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A water stable zirconium-porphyrin MOF (PCN-222) was
synthesized according to the reported method and found to
produce a distinct reversible colorimetric and fluorescent
"turn-off-turn-on" pH response. The colorimetric response is
achieved under acidic conditions starting at pH = ~3 and
persists under concentrated acidic conditions. To the best of
our knowledge, this is the first report of a colorimetric MOF
pH sensor.

Metal-organic frameworks (MOFs) have been under intense
investigation since their popularization around the turn of the
millennium for a wide variety of potential applications.® The
immobilization of organic linker ligands to metal ions or metal
clusters not only gives rise to a vast number of fundamentally
interesting porous crystalline structures, but also opens up the
possibility of converting homogenous systems into heterogeneous
analogues capable of emulating or surpassing the original properties
of the parent molecule(s).? The rational design of MOF chemical
sensors build on this premise; the systematic ordering and
immobilization of fluorescent organic ligands into MOF structures
often enhances and optimizes the original optical properties of the
ligand, as well as providing a stable and porous manifold to function
within.?p: % 1m Ag gych, it is no surprise that MOFs are being so
widely investigated for chemical sensing. An idealized MOF sensor
will demonstrate at minimum the following attributes: selective
interaction with the analyte, a distinct fluorescent or colorimetric
response, a high degree of stability in the analyte media, and a high
degree of recyclability.

The fluorescent and colorimetric properties of tetrapyrrolic
macrocycles (porphyrin derivatives) is a vast and rich field
containing innumerable entries.®> However, their appearance as
linkers in MOF structures is relatively new, and while there are a
number of porphyrin MOFs reported, their properties have been
investigated to a much lesser extent.* Recently, Hong-Cai Zhou's
group reported a zirconium-porphyrin MOF (PCN-225) capable of
fluorescent pH sensing through luminescent emission enhancement
in basic solution, demonstrating the feasibility of pH fluorescent
sensing with these materials. The material was found to have the
most sensitive response in the range of pH 7 - 10.%
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Herein we report an idealized case of MOF chemical
sensing through the reversible colorimetric and fluorescent pH
response of the reported zirconium-porphyrin MOF, PCN-222, in the
range of pH 3 - 0.*d This MOF contains a Zre(js-OH)s(OH)s(CO2)s
secondary building unit (SBU), where (COz2)s correspond to the
carboxylate groups from eight meso-tetra(4-
carboxyphenyl)porphyrin (Hztcpp) ligands. The MOF also contains
one dimensional open channels of 3.7 and 1.3 nm diameter lined by
the porphyrin moieties that allow for easy passage of analyte or
substrate molecules as well as direct interaction with the porphyrin
subunits (Fig. S1). It is worth noting that PCN-222 can be
constructed using metallated tcpp (Mtcpp), however for this study
the metal free ligand was chosen.

Single-phase crystalline product was obtained and
activated using the reported hydrothermal method and confirmed by
powder X-ray diffraction (PXRD) (Fig. S2, Supporting
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Fig. 1. Photographs of PCN-222 samples (a) and ligand Hetcpp (b) under ambient
light. These samples are exposed to acidic solutions at various concentrations,
followed by reversal washes in between each exposure; exposures were made in
the order in which they appear from top left to bottom right. Caption photos are
intended demonstrate responsiveness.
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Information).* To evaluate the potential of the material to serve as a
reversible and stable material for pH sensing, the MOF was exposed
to HCI and NaOH solutions varying in concentration to span the pH
range of -1 (concentrated HCI) to ~12 (0.01 M NaOH). In regards to
the materials' aqueous stability, it is worth pointing out that a sample
of PCN-222 was immersed in water for a period of nine months,
after which time a PXRD measurement was made showing that the
structure is largely intact compared to the simulated pattern; the
subtle differences in the patterns are due to a very small amount of
impurities that were present in the original sample. After this time
the material took on a charcoal grey color, which is likely a result of
replacing residual  N,N-dimethylformamide (DMF) solvent
molecules with water. While the material proves to be exceedingly
stable in aqueous acidic conditions, a feature quite rare for MOFs, it
was found that dissolution occurs somewhere between pH 11 - 12,
which is consistent with the original report. In addition, we noted
that when exposed to pH 2 solutions and lower, a very distinct color
change from purple to green occurs (Fig. 1a). While there is a still a
color change that occurs at pH 3 and upwards, it is less noticeable to
the naked eye. Further study reveals that not only is the color change
from purple to green instant and reproducible, but that it is also
completely reversible. Below pH 0, no additional change occurs
besides the intensifying of the green color. As seen in Fig. 1a, in the
case of PCN-222, the response is instant and pronounced. When
PCN-222 was exposed to glacial acetic acid, which has a known pH
of 2.4, the colorimetric response mimics that of the 0.01 M HCI (~
pH 2) solution, showing that this sensing effect is indeed due to pH
and is both reversible and reproducible.

