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A porphyrin-based metal-organic framework is shown to be
structurally stable towards acid loading using either
hydrochloric or formic acid. The capacity of this material as
an ammonia sorbent was analysed using micro-breakthrough
experiments in both dry and humid ammonia flows. The acid
loaded material exhibited excellent uptake in comparison
with the parent MOF.

Metal-organic frameworks (MOFs) are a class of porous
crystalline materials consisting of organic linker units attached to
inorganic nodes."* With their high pore volume and tuneable
functionality, the study of MOFs has been extensive in areas such
as gas storage and separation,”® catalysis,”'? chemical sensing,'*"
15 drug delivery'® and light harvesting.'” '®* The use of MOFs as
sorbents for toxic industrial chemicals (TICs) is receiving
growing attention, with materials often outperforming activated
carbon, the current mainstay employed in industrial and military
filters."”?' It has been shown that by tailoring the chemical
environment within the pores of the MOF with regard to the
chemical functionality of the TIC of interest, much higher uptake
performance can be achieved. In the particular case of ammonia,
the majority of examples either make use of coordinatively
unsaturated metal sites within the framework to form coordinate
covalent bonds with ammonia,”*** or employ specific organic
linkers that interact with ammonia via intermolecular forces such
as hydrogen bonding. »27 Examples of MOFs that exploit
Brensted acidic sites within the framework are far fewer.®%
Herein we demonstrate the ability of a highly stable porphyrin
based MOF to maintain its structure after loading with
hydrochloric or formic acid, and its subsequent utility as an acid
reservoir for the uptake of ammonia in both dry and humid
conditions.

Al,(OH),(H,TCPP), referred to as AI-PMOF, is a
permanently porous MOF with infinite AI(OH)O, chains
arranged in an almost square array by a free-base porphyrin
linker, giving rise to three dimensional channels (Figure 1).** Al-
PMOF was prepared according to the procedure developed by
Fateeva,” yielding a highly crystalline material with a surface
area of 1400 m’g”. Following the removal of guest molecules
(170 °C, 102 mbar), the material was loaded with HCI by setting
the MOF in a sealed vessel containing conc. HCl for 16 h,
exposing the MOF to the HCI vapour and atmospheric H,O
(Figure S2). It can be seen from powder X-ray diffraction (Figure

2a) and gas adsorption experiments (Figure 3a) that the AI-PMOF
so exhibits remarkable stability towards HCl. Upon HCI uptake, a
colour change from purple to green is observed, attributed to
protonation of the porphyrinic nitrogen atoms, and the powder X-
ray diffraction acquires an amorphous hump in the 20-35° 26
region (Figure 2a). This is most likely a result of the short range
ss order exhibited by HCI and H,O within the pores of the
framework. Indeed, it is observed from ion chromatography and
thermogravimetric analysis (see Supporting Information) that Al-
PMOF-HCI contains 6.5 HCI molecules and 15.3 H,O molecules
per porphyrin linker. Upon removal of these guest molecules
o0 (170 °C, 10 mbar), we see the crystallinity is largely restored,
however a slight decrease in pore volume is observed (Figure 3a).
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Fig 1. a) meso-tetra(4-carboxyl-phenyl) porphyrin (H,TCPP) linker. b-d)
Crystal structure of Al-PMOF viewed along the [001], [100], and [010]
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directions, respectively. e) Schematic illustrating the effect of acid-
loading on NH; uptake.
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Fig 2. Powder X-ray diffraction patterns of the AI-PMOF as made (black)
acid loaded (red) reactivated (blue) and following NH; breakthrough
(green); a) HCI b) formic acid. Starred peaks correspond to ammonium
chloride, (Q=2n/d).
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Fig 3. Nitrogen isotherms at 77K after cycling hydrochloric (a) and
formic (b) acid uptake and removal at 170 °C, 10” mbar. Fresh, activated
Al-PMOF is shown in black circles; the first, second and third cycles are
shown in red squares, blue diamonds and green triangles, respectively.
Adsorption and desorption is denoted by filled and empty symbols.

40 unloading HCI afford no further decrease in pore volume. It is
noted that desolvated AlI-PMOF adsorbs only 1.8 H,O molecules
per porphyrin from the atmosphere in ambient conditions likely
due to the hydrophobic nature of the porphyrin linker; the
considerable increase observed in the acid loaded material is
likely due to the polar nature of the acids within the pores
creating a more hydrophilic environment.

