S64),
and the XRPD indicated that the collected crystals retain the parent ZIF-90 structure (Figure

365).
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Figure 4. a) Schematic representation of the PSM of ZIF-90 with hexamethylenediamine. b)
IR spectra of ZIF-90 (black) and (ZIF-90-HMDA)s (red), highlighting the aliphatic C-H and
imine C=N vibrational bands with an asterisk (*). ¢) 3C MAS-NMR spectra of ZIF-90 (black)
and (ZIF-90-HMDA\)s (red), where the peaks at the alkyl region are highlighted with an asterisk
(*). d) N2 sorption isotherms of ZIF-90 (black) and (ZIF-90-HMDA)s (red). (e) Contact angle

image of a pressed pellet disk of (ZIF-90-HMDA)s.

The FT-IR spectrum of (ZIF-90-HMDA)s showed the presence of the characteristic C-H
stretching bands of the hexamethyl chains at 2930 and 2850 cm™' as well as a new band centred
at 1630 cm’! corresponding to the C=N group (Figure 4b). Moreover, the absence of the
characteristic vibrational bands of the NH> groups suggested that both amino groups of the
HMDA were reacted. Altogether these observations agree well with an effective crosslinking

of the aldehyde groups located on the pores of ZIF-90 using HMDA.

We further studied this crosslinking by *C MAS-NMR. The spectrum of (ZIF-90-HMDA)s
showed a low intensity of the peak at 179 ppm corresponding to the aldehyde group, suggesting
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a low concentration of this group within the framework (Figure 4c). This result agrees well
with the FT-IR spectrum, in which a low intensity of the band at 1675 cm™ corresponding to
the aldehyde group was also observed (Figure 4b). On the other hand, three signals in the alkyl-
region (60, 30 and 27 ppm) were observed, indicating high symmetry in (ZIF-90-HMDA)s.
The downfield signal was attributed to the -N=CH>- methylene groups, and the other two
signals to the four -CH»- methylene groups of the diimine bridge. In fact, we did not detected
the characteristic peak of the -CH,-NH, methylene centred at = 40 ppm,'° which would indicate
that HMDA was only attached by one of its amine groups. The presence of the diimine cross-
linking molecule N,N'-(hexane-1,6-diyl)bis(1-imidazol-2-yl)methanimine) (Figure 4a) was
finally confirmed by analysing the solution resulting from the digestion of (ZIF-90-HMDA)s
in acetic acid by 'H-NMR and ESI-MS (Figure S66). The peaks at 8.58 ppm and 3.83 ppm in
the '"H-NMR spectrum were attributed to the CH=N imine proton and the N-CH, methylene
protons of the diamine molecule, respectively. On the other hand, in the ESI-MS spectra, the
peak at m/z = 273.1836 matches with the molecular formula of the protonated N,N'-(hexane-

1,6-diyl)bis(1-imidazol-2-yl)methanimine) [C14H20Ng]" (m/z = 273.1822).

'H-NMR spectrum of the digested (ZIF-90-HMDA )s in strong acidic conditions (DCI, DMSO-
ds) was collected to quantify its yield of conversion (Figure S67). Comparison of the integration
of the signals corresponding to ICA (7.56 ppm) and HMDA (1.30 ppm) revealed that there are

35% of HMDA, meaning that 70% of the ICA linkers were functionalized.

This high conversion of cross-linked ICA linkers in (ZIF-90-HMDA )s should therefore involve
a remarkable closure of its pores and reduction of its surface area in comparison to its parent

ZIF-90. This assumption was confirmed by measuring the Sger from the Nz-sorption isotherm
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at 77 K. We found a Sger of 69 m? g! that corresponds to a reduction of 93 % of the original

Sget of ZIF-90 (Table 2, Figures 4d and S68).

The contact angle (O.) was also measured on a pressed pellet disk of (ZIF-90-HMDA)s, giving
a value of 110.9°, that correspond to a higher hydrophobic surface in comparison to the

different (ZIF-90-BA)x samples (Figures 4e).

CONCLUSION

We have reported a highly versatile and effective methodology to post-synthetically modify
MOFs via Schiff-base condensation reactions. This strategy can be applied to MOFs with either
terminal aldehyde or amine groups, reduces their PSM time, and enables their continuous PSM
with good rates of conversion. Therefore, it should facilitate the PSM of MOFs for numerous
applications, including catalysis, sensor technology, pollutant removal, and separation. This
method also allowed the efficient crosslinking of the terminal aldehydes groups of ZIF-90 using
a diamine molecule, thereby blocking their porosity and opening up new avenues for future
triggered delivery systems. Finally, it also enables performing Schiff-base condensation
reactions between discrete amine and aldehyde molecules, opening new perspectives in organic

chemistry synthesis.
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