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Metal-organic frameworks (MOFs) provide intriguing platforms for the
design of responsive materials. It is challenging to mobilize as many
components as possible of a MOF to collaboratively accomplish multiple
responsive properties. Here, reversible photochromism, piezochromism,
hydrochromism, ionochromism, and luminescence modulation of an ionic
Eu(lll) MOF is reported furnished by cationic electron-deficient viologen
units and exchangeable guest anions. Mechanistically, the extraordinarily
versatile responsive properties are owed to electron transfer (ET), charge
transfer (CT), and energy transfer, involving viologen as electron acceptor,
anion as electron donor, luminescing Eu(lll) as energy donor, and
anion-viologen CT complex or ET-generated radical as energy acceptor
(luminescence quencher). Moreover, guest anions and waters provide
flexible handles to control the ET-based responsive properties. Water
release/reuptake or exchange with organic solvents can switch on/off the
response to light, while reversible anion exchange can disenable or awaken
the responses to pressure, light, and water release/reuptake. The impacts
of water and anions on ET are justified by the high polarity and hydrogen-
bonding capability of water, the different electron donor strength of anions,
and the strong I™-viologen CT interactions. The rich responsive behaviors
have great implications for applications such as pressure sensors, iodide

1. Introduction

Stimuli-responsive materials that exhibit
changes in light absorption or emission
properties upon exposure to external
stimuli (such as light, pressure, elec-
tricity, and chemical/biological molecules)
are the basis of many applications such
as information technology, sensors, and
medical diagnosis.[!! Metal-organic frame-
works (MOFs) are emerging as intriguing
platforms for the design of responsive
materials.?l’ The hybrid crystalline net-
works can in principle be imparted with
various responsive properties through
functionalizing the metal-based joints,
the organic structs, and the pore space or
utilizing the cooperative effects between
these components.”] It would be inter-
esting if all of the components could be
mobilized to collaboratively implement
multiple responsive properties.

The electron-poor viologen unit (V2,
4,4"-bipyridinium) has strong proneness
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to form charge-transfer (CT) complexes, to

undergo electron transfer (ET) and to

induce energy transfer (EnT),l¥! so it has

attracted much attention as a versatile
responsive building unit for photo/electrochromic materials,*!
chemical sensors/switches,P! host-guest assemblies, and
molecular machines.l! The ET activity also underlies the appli-
cations of viologen compounds as herbicides in agriculture
and as electron relays in photocatalytic systems.l”] Encouraged
by the fascinating properties of the viologen unit, many coor-
dination polymers with viologen-derived ligands (especially
those with carboxylate groups) have been synthesized in recent
years.®] The metal-organic hybridization not only modulates
the viologen-based chromogenic properties but also can impart
new responsive properties, such as stimulus-modulated lumi-
nescent,”) magnetic,['% nonlinear optical,'!l conductive,'? and
piezoelectric properties.®!¥] However, most of these coordi-
nation polymers are nonporous or easily undergo framework
collapse. Only a few viologen-based MOFs with permanent
porosity have been reported, which exhibit interesting
adsorption properties for ammonia or other electron donor
molecules.>>*l We recently obtained a unique lanthanide-
viologen ionic MOF (LVMOF-1) exhibiting permanent open
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channels and excellent chemical tolerance in various media
including water.’” The viologen moieties furnishing the
channels are ideally spaced (=7 A) for sandwiching electron-
rich benzene derivatives through CT interaction, representing
an infinite array of Stoddart’s “blue box” (a rectangular cyclo-
phane formed by two p-xylylene groups spacing two viologen
groups!!®). We demonstrated that the MOF undergoes sensi-
tive color and luminescence changes in response to phenols
and anilines, affording fast and ultratrace sensing in aqueous
media.["”! Considering the versatile responsive capabilities of
viologen, we presume that the MOF is potentially responsive
to various stimuli besides electron-rich aromatic molecules,
such as light, heat, and pressure. Furthermore, we expect that
the stable porous and cationic framework can allow reversible
solvent evacuation/exchange and anion exchange without
structural collapse, so the solvent and the anion may provide
new dimensions to induce or modulate responsive proper-
ties. With these in mind, here we report the extraordinarily
versatile responsive properties of LVMOF-1. As illustrated
in Figure 1, all of the components (the viologen moiety, the
Eu(IIl) center, the anion, and also the guest solvent) in the
MOF are mobilized to be directly or indirectly involved in
ET, CT, and EnT. Because of radical formation through ET,
the MOF with Cl7/Br~ undergoes reversible color changes
in response to water release and reuptake (hydrochromism),
to photoirradiation after evacuation or in organic solvents
(photochromism), and to high pressure (piezochromism).
Anion exchange with superhalogen ions disenables the
above ET-based responses for lack of electron donors, while
iodide suppresses the ET-based responses and induces ion-
ochromism owing to strong iodide-viologen CT complexa-
tion, which is confirmed by single-crystal structure analysis.
Quenching effects on Eu®" luminescence are concomitant
with the ET and CT based chromogenic processes, owing
to EnT from Eu’* to radicals or CT complexes. The versatile
responsive properties of the MOF impel us to explore its use
in logic gates and anion sensors.

