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The first example of spiropyran-incorporated metal-organic
framework was synthesised via a two-step post-synthesis
modification of the Zr-oxo nodes in MOF-808. The incorporated
spiropyran could not otherwise be obtained via the analogous
one-step de novo synthesis. The resulting MOF-808-SP showed a
photoresponsive surface area, pore volume and CO, uptake,
relevant for light-dependent gas separations processes.

Spiropyrans are a group of photoactive molecules with two
orthogonal m-networks connected via a central tetrahedral
carbon (Cspi,o).l'4 The nonbonding N p, orbital in the spiropyran
molecule can donate electron density into the Cg,—O
antibonding orbital, though this effect is partially offset by the
similar donation of the O nonbonding orbital into the Cg;,,—O
orbital.> When triggered by UV irradiation, a 2mt + 2m + 2n
pericyclic reaction occurs, cleaving the Cgy;,—O bond in the
colourless spiropyran and leading to interconversion to the
coloured merocyanine (MC) form.? Upon visible light and/or
heat exposure, the MC molecule reverts back to its original
spiropyran form (Fig. 1).1 The ring-closing reaction rate for MCs
is highly sensitive to the R? substitution, and falls in the range
of 10° to 10°s.°
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Fig. 1 Molecular demonstration of the reversible isomerisation between spiropyran and
merocyanine.

Metal-organic frameworks (MOFs) are a class of multi-
dimensional porous networks composed of organic struts and
inorganic nodes, and can be systematically tuned in terms of
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chemical composition and precise arrangement.7'9 Recently,
there has been a significant interest in developing
photoresponsive MOFs for light-modulated guest
separation/storage; this process offers a potential low-energy
alternative for post-combustion flue gas separation.w'12 These
studies have focused extensively on
frameworks,B'19 as well as on diaryletheneszo'21
2ps a photochromic moiety, spiropyrans in MOFs are
understudied, with only one example reported to date, for a
MOF incorporating a non-covalently impregnated spiropyran.23
Using a microwave-assisted crystallisation inclusion method,
8-9 wt% of nitrobenzospiropyran was introduced as a guest in
the cavities of the indium MOF ([In;O(OH)(btc),]-2H,0, JUC-
120, btc = 1,3,5-benzenetricarboxylate) to form a hybrid
material with highly reversible photochromism.23 Besides host-
guest chemistry, incorporation of spiropyran molecules onto
the metal clusters via postsynthetic modification (PSM) serves
as a promising approach to introduce photochromism into
MOF materials.”*

In the present study, a novel spiropyran with a short-chain
carboxylic acid (acetate) and a nitro group positioned at R' and
R?, respectively, was designed and targeted (2-(3’,3’-dimethyl-
6-nitrospiro-[chromene-2,2’-indolin]-1’yl)acetic acid, SP). The
carboxylate functionality on the R! position was employed to
facilitate spiropyran appendage to the metal clusters; the
electron-withdrawing nitro group in R? position enabled the
designed spiropyran to undergo isomerisation via a lower
energy triplet pathway, in turn permitting faster and more
efficient interconversion.’

The zirconium-based MOF-808%> (Fig. 2a,
[ZrgO4(OH),4(btc),(HCOO)g]) was chosen as a PSM platform for
the following reasons: 1) the high oxidation state of zrY
enables strong metal-ligand bonds, making MOF-808 highly
chemically robust, and thus permitting the installation and
further chemical modification of the spiropyran functional
groups;27'30 2) MOF-808 possesses sufficiently large cavities to
accommodate the SP molecule (ca. 14 A for SP length and ca.
18.4 A for pore diameter in MOF—808);25' % 3) the relatively
labile formate ligands on the Zrg cluster in MOF-808 are

azobenzene
10,
and others.
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available for chemical modification of the cavities via solvent-
assisted ligand exchange (SALE).31' 32 Herein we also report the
novel synthesis of a spiropyran through multi-step PSM inside
MOF-808, and explore the guest sorption properties of the
resulting photoactive framework. A combination of X-ray
powder diffraction (XRPD), gas adsorption measurements, and
Fourier transform infrared (FTIR), UV-vis, and nuclear magnetic
resonance (NMR) spectroscopies were employed to
interrogate the potential light-dependent properties of the
functionalised MOF.
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Fig. 2 (a) Molecular representation of MOF-808 (left) and the schematic representation
of the solvent-assisted ligand exchange (SALE) of the 1-(carboxymethyl)-2,3,3-trimethyl-
3H-indol-1-ium (P) molecules and the subsequent secondary functionalisation reaction
for the synthesis of 2-(3’,3’-dimethyl-6-nitrospiro-[chromene-2,2’-indolin]-1’yl) acetate
(SP, right) on the Zr-oxo clusters in MOF-808; (b) Proposed mechanism showing
intramolecular electrophilic attack preventing the synthesis of SP in solution (top) and
SP synthesis mechanism via SALE and secondary functionalization reaction in MOF-808
(bottom).

