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p-Benzoquinone (Q) adsorption/separation, sensing and its
photoinduced transformation within a robust Cd(II)-MOF (1)
is reported. All the adsorption, sensing and photochemical
reactions are directly performed on the single-crystals of 1.

10 Because of their numerous potential applications, metal-organic
frameworks (MOFs) are of considerable interest in chemistry and
materials science.' One of the most promising applications for
MOFs might be their use as porous materials for molecular
adsorption, separation and sensing.” As a host, the porous MOF

1s can sometimes accommodate two or more substrates which
provides an unique opportunity for us to explore the highly
controlled chemical reactions of the encapsulated species within
the inner space. It is now clear that the molecular behavior within
a confined space in the solid state is somehow different from that

2 in solution.?

On the other hand, single MOF-crystals have been shown to
tolerate considerable dynamic behavior at the molecular level
while maintaining their single-crystal character.* Compared to the
bulk samples, the investigation based on discrete MOF-single

»s crystals is relatively rare. The study on single-crystallinity-
maintained MOFs would provide the more direct evidence at
molecular-level for gaining better understanding the phenomena
of guest uptake, realease, or exchange as well as chemical
transformations in the solid state.

3  p-Benzoquinone (Q), as a fully conjugated cyclic dione, is
widely used as a chemical intermediate, a polymerization
inhibitor, an oxidizing agent, a photographic chemical and a
tanning agent.” On the other hand, acute exposure to high levels
of Q, via inhalation in humans, is highly irritating to the eyes,

35 resulting in discoloration of the conjunctiva and cornea, while
dermal exposure causes dermatitis with skin discoloration and
erythema.6 In addition, Q is confirmed to be the main
intermediate of p-hydroquinone (QH,) degradation.” Moreover,
Q is even much more toxic than QH,.® So the Q sensing, and the

40 separation of Q from QH, are very important.

In this contribution, we report Q adsorption,
photoinduced transformation and Q/QH, separation based on a
porous Cd(I)-MOF. The Cd(II)-MOF crystals are robust and can
keep their macroscopic integrity during the processes.

45 The adsorption of Q was performed on a porous 3D MOF
H,0cCd(L),(ClOy), (1, L = 4-amino-3,5-bis(4-pyridyl-3-
phenyl)-1,2,4-triazole), which was previously reported by us.” It
contains square-like channels (dimensions ~11 x 11 A). For a
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so Figure 1. Q adsorption based on 1 in a SC-SC fashion (single-crystal X-
ray diffraction indicates that the loaded Q species are disordered in the
pores, so only the major disordered components are shown). The single
crystal photographs of 1 and 2 are inserted.
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ss Figure 2. a) Host-guest H-bonding system found in 2; b) 'H NMR
spectra (300 MHz, DMSO-d;) of 1, 2 and regenerated 1 (1°); c) the solid
state emission spectra of 1 (A = 328 nm) recorded during the Q
adsorption process; d) the ESR spectra of 2 in dark and in simulated solar
light.

60 practical purpose, the Q adsorption was carried out in an aqueous
media. When the crystals of 1 were immersed in an aqueous
solution of Q (55 mg/L, glucose degradation by an Escherichia
coli is inhibited at this concentration) at ambient temperature for
72 h, the colorless crystals of 1 changed to light brown with

os retention of their single-crystal nature (Figure 1). Single-crystal
X-ray diffraction revealed that the Q guests are located in the
pores of 1 to generate a new host-guest system of
Qc[CdL, (C10y);] (2) (). The uploaded Q was further
confirmed by the thermogravimetric analysis (TGA) (Figure S1,

70 ESIT). As shown in Figure 2a, the encapsulated Q is held in place
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via N-H-+O bond (dg..y = 2.255 A, do..y = 2.848 A and <N-H--O
123°) which is consisting of the -NH, group from the
framework and the one terminal O atom of Q. Compared to 1, the
new proton resonance at 6.86 ppm in the '"H NMR spectrum
further supports the uptake of Q in 2 (Figure 2b). On the other
hand, the uploaded Q can be further removed by extracting (by
MeOH and CH;CN) to regenerate the Q-free framework of 1 (1°)
(Figure 2b). Besides single-crystal X-ray diffraction, the X-ray
powder diffraction (XRPD) patterns of 1, 2 and 1’ are identical,
suggesting that the framework of the Cd(II)-MOF keeps no
change on the bulk samples upon this reversible guest adsorption.
(Figure S2, ESIY). So the Cd(II)-MOF is reusable.