ET;
CT
EnT

Irradiation

Figure 1. Schematic illustration of the multiple-response properties of
LVMOF-1.
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2. Results and Discussion

2.1. Multistimuli Responsive Properties Associated
with Radical Formation

The responsive properties were first investigated using the as-
synthesized MOF,[®] which contains chloride as counterion
(LVMOF-1-Cl). It changes color in response to a variety of
stimuli (Figure 2a). First, it shows reversible color change upon
water release and reuptake. It turns from pale-yellow to green
upon heating at 100-150 °C, which corresponds to the release
of the guest water in the channel according to thermogravi-
metric analysis. Powder X-ray diffraction (PXRD) indicated that
the framework remains unchanged after evacuation at 150 °C
(Figure S1, Supporting Information). As shown in Figure 2b,
the evacuated green state displays broad visible-light absorp-
tion in the 500-800 nm range (A, 620 nm), which is absent
in the pristine state. The green state shows an ESR (electron
spin resonance) signal at g = 2.0038 (Figure 2c). The results
indicate the formation of radicals through ET to the viologen
chromophore.l'”] The green state is also accessible by slow
room-temperature dehydration in a desiccator containing con-
centrated sulfuric acid, either in natural light or in the dark, so
the radical formation does not need light or heating. Heating
promotes the process just by accelerating evacuation of the
channels. On the other hand, the radical-containing green state
is stable in dry air for at least one year but rapidly recovers to
yellow in moist atmosphere, either air or nitrogen, suggesting
that the reverse process does not involve radical quenching by
molecular oxygen. Therefore water release or reuptake is the
sole effective stimulus that triggers forward or back ET, which
generates or annihilates radicals, respectively. The phenom-
enon that a substance changes color on exposure to water has
been termed “hydrochromism.”['® The switching between the
green and yellow states of LVMOEF-1-Cl is induced by water
release/reuptake, representing a type of reversible hydro-
chromism involving the ET-active viologen chromophore.!'>1%]
The ET-based organic hydrochromic behaviors phenomenologi-
cally resemble but mechanistically differ from the properties of
many transition-metal compounds (for example, CoCl,), where
the change in ligand field is responsible for the color change
concomitant with (de)hydration.

LVMOF-1-Cl shows dehydration- and solvent-assisted
photochromism. The pristine pale-yellow state did not change
color upon prolonged irradiation under a 300 W Xe lamp, but
the water-evacuated green state quickly turns blue under the Xe
lamp. UV-vis and ESR spectra (Figure 2b,c) suggest that the
radical concentration is increased through photoinduced ET
(PET). In addition, the pristine yellow crystals immersed in
various organic solvents (alcohols, acetonitrile, N,N-dimethyl-
formamide, dimethyl sulfoxide, ether, acetone, tetrahydrofuran,
hexane, or toluene) turn blue or blue violet immediately upon
Xe-light irradiation (Figure 2a and Figure S2, Supporting Infor-
mation). By contrast, the solid in water is silent to Xe-light irra-
diation. The photogenerated states, either from the dehydrated
sample or from solvent-immersed samples, are stable in dry
nitrogen but quickly turn green in dry air, suggesting partial
radical quenching by molecular oxygen. They return directly
to the pristine yellow state on exposure to moist atmosphere
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Figure 2. Multistimuli-responsive properties of LVMOF-1-Cl associated with radical formation. a) Photographic images showing the reversible color
changes of polycrystalline samples in response to various physical and chemical stimuli. b) UV-vis and c) ESR spectra for the pristine state and the
evacuated states before and after Xe-light irradiation. d) XPS spectra before and after evacuation. e) Comparison of the photoluminescence spectra