Although the synthesis of 3-(3’,3’-dimethyl-6-
nitrospiro[chromene-2,2’-indolin]-1’-yl)propanoic  acid has
been reported |:)reviously,33'35 initial attempts to synthesise the
SP with an acetate functionality using a typical synthetic
procedure for R;-substituted spiropyrans33 was unsuccessful.
We suspected that the short acetate functionality in 1-
(carboxymethyl)-2,3,3-trimethyl-3H-indol-ium iodide (P)
favoured intramolecular electrophilic attack for the
subsequent formation of 9,9,9a-trimethyl-9,9a-
dihydrooxazolo[3,2-alindol-2(3H)-one  (cyclic P),  which
precluded the formation of desired SP (Fig. 2b). Our hypothesis
was confirmed by the NMR and FTIR analysis. After the bulk
reaction, the product was separated from the precursors by

2| J. Name., 2012, 00, 1-3

column chromatography. 'H and *C NMR measurements
qualitatively indicated the presence of cyclic P as the major
product in the reaction mixture (ESI). In addition, compared to
P, the FTIR spectrum of cyclic P shows a change in both the C—
0 (1726 cm™ to 1717 cm™) and C=0 (1186 cm™ to 1287 cm™)
vibrations and a disappearance of the O—H (2900 cm"l) stretch,
indicating the formation of an ester in cyclic P (ESI). In order to
synthesise SP the intramolecular cyclisation of P must be
prevented. Thus in the following experiments, we attempted
to append the acetate group of P onto the Zrg cluster in MOF-
808 before performing the SP reaction (Fig. 2). In this
approach, steric effects resulting from appendage would
prevent intramolecular cyclisation and allow the desired
condensation reaction to proceed (Fig 2b). In a typical
experiment, MOF-808 (397 mg) and P (0.148 mg) were soaked
in 10 mL N,N’-dimethylformamide (DMF) overnight at room
temperature to enable SALE, following which MOF-808-P was
soaked in fresh DMF to remove unreacted ligands. Thereafter,
the sample was solvent-exchanged with ethanol and dried in
vacuo (Fig. 2a and ESI). The extent of P incorporation in MOF-
808-P was estimated by 'H NMR spectroscopy after dissolving
the framework in KOH/DZO.26 The corresponding signals of the
incorporated P were integrated against that of the btc
Iigands.26 This information, coupled with elemental analysis,
allowed the chemical formula of MOF-808-P to be assigned as
[ZrgO4(OH)4(btc),(HCOO)s 95(P)gos]- MOF-808-P was then
further chemically modified to form MOF-808-SP
([ZrgO4(OH)4(btc),(HCOO)s5 95(P)o.03(SP)o.02]) via a condensation
reaction with 2-hydroxy-5-nitrobenzaldehyde (Fig. 2b and ESI).
Considering that the cavity size in MOF-808 is 16.6 A, the
theoretical ratio of spiropyran (~14.9 x 85 x 7 A)23
incorporation is 1 spiropyran per pore (or per 2 Zrg clusters)
(see ESI for calculations). Thus, the actual incorporation SP was
low with respect to the maximum amount that would be
possible.

After PSM, the XRPD patterns of both MOF-808-P and
MOF-808-SP showed no signs of degradation of the parent
frameworks (ESI);g' 26 slight differences in relative diffraction
peak intensities were observed, and may be attributed to
changes in the electron density introduced by the P or SP
ligands. The successful incorporation of P and the formation of
SP in MOF-808-P and MOF-808-SP, respectively, were initially
evidenced by their optical change. Compared to MOF-808,
which has a white appearance, MOF-808-P attains a pink
colouration after SALE, and further changes to red upon
condensation to give MOF-808-SP. These
qualitatively confirmed by UV-vis spectroscopy measurements
(Fig. 3b). Compared to the spectra of MOF-808, distinctive new
adsorption bands centred at 18100 and 27980 cm™ appear in
those of MOF-808-P and MOF-808-SP, respectively, which can
be attributed to the ligand-to-cluster charge transfer (LCCT)
interaction between the highest occupied molecular orbital

results were

(HOMO) of the introduced moiety and the d orbitals in zr"V (Fig.

3b).36 In this case, zrV (do) is a good electron acceptor, while P
and SP are strong m-donors; so the energy of the HOMO
reflects the extent of m-delocalisation in the incorporating
molecules. Compared to SP, P has only one delocalised

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Page 3 of 5

Journal-of:MaterialscChemistry A

aromatic system, which results in a lower energy LCCT. Ligand-
to-metal charge transfer (LMCT) systems involving spiropyrans
and with similar UV-vis spectra have previously been
reported.37'39