Cd(II)-MOF (1), as a fluorescent sensor for detecting Q, was
fortuitously found by the solid-state luminescence monitoring. As
shown in Figure 2c, 1 exhibits strong emission at ca. 450 nm
upon excitation at 328 nm, corresponding to a distinct blue color.
After Q loading, the emission of 1, however, is strongly
quenched. Figure 2c¢ shows that the emission intensity of 1
decreased by degrees as time progressed. The emission of 1 was
almost completely quenched in ca. 48h. It is known that Q, as an
H-bond acceptor, can associate with H-bond donor via H-bonding
interaction to generate the nonfluorescent supramolecular adduct
in solution, which is resulted from an efficient intracomplex
photoinduced electron transfer in close vicinity.'® It is distinctly
different from that in solution, the luminescence quenching
herein is resulted from the formation of radical species instead of
nonfluorescent CdL,-Q adduct in the solid state. As shown in
Figure 2d, the steady-state electron spin resonance (ESR)
spectrum of 2 shows no signal in dark, but the signal appeared
upon exposure to solar light. The obtained g value (2.0032)
confirms the formation of Q radical.'' So the luminescence
quenching is clearly caused by the formation of radical species
within the CdL, framework. The constrictive encapsulation
within a confined space might facilitate the proton-coupled
electron transfer to generate photoinduced Q radical assisted by
the H-bonding interactions (no ESR signal observed on the free
solid benzoquinone irridiated by simulated solar light, Figure S3,
ESIT)."? Notably, the Q radical is alive for a considerable long
time within the pores in air under ambient conditions.

As a useful sensor, effective detection of the target species at a
low concentration is important. The permitted concentrations of
Q in the discharged wastewater and water body are 1.0 and 0.2
mg/L (USSR, 1975) respectively. So the Q adsorption based on 1
was carried out in 1.0 and 0.2 mg/L aqueous solutions.

Similarly, the emission of 1 could also be strongly quenched
when Cd(II)-MOF suspended in the more dilute Q aqueous
solutions (1.0 and 0.2 mg/L). Figure 3 shows that the emission
intensity was visibly quenched after 1 h (1.0 mg/L) and 4 h (0.2
mg/L), and the weakest emission was observed at 96 h (1.0 mg/L)
and 120 h (0.2 mg/L), respectively. In addition, the sensitivity of
1 was also evaluated in a Q aqueous solution at 0.02 mg/L, we
found it can effectively detect Q at this concentration (Figure S4,
ESIt). Again, the Cd(IT)-MOF framework is intact during these
guest uptake processes (Figure 3).

The photochemistry of Q has attracted considerable attention
for decades.” In the solid state, Q is photoinert. However, Q can
be photolyzed in some H-donor media such as water and alcohol,
and they all go through with a radical process."> The
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Figure 3. Top: the solid state emission spectra of 1 recorded in an
aqueous solution of Q (1.0 mg/L) and corresponding XRPD patterns;
bottom: the solid state emission spectra of 1 recorded in an aqueous
solution of Q (0.2 mg/L) and corresponding XRPD patterns.
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Figure 4. Scheme representation of 2 to 3. a) Single crystal structure
(single-crystal X-ray diffraction indicates that the loaded Q and EtOH
species are disordered in the pores, so only the major disordered
components are shown) and H-bonding Q--EtOH--CIO, system; b) 'H
NMR spectrum (300 MHz, DMSO-ds) of 3; c) the ESR spectra of 3 in
dark and in ambient light.