(excited at 394 nm) before and after subjection to various stimuli.

(either air or nitrogen). This implies that water serves to induce
back ET to completely annihilate the radicals.

LVMOF-1-Cl is also piezochromic. It turns green after
compression using a hydraulic press (Figure 2a). UV-vis and
ESR spectra also indicate the formation of radicals (Figure S3,
Supporting Information), which proceeds through piezoin-
duced ET (PzET). High-pressure in situ UV-vis spectroscopy
of a single crystal was performed using the diamond anvil cell
(DAC) technique, which provides isotropic hydrostatic pressure
in contrast with the uniaxial pressure of a hydraulic press. As
shown in Figure 3a and Figure S4a in the Supporting Informa-
tion, broad visible-light absorption at 550-750 nm appears at
~2 GPa and the maximum absorbance increases quasi-linearly
with pressure, indicating the onset of radical formation and the
increase of radical content. The band maximum is redshifted
with pressure. After complete decompression, the radical
absorption is retained but with decreased intensity (Figure S4b,
Supporting Information). The phenomena suggest that back ET
occurs but does not keep pace with the decompression process,
leaving a certain portion of radicals after complete removal of

pressure.%32% However, if kept at ambient pressure for hours,

the green sample, either obtained from hydraulic presses or
from DACs, completely returns to the original yellow color. The
reverse process is independent of the atmosphere, indicating
that the piezoinduced state is metastable and decays through
spontaneous back ET (that is, no external stimulus is needed).
Notably, viologen-based piezochromism through PzET is a very
recent discovery,1%1920.201 and LVMOF-1 represents the first
porous MOF exhibiting such kind of piezochromism.

The stability of the material against stimuli and the reversibility
of the chromogenic phenomena are very important for many
applications such as switches and sensors. To our satisfaction, the
crystalline framework is retained after exposure to all abovemen-
tioned stimuli (Figure S5, Supporting Information), and all of the
abovementioned chromogenic processes are reversible.

All of the above chromogenic phenomena involve the
reduction of V2* to V** through ET. Potential electron sources
in the structure are the carboxylate group, the u-hydroxo group,
the water molecules (as ligand or guest), and the chloride
anion. The ET pathways in viologen-based crystals are short

8x10*

o 613.8
8.0 GPa _  —
=
u (a) - = S {6x10* ¢
\ v 3 = 2
-~ N\ < S 6126 {sx10 @
z % // \\\ $ % X g
2 \ 2 = o
= / = [ 1 ‘
2 \\ // N \ 1.0 GPa 2 3 6120 ax10' €
Q
< % = 3x10*
£ 611.4
2x10*
610.8
1x10*
400 500 600 700 800 580 590 600 610 620 630 640 650 66C o 1 3 4 5 7 8
Wavelength (nm) Wavelength (nm) Pressure (GPa)

Figure 3. In situ UV-vis a) absorption and b) emission (excited at 532 nm) spectra of LVMOF-1 upon compression using DACs. c) Pressure depend-
ence of the maximum wavelength and intensity of the Eu(I1l) Dy — ’F, emission during compression (solid symbol) and after complete decompression
(open symbol). The red lines represent the fitting curves.
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donor-viologen contacts.*»19221] In the rod-crosspiece structure
of LVMOF-1-Cl, the hydroxo, carboxylate, and water ligands
that constitute the rod-like building blocks are kept far apart
from the viologen chromophore in the crosspiece, so these
coordinated groups can be excluded from electron donors.
The fact that the pristine LVMOF-1 is not photochromic
but release of guest water leads to radical formation and
photochromism suggests that the guest water molecules are not
donors but a kind of detrimental factor in ET. This is consistent
with previous studies on MV?* (dimethyl viologen) in aqueous
solutions, which concluded that MV2* cannot be photoreduced
by water because of the high ionization potential (IP) of water
(12.62 eV).122