The formic acid loaded material, AI-PMOF-FA, was
prepared by sealing freshly activated AI-PMOF in a vessel with
formic acid, exposing the MOF to formic acid vapour for 16 h.
Thermogravimetric analysis shows comparable loading could
also be achieved by stirring AI-PMOF in neat formic acid for 1 h
(Figure S4). Upon loading AI-PMOF with formic acid, we once
again observed a colour change associated with porphyrin
protonation. In contrast with AI-PMOF-HCI, it is observed that
crystallinity remains in AI-PMOF-FA (Figure 2b). We observed
from ion chromatography and thermogravimetric analysis (Figure
S3) that AI-PMOF-FA contains 6.4 HCOOH molecules and 4.0
H,O molecules per porphyrin linker. From gas adsorption
experiments however, the loading of formic acid is seen to be
more detrimental than HCI to the pore volume of the material,
reducing it by 23 % on the first cycle, and a further 16% on the
second cycle. A third cycle of loading and unloading formic acid
afforded no further deterioration (Figure 3b).

In order to assess the capacity for ammonia uptake,
kinetic micro-breakthrough experiments were carried out under
both dry and humid streams of ammonia (0 % and 80 % relative
humidity (RH), respectively). (See ESI for micro-breakthrough
apparatus and procedures). The results are summarised in Table
1. It is seen that free-base AI-PMOF outperforms BPL activated
carbon, with dry and humid breakthrough occurring after 13.5
min and 25 min respectively, compared to 7 and 13 min for
carbon (Figure 4). We suggest that the bridging hydroxyl in the
Al(OH)O4 chains and the porphyrin nitrogens can act as
favourable hydrogen bonding sites for ammonia. The presence of
water is seen here to improve ammonia uptake, this is often the
case in porous materials, a result of the high solubility of
ammonia in the water film formed in the pores.*!

Upon HCI loading, the performance of the framework
is dramatically increased, with ammonia breakthrough occurring
after 133 and 226 minutes in dry and humid air respectively. It is
seen from powder X-ray diffraction data that following exposure
to ammonia, Al-PMOF-HCIl loses much of its crystallinity,
however the most intense peak of the parent material peak at 0.54
A is still clearly present. Furthermore, an additional phase
appears which matches ammonium chloride (Figure 2a). The
formation of NH,CI indicates that the interaction between the
influent ammonia and the HCl within the pores is a simple
Bronsted acid-base reaction.

AlI-PMOF-FA also exhibits greatly improved
performance over the parent MOF, with ammonia breakthrough
occurring after 110 and 159 minutes in dry and humid streams,
respectively. Interestingly, powder X-ray diffraction of the
sample after ammonia breakthrough shows no reflections
associated with ammonium formate. Furthermore, though the
PXRD shows a slight loss of crystallinity in comparison with the
parent phase, the ammonia treated Al-PMOF-FA is still highly
crystalline, consistent with the reduced X-ray scattering power of
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the constituent atoms of formate compared with chloride and thus
their weaker impact on the diffraction pattern (Figure 2b).
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Fig 4. Dynamic ammonia breakthrough: a) 0% relative humidity; b) 80%
relative humidity.

Table 1. Breakthrough times and uptake of ammonia

30

35

40

NHj uptake at breakthrough

RH  Breakthrough Per formula

Material

(%) time (min) wt% unit

0 13.5 0.5 0.3

AFPMOE ¢, 25 0.9 0.5
Al-PMOF- 0 133 46 38
HCI 80 226 79 6.4
Al-PMOF- 0 110 3.8 28
FA 80 159 5.5 4.0

These ammonia uptakes compare favourably with those recently
reported for a wide range of other MOFs.*?

Conclusions

An aluminium porphyrin-based metal-organic framework has
been shown to adsorb large quantities of both hydrochloric and
formic acids. The material shows remarkable stability towards
these reactive guests, even allowing cycling of acid loading
despite vigorous removal conditions. By exploiting Brensted
acid-Brensted base interactions, micro-breakthrough experiments
have shown that we can utilize the high density of acid groups
within the pores to afford greatly improved ammonia uptake in
comparison to both the parent MOF and activated carbon, the
current mainstay in single use protection. Furthermore, the
materials exhibit an additional increase in performance against
ammonia under humid conditions, with a capacity of up to
7.9 wt% ammonia at breakthrough.
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