photochemical study of Q within MOF-flask in the solid state is
unprecedented. As mentioned above, Q exists in the pores as
solar light-irradiated radical species which is an active precursor
for photochemical reaction. However, when Qc[CdL,:(ClOy),]
(2) was exposed to simulated solar light, no photoinduced
reaction occurred, indicating that the reaction could not be
proceeded in the absence of H-donors.”> Compound 2 therefore
was exposed to EtOH vapor at room temperature. After 2 days,
EtOH, as a H-donor substrate, was taken inside to generated
Q'EtOHc[CdL,(C104),] (3) (%). Single-crystal X-ray
diffraction revealed that both Q and EtOH are located in the pores
of 3. As shown in Figure 4a, the encapsulated EtOH and Q are
alternately arranged in the pores and linked together via
intermolecular H-bonds into an EtOH--Q zigzag chain, to which
the ClO, anions are attached through H--O,CI" bonds. Along
with the single-crystal X-ray diffraction, different guest species
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incorporation into the CdL, host was further evidenced by the 'H
NMR spectrum (Figure 4b) and TGA (Figure S5, ESIT). XRPD
pattern indicates that the bulk sample of 3 is stable (Figure S6,
ESIt). It is similar to 2, compound 3 shows a clear ESR signal
s corresponding to the Q radical species in solar light (Figure 4c).
Compared to 2, the difference of 3 lies in that the crystal color
changed from light brown to pink when the crystals of 3 were
exposed to simulated solar light for 24 h (Figure 5). Single-
crystal X-ray diffraction indicated that ca. 50 % of Q transformed
10 into QH; to generate Q/QH,cCd(II)-MOF (4) (1), which is well
agreement with the "H NMR spectrum (Figure 5). Notably, if 3
exposed to simulated solar light over 24 h, no more conversion of
Q could be realized based on 'H NMR spectra (Figure S7, ESIT).
The XDPD pattern demonstrated that the Cd(II)-framework is
15 stable (Figure 5).

ﬁ Solar light 5
[ - 4

Q/EtOH=Cd(Il)-MOF Q/QH,=Cd(Il)-MOF
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Figure 5. Scheme representation of 3 to 4, and the corresponding crystal
pictures are inserted. Single crystal structure (single-crystal X-ray
diffraction indicates that the loaded Q (purple) and QH, (red) species are
disordered in the pores, so only the major disordered components are
shown), '"H NMR spectrum (300 MHz, DMSO-dj), and XRPD patterns of
4. EtOH (J = 1.06, 3.45, 4.64 ppm) and CH3;CHO (0 = 2.25, 9.38 ppm)
and tiny amount of hydroquinone monoacetate are also found in the 'H
NMR spectrum. The simulated and measured XRPD patterns indicate that
the Cd(II)-MOF is stable during the photochemical reaction.
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Besides single-crystal X-ray diffraction and 'H NMR
measurement, the photolysis products were also analyzed by the
GC-MS. The result indicated that the reaction generated QH,,
acetaldehyde along with a tiny amount of hydroquinone
monoacetate (Figure S8, ESIt). The conversion rate of Q in 4 is
65.3 % based on GC analysis.

Notably, the conversion of Q herein is closely related to the
encapsulated amount of EtOH. More amount of encapsulated
EtOH would facilitate the photolysis of Q under the reaction
conditions. For example, when the ratios of Q/EtOH are 1/0.56,
1/1.20, 1/2.77, 1/5.25, 1/8.67 (based on '"H NMR spectra, Figure
S9, ESIf), the conversions of Q are 34.2, 61.0, 66.3, 77.5 and
77.7%, respectively (Figure 6).

40  As shown above, the photolysis of Q can be smoothly carried
out by successive uptake of Q and EtOH under simulated solar
light. Although we say forthright that we currently cannot
describe this photochemical reaction mechanism in detail, the
photochemical behavior of Q within the Cd(II)-MOF flask is

45 indeed different from that in solution. In solution, Q is irradiated
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Figure 6. Plot showing the conversion rate of Q vs Q/EtOH molar ratio
in 4.

by UV light to give rise to its triplet Q° which is typically
described as a photoactive species.”> By contrast, Q within the
CdL, framework can be irradiated by sunlight to generate more
active radical species. So the photoreaction condition is milder.
Secondly, the orientations of the substrates are restricted by H-
bonding interactions within the confined space, which would
facilitate the H-abstraction step.'® In addition, the photolysis of Q
within MOF flask is clean. The photolysis of Q in EtOH,
however, is complicated and produced QH,, acetaldehyde, 1,1-
diethoxyethane, 2-acetylhydroquinone and quinhydrone based on
the GC-MS measurement (Figure S10, ESIT). Such difference is
clearly resulted from the steric effect within the confined space.
On the other hand, the type of H-donor substrate is also an
important factor for promoting the formation of QH,. The
conversions of Q within the adsorption saturated Q/H,OcCdL,,
Q/isopropanolcCdL, and Q/MeOHcCdL, are 13.0, 12.3 and
32.4% (Figure S11, ESIt), respectively. Compared to EtOH, the
packing structure of these H-donors and Q within the CdL, pores
might not facilitate the H-abstraction, consequently the solid-state
photolysis.