Thus, the only remaining donor is CI". We reexamined
the single-crystal structure for possible ET pathways between
Cl and viologen. As shown in Figure 4, Cl™ is weakly hydrogen-
bonded to viologen with Hy---Cl = 2.72-2.95 A. Solid evidence
comes from X-ray photoelectroscopy (XPS, Figure 2d). The Cl 2p;,
and 2p;; peaks (197.6 and 199.1 eV) for the evacuated green state
show appreciable hypsochromic shifts compared with the pristine
state (197.3 and 198.9 eV), clearly evincing electron loss from CI".

Further evidence comes from comparisons with the iso-
structural MOFs with different counteranions (LVMOF-1-X
with X~ = PF4, ClO,~, Br~ or I, obtained by anion exchange.
Detailed anion-exchange studies will be presented later). We
found that LVMOF-1-Br is similar to LVMOEF-1-Cl in hydro-,
photo-, and piezochromism, while the PF,, ClO,", and I~
counterparts do not show any of these chromogenic proper-
ties. The decisive impacts of anions on ET definitely confirm
that the effective electron donor is an appropriate anion (Cl- or
Br—) but not any groups from the framework or guest molecules.
The impacts of anions can be related to their vertical detach-
ment energies (VDEs) or the electron affinities (EAs) of the
corresponding neutral radical species. PFy~ and ClO, are
among the so-called superhalogens because their VDEs
(7.35 and 5.44 eV, respectively) well exceed the EA of chlo-
rine (3.61 eV).[?l The high VDEs mean poor electron-donor
ability and justify the negative chromogenic response of
LVMOF-1-PF4/ClO,. By contrast, the lower EAs of Cl~ and Br~
(3.36 eV)?4 dictate appropriate electron donor strength for ET
to viologen. The negative impact of I~, which has a still lower
EA (3.06 eV),[?4 will be explained later.

www.small-journal.com

To further verify that the electron donor is an appropriate
anion not the MOF itself, we extended the study to more anions.
It proved that the LVMOF-1-X MOFs with X = NO,™ and SO3%"
behave like those with X = CI~ and Br~, displaying obvious
reversible color changes after dehydration, compression, or Xe-
light photoirradiation in organic solvents. On the other hand,
LVMOF-1-MnO, does not show the color response. The results
are consistent with the electron-donating nature of NO,~ and
SO,;>" and the oxidative nature of MnO,~. For LVMOF-1-MnO,,
the UV-vis spectra show no changes after compression or
dehydration (Figure S6, Supporting Information), precluding
the possibility that the color change is obscured by the dark
violet color of MnO,".

The impacts of water on the ET chromogenic behaviors of
LVMOF-1 merit further discussion. The impacts are reflected
in several aspects: i) the pristine MOF, which contains guest
water, is nonphotochromic, but evacuating the MOF induces
ET and the evacuated MOF becomes photochromic; ii) the
MOF is photochromic in organic solvents but not in water; iii)
the radical-containing states, whether generated by dehydration
or photoirradiation, readily undergoes back ET on exposure
to water. All of these observations suggest that water molecules
impede forward ET from chloride to viologen and promote back ET.
The impacts can be justified as follows. The highly polar water
molecules interact with and stabilize V2" and CI~ by electro-
static forces and hydrogen bonds. The interactions reduce the
acceptor/donor strength to the disadvantage of ET. Meanwhile,
the high-polarity environments set by these interactions are dis-
liked by electron-rich, less positive V** and electron-deficient,
neutral Cl', so water destabilizes the radicals in favor of back ET.
The effects of water are similar to those we have recently found
for the pseudopolymorphs of an organic viologen molecule.*"!