The Ar adsorption isotherms of MOF-808-P and MOF-808-
SP retain the type IVb shape40 (with a step at p/p, =~ 0.05, Fig.
2c) found for the MOF-808. Brunauer—-Emmett—Teller (BET)
analyses of the adsorption isotherms indicate a decrease in
surface area from 1201 m™ g'1 for MOF-808 to 857 and 836 m™
g'1 for MOF-808-P and MOF-808-SP, respectively, which is
expected as a result of guest incorporation and its further
chemical modification. As additional evidence of P and SP
incorporation, non-local density functional theory calculations
(DFT, based on the DFT-Ar on oxides@87 K model in the
MicroActive software, Micromeritics Instruments Inc.) show a
reduction in the total pore volume for the 16 A cavities in the
MOFs-808-P and MOF-808-SP, though no drastic changes were
found in the average pore sizes (ESI). CO, adsorption analysis
indicated that MOF-808-SP exhibited a significantly higher CO,
affinity than the parent MOF-808 (ESI). It is proposed that the
N and O on the introduced SP moieties can improve the
thermodynamic interaction between CO, and the framework
pore environment. This result was supported by a recent
computational study demonstrating that CO, interacts more
strongly with N-containing heterocycles and NO, groups than
its aromatic interaction with btc.**

a) N0~ H)—-NO,
{ T bj " Visible light

NS and/or

@ Heat

MOF-808-SP, v

Jri—
\ 7

®)

MOF-808-

b)

Intensity [-]
X

15000 20000 25000 30000

Wavenumber [cm™]

35000 40000

c) 25 om(’""""'".’ d)

Ar uptake @ 87 K [mmol.y |

CO, uptake @ 298 K [,
.

00 02 04 06 08 10 o
PP,
® / — MOF-808-P

800
Pressure [mbar]

1200

o / — MOF-808 ® / — MOF-808-SP, —P
Fig. 3 a) Schematic representation of the photoisomerisation of MOF-808-SP; b) UV-vis
spectra for MOF-808 (black), P (blue), MOF-808-SP (pink), and MOF-808-SP after UV
irradiation (orange, A = 254 nm, 30 min); c) Ar adsorption (filled) and desoption (open)
isotherms for MOF-808 (black), MOF-808-P (purple), MOF-808-SP (pink) and MOF-808-
SP after 30-min UV irradiation (orange); d) CO, adsorption (filled) and desorption

(open) isotherms for MOF-808-SP and MOF-808-SP after 30-min UV irradiation.
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The isomerisation of SP inside MOF-808-SP (Fig. 3a) was
further investigated through a range of techniques. The UV-vis
spectrum of MOF-808-SP after UV irradiation showed a blue-
shifted (27980 to 28750 cm"l) LCCT band, which can be
explained by the increase in conjugation resulting from SP to
MC isomerisation.” Variable temperature (VT) UV-vis
spectroscopy was used to further probe the change of the
LCCT band in MOF-808-SP (ESI). It was predicted that an
increase in temperature (50 °C)5 would cause the MC form to
reverse back to the SP form, shifting the LCCT band to its
energy prior to UV irradiation. However, for MOF-808-SP, an
increase in temperature resulted in a further blue-shift of the
LCCT absorption, indicating that heat favours the ring opening
reaction (ESI). A similar phenomenon was reported for the
host-guest system with JUC-120 and SPs,23 and was attributed
to the stabilisation of the polar merocyanine from in the pore
environment. That was also possible for MOF-808-SP due to
the presence of polar Zr-OH groups in the Zrg clusters.” In
addition, MOF-808-SP shows a decrease in BET value after UV
irradiation (639 m’ g'l, Fig. 3c), indicating a change in the
framework pore environment. Non-local density functional
theory calculations (conducted using the MicroActive
software, Micromeritics Instruments Inc.) demonstrated a
decrease in the large pore volume for MOF-808-SP after UV
irradiation (ESI), which is attributed to the increased size of
MC.’ In principle, after UV-irradiation, the MOF-808-SP should
show a stronger CO, affinity due to potential interactions
between CO, and the charged moieties present in the open
MC form (Fig. 3a). However, quantitative calculation of the
heat of CO, adsorption was prevented by the gradual
isomerisation of the incorporated SP during the measurement
of sequential CO, isotherms at 25-45 °C. Instead, successive
CO, isotherms were measured at 298 K for MOF-808-SP to
demonstrate the change in CO, uptake before and after
isomerisation (Fig. 3d). After UV irradiation, the CO, capacity
of MOF-808-SP increased from 1.34 to 1.57 mmol g'1 at 1.2 bar
(Fig. 3d). In all, both UV-vis and gas-adsorption studies confirm
the photoresponsive nature of MOF-808-SP.

In summary, a new photoactive framework incorporating
spiropyrans was synthesised via a two-step post-synthesis
modification, whereby the SP condensation reaction was
performed after appendage of P to the Zrg node of MOF-808.
SP could not be similarly obtained via bulk synthesis. MOF-
808-SP showed a photoresponsive BET surface area, pore
volume and CO, uptake, demonstrating its potential for light
dependent low energy gas separation and/or storage. In
addition, the present study provides an important proof-of-
concept example of the photoresponsive nature of spiropyran-
functionalised MOFs, leading the way towards other
framework platforms that may also exhibit light modulated
properties.
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Graphical Abstract
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The first example of spiropyran (SP) functionalised metal-organic framework (MOF) was
synthesised via a two-step post-synthesis modification of the Zr-oxo nodes in MOF-808. The
resulting MOF-808-SP showed photoresponsive surface area, pore volume and CO, uptake.