Moreover, Cd(II)-MOF can also be a separator to effectively
separate Q and QH,. As we know, Q and QH, have the similar
shape/size and often coexist together in some processes, so the
separation of Q from QH, is a big challenge. When the crystals
of 1 were immersed in an EtOH solution that consists of Q and
QH, (Q/QH, = 1:1 and 1:2, respectively) at ambient temperature
for 7 days in dark. The "H NMR spectrum on the resulted crystals
shows that Q is the preferred guest for the CdL, host in both
cases. The selectivity of 1 is further supported by the liquid
chromatographic (LC) measurement. The above Q/QH, loaded
crystals were extracted by MeOH, and the MeOH-extractions
were used for the LC analysis. As shown in Figure 7,
chromatographic measurement on the MeOH extracts of CdL,
immersed in a EtOH solution of Q/QH, (molar ratio, 1: 1 and 1 :
2) indicated that the the ratios of Q/QH, are 4.6 : 1 and 3.2 : 1,
respectively. So the porous CdL, framework can effectively
separate Q and QH, under ambient conditions.

In conclusion, we have reported Q adsorption/separation,
sensing, and photoinduced transformation based on a porous
Cd(II)-MOF framework in a SC-SC fashion. Notabtly, Q exists in
the pores as a radical species in solar light, which makes the CdL,
framework become a very sensitive luminescent sensor for
probing Q under ambient conditions. Furthermore, the porous
CdL, framework can be a specific molecular flask to successively
upload different substrates, moreover, facilicates the sunlight
induced Q transformation in the solid state. These results are in
sharp contrast to those of common molecular adsorption and
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Figure 7. Left: '"H NMR spectra (DMSO-d°) recorded on the samples
which were obtained by immersing of 1 in the EtOH solutions of Q/QH,
with the molar ratios at 1 : 1 and 1 : 2, respectively. The proton peaks of
the encapsulated Q and QH, are marked. Right: LC measurement. The
standard sample was prepared by mixing equimolar amounts of Q and
QH; in MeOH. The MeOH-extractions of Q/QH,—CdL, obtained from

the EtOH solution of Q/QH, at molar ratios of 1 : 1 and 1 : 2, respectively.