For solvent-assisted photochromism, an important issue is
whether the solvent molecule serves as electron donor. Control
experiments with different solvents were performed to clarify
the issue. First, photochromism of LVMOF-1-Cl was tested in
various solvents with different electron-donor strength (meas-
ured by the IP values). We found that photochromism occurs
not only in aforementioned solvents, which have lower IPs than
water, but also in those with similar or higher IPs (acetoni-
trile, 12.20 eV; malononitrile, 12.80 eV). The IP independence
implies that the solvents are not the necessary electron donors

. 2.81,7'3.17
L@

2.80"
/

Figure 4. The anion-viologen interactions in a) LVWMOF-1-Cl and b) LVMOF-1-1. The green and purple balls in (b) represent the disordered iodide ions

at crystallographically independent positions.
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for solvent-assisted photochromism. Second, LVMOF-1-X’s with
X~ =PF¢, ClO,7, and I do not show photochromism in any of
the solvents tested. This confirms that even the solvent with
lower IP than water does not serve as electron donors. Having
excluded the solvents from electron donors, we can safely say
that solvent-assisted photochromism of LVMOF-1 is because
guest exchange facilitates V2* «— CI~ ET: water molecules that
impede ET are replaced by other solvent molecules, which have
weaker or no polarity and hydrogen-bonding ability.

The combination of viologen and Eu(IIl) in one MOF opens
the possibility of switching or modulating the Eu(III)-based
luminescence through the diverse chemical or physical tools
that induce viologen-based ET response. LVMOF-1 shows
excitation and emission spectra characteristic of Eu(III) ff
transitions, with Fy — °Lg (394 nm) and °Dy — ’F, (614 nm),
respectively, as the most intense.’ All of the stimuli that
induce the MOF to undergo chromogenic response (water
evacuation, photoirradiation after evacuation and in organic
solvents, and pressure) can cause significant quenching of the
Eu(III) luminescence (Figure 2e). Since there is a good overlap
between the Eu(III) emission and the broad radical absorption
in the 500-800 nm region, the quenching mechanism should
be Foster resonance EnT (FRET) from excited Eu(IIl) to radicals
(Figure S7, Supporting Information).”®) The luminescence is
recovered when the pristine yellow state is recovered at ambient
pressure (in the case of piezochromism) or in moist air (other
cases). Notably, the solvent-assisted photoresponse is very fast,
the quenching efficiency reaching 80% after only 1 s irradiation
(Figure S8, Supporting Information).

To gain more insight into the effects of pressure on lumi-
nescence, in situ high-pressure luminescence spectra were
recorded using the DAC technique. As shown in Figure 3b,
the emission intensity gradually decreases upon compres-
sion, agreeing with the incremental formation of radicals. The
variation of the intensity with pressure follows an exponential
decay function. The intensity is recovered by 52% after com-
plete decompression (Figure S9, Supporting Information). The
incomplete emission recovery is consistent with the incom-
pletely disappeared radical absorption (vide supra) after com-
plete removal of pressure. Another trend is the redshift of
the emission peaks with increasing pressure. The shift of the
main component (at about 610 nm) of the °D, — ’F, transition

(a) o  Br mo3 cno. BF, PF, HCOO OAc

; 2
0.8
==
= 06
04
0.2
0.

Ay

} ~4\c

g

so4

www.small-journal.com

(Figure 3c) is quasi-linear with a shift rate of 0.41 nm Gpa™,
falling within the range (0.1-1.2 nm Gpa™') reported for Eu(III)
doped in some inorganic host materials.l?l The peaks shift back
to the original wavelengths after decompression, suggesting
the shift is irrelevant to the presence of radicals. Instead, the
redshift can be due to enhancement of the nephelauxetic effect
under pressure:?®?’l Pressure strengthens the Eu-O bonds
and increases the covalence, which expands the electron cloud
around the metal nucleus, mitigates the interelectronic repul-
sion, and thereby reduces the energy gaps between D, and ’F.
This is the first report of pressure modulation of luminescence
associated with PzET. The material has potential applications
in high-pressure sensors with multiple readout signals (absorb-
ance, emission intensity, and wavelength).

There have been a few Eu(III) MOFs showing photochromism
(