When the same set of experiments was performed using
just the Hetcpp ligand there was little initial response. This is likely
due to the insolubility of Hetcpp in aqueous acidic solution paired
with its comparatively low available surface area, thereby limiting
the protons' access to the majority of the nitrogen Lewis basic sites
(LBSs) on the tetrapyrollic macrocyle.®* Eventually, after thoroughly
rubbing the acid solution into the sample, some minor color change
occurred in the case of 1.0 M HCI. Based upon previous studies of
tetraphenylporphyrin (TPP) and its ability to act as a pH sensing
molecule, we also believe that this effect is due to protonation of the
nitrogen LBS present on the Hatcpp linker.® 3¢ 4 Upon
photoexcitation, the porphyrin macrocycle can undergo both Sz and
Su transitions from a doubly-degenerate set of HOMOs and LUMOs
resulting in the UV-Vis absorption Soret band, which occurs at ~450
nm for Hetcpp, and the Q bands, which are the four smaller bands
ranging ~520-660 nm (Fig. S3).*® It stands to reason that if this
conjugated 7 system is perturbed, the molecule's UV-Vis spectrum
will change accordingly. In order to verify that perturbation of the
macrocyclic © system is responsible for the visible response, solid-
state UV-Vis reflectance measurements were taken on both the
ligand (Fig. S3) and the MOF before (Fig. 2b) and after (Fig. 2a)
acid exposure. In between each different pH exposure, PCN-222 was
washed once with water and DMF in order to reverse the effect of
the acid, resulting in a full return of the original purple color. In the
event that the MOF is washed with just water alone, the material
maintains a grey/brown color, the same color witnessed from pH 4 -
11, however DMF washing was omitted for the ligand due to its
solubility in the solvent. As the results in Fig. 2a demonstrate, as the
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Fig. 2. UV-Vis spectra for PCN-222 after exposure to varying concentrations of
HCI solution (a) and after reversing the effect by washing with H.O and DMF (b).
Measurements were made in the order in which they appear in the legend from top
to bottom, where Wash 1 corresponds to washing PCN-222 with no acid exposure.

acidity of the test solution increases, absorption corresponding to the
high energy Soret band (~460 nm) and the lowest energy Q band
(~660 nm) dramatically increase and are red shifted relative to the
other three Q bands. These shifts correlate to the band-gap of PCN-
222 decreasing from ~1.85 to ~1.7 eV. The net effect is that the
material absorbs more red and blue light over a wider range resulting
in a combination of orange and teal reflectance, which produces a
greenish color when combined. Starting at 1.0 M HCI the three
higher energy Q bands associated with the Hotcpp are all but
invisible from the absorption spectrum. Because these Q bands are a
product of the different S: transitions of the porphyrin unit,
protonation of the macrocycle results in a disturbance of the
conjugated m electron system. This finding supports the reasoning
that the color change effect arises from the degree of protonation and
subsequent deprotonation of the Hatcpp macrocycle within the
structure. After exposure to 8.0 M HCI solution, there is a
broadening of the low energy band from 690 nm to ~715 nm that
persists even through washing. This effect is likely due to
incomplete washing of the highly concentrated acid resulting in
residual protonation.
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Fig. 3. Photoluminescence data for PCN-222 after exposure to varying
concentrations of HCI solution (&) and after reversing the effect by washing with
H20 and DMF (b). Measurements were made in the order in which they appear in
the legend from top to bottom, where Wash 1 corresponds to washing PCN-222
with no acid exposure.

To further investigate the colorimetric response,
photoluminescence (PL) measurements were also taken (Fig. 3) in a
similar fashion to the UV-Vis measurements (370 nm excitation,
Fig. S5, Supporting Information). These data show a very distinct
"turn-off-turn-on" effect as a result of two separate phenomena.
Significant quenching of the low energy emissions from about 645-
760 nm result in a "turn-off" effect after exposure to < 0.01 M HCI
solution. The UV-Vis absorption in this region (610-760 nm, Fig. 2)
is also increased accordingly. The purple color can be thought of
arising from a combination of the green/blue high energy emission
and red low energy emission, and as the low energy emission is
quenched upon exposure to acid, only the high energy emission from
about 450-560 nm is observed, hence the greenish blue color arises
when exposed to 0.01 M HCI solution or glacial acetic acid (Fig. 1a).
At low pH, from pH 0 (1.0 M HCI) downwards, two additional
"turn-on" peaks are observed. The maximum peak at 490 nm shifts
to 500 nm, and the peak at 525 nm is significantly enhanced in
conjunction with the disappearance of the shoulder peak at 465 nm;
at this point the material appears to be entirely green to the naked
eye. Similar to the UV-Vis measurements, the effect was completely
reversed in between each different exposure (Fig. 3b). In order to
further support the claim that the color change is an effect of
protonation/deprotonation of the Hotcpp moiety, similar PL
measurements were taken on a film comprised of just the Hstcpp
molecule (Fig. S6, Supporting Information). While the PL spectra
are different from one another as expected, the response of Hetcpp to
acid exposure is similar in nature to PCN-222 (Fig. 3a), with red
shifting peaks in the high energy region and quenching in the low
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energy region. The PL data for the free ligand in the solid-state also
suggests activation of a new emission peak at ~675 nm after washing
once with H20 and DMF. It should be noted that while Hetcpp is
hydrophobic to the aqueous acid solutions, it dissolves freely in
DMF. Due to the nature of the way the sample was washed, minimal
dissolution occurred, but it may have been enough to disrupt any
long range order within the free ligand, as the PL spectrum looks
more similar to that of Hstcpp when in solution. It should also be
pointed out that when the Hstcpp?* diacid form of the ligand is
dissolved in solution (through the use of co-solvents) it forms dimers
and aggregates at low pH values.®® The immobilization of the
porphyrin unit within PCN-222 prevents formation of such
aggregates and thus provides unique UV-Vis and PL optical
responses.

In summary, we have shown that by incorporating the
Hatcpp moiety into the meso-porous crystalline framework, PCN-
222, the sensitive optical response properties of the soluble
porphryin-derivative molecular species can be realized in an easily
accessible and stable, solid-state single-phase bulk material and
without the formation of aggregates.®® 3 Additionally, we have
shown that the material has the advantage of full reversibility and
reusability that outperforms its molecular analogues and is highly
suitable to act as both a luminescent as well as colorimetric solid-
state sensor for the low pH values covering a relatively wide pH
range.
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