sensing behaviors based on MOFs, and reported photoinduced
chemical transformations in aqueous and organic media.
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1 Synthesis of 2. Compound 1 was sealed in a small vial full of Q vapour
at 70°C for 48 h in dark to generate 2 ([CdL,(ClO;);]*C¢H40,). IR(KBr
pellet cm™): 3348(w), 1650(ms), 1604(s), 1523(ms), 1480(ms), 1402(ms),
1071(vs), 1010(ms), 881(ms), 795(s), 689(ms), 619(s). 'HNMR
(300MHz, DMSO, 25°C, TMS, ppm): 8.69-8.70 (d, J = 3.0Hz, 4H -
CsH4N), 8.45 (s, 2H, -C¢Ha), 8.11-8.13 (d, J = 6.0Hz, 2H, -C¢Hy), 7.96-
7.99 (d, J = 9.0Hz, 2H, -C¢H,), 7.81-7.82 (d, J = 3.0Hz, 4H, -CsH4N),
7.70-7.75 (t, J = 15.0Hz, 2H, -C¢Ha), 6.86 (s, 1.6H, -CcH40), 6.55 (s,
0.1H, -C¢H¢O), 6.45 (s, 2H, -NH,). Elemental Analysis(%): calcd for
Cs4HyoCdCLN 1,040 C 54.04, H 3.36, N 14.00; Found: C 54.17, H3.28, N
14.05. Synthesis of 3. Compound 2 was immersed in EtOH vapour for 2
days in dark to generate 3 ([CdL,(ClO4);]*(CsH40,)*(C:HsOH)]).
IR(KBr pellet cm™): 3348(w), 3069(w), 1651(ms), 1604(s), 1521ms),
1480(ms), 1402(ms), 1085(vs), 1008(ms), 881(ms), 796(s), 689(ms),
619(s). '"HNMR (300MHz, DMSO, 25°C, TMS, ppm): 8.69-8.70 (d, J =
3.0Hz, 4H -CsHuN), 8.45 (s, 2H, -C¢Hy), 8.11-8.13 (d, J = 6.0Hz, 2H, -
C¢Has), 7.96-7.99 (d, J = 9.0Hz, 2H, -C¢H,), 7.81-7.82 (d, J = 3.0Hz, 4H, -
CsH4N), 7.70-7.75 (t, J = 15.0Hz, 2H, -C¢Hy), 6.87 (s, 1.6H, -CcH,0),
6.55 (s, 0.1H, -C¢HeO), 6.47 (s, 2H, -NH>), 4.32-4.35 (t, J = 9.0Hz, 0.6H,
-OH), 3.41-3.48 (m, J = 21.0Hz, 1.3H, -CH,-), 1.02-1.07 (t, J = 15.0Hz,
1.9H, -CH;). Elemental Analysis(%): calcd for CseHisCdCLN,O;;: C
53.97, H 3.72, N 13.49; Found: C 54.15, H 3.57, N 13.53. Synthesis of 4
([CdL,(C104)2]*0.4(CcH40,)*0.6(CsH0,)). Compound 3 was exposed to
simulated solar light for 24h to generate 4. IR (KBr pellet cm™): 3348(w),
3071(w), 1652(w), 1605(s), 1521ms), 1480(ms), 1402(ms), 1085(vs),
1008(ms), 882(ms), 796(s), 689(ms), 620(s). 'H NMR (300MHz, DMSO,
25°C, TMS, ppm): 8.69-8.70 (d, J = 3.0Hz, 4H -CsHuN), 8.69 (s, 0.5H, -
OH), 8.45 (s, 2H, -C¢Hy), 8.11-8.13 (d, J = 6.0Hz, 2H, -C¢Hs), 7.96-7.99
(d, J = 9.0Hz, 2H, -C¢H,), 7.81-7.82 (d, J = 3.0Hz, 4H, -CsHsN), 7.70-
7.75 (t, J = 15.0Hz, 2H, -C¢Hy), 6.86 (s, 0.6H, -C¢H40), 6.54 (s, 1.0H, -
CsHeO), 6.46 (s, 2H, -NH»), 4.32-4.35 (t, J = 9.0Hz, 0.17H, -OH), 3.41-
3.48 (m, J = 21.0Hz, 0.25H, -CH,-), 1.02-1.07 (t, J = 15.0Hz, 0.5H, -
CHs;). Elemental Analysis(%): calcd for CssHy 2CdCLN;,040: C 53.98, H
3.46, N 13.99; Found: C 53.73, H 3.57, N 13.86.
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Crystal data of 2: Mr=1200.28, Tetragonal, P4;2,2, a =15.8664(4), b =
15.8664(4), c =21.7986(13) A, V=75487.7(4) A’, Z=4, p=1.453 gem™,
4#=10.564 mm’', F(000) = 2440, GOF = 1.079; a total of 16438 reflections
were collected in the range of 3.02° < 0 < 25.60°, 4658 of which were
unique (R;, = 0.0401); R;(wR;) = 0.0433 (0.1109) for 421 parameters and
5167 reflections (I >20([)). 3: Mr = 1246.35, Tetragonal, P4;2,2, a
=15.89830(10), b = 15.89830(10), ¢ = 21.6675(7) A, V = 5476.59(18) A,
Z=4, p=1.512 gem®, 1= 0.570 mm", F(000) = 2544, GOF = 1.071; a
total of 16691 reflections were collected in the range of 3.02° < 6 <
25.60°, 4594 of which were unique (R, = 0.0412); R;(wR,) = 0.0417
(0.0998) for 465 parameters and 5128 reflections (I >20(1)). 4: Mr =
1201.50, Tetragonal, P4,2,2, a =15.90821(18), b = 15.90821(18), ¢ =
21.6184(4) A, V'=5471.00(13) A, Z=4, p=1.458 gcm™, = 0.566 mm’
', F(000) = 2444, GOF = 1.074; a total of 15884 reflections were
collected in the range of 3.02° < 6 < 25.60°, 4709 of which were unique
(Rine = 0.0359); R;(WR;) = 0.0417 (0.0998) for 465 parameters and 5142
reflections (I >20(/)). CCDC 1041609-1041611 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Solar light

Q/EtOHCCdL,

p-Benzoquinone (Q) adsorption/separation, sensing and its photoinduced transformation within a robust Cd(I[)-MOF

(1) is reported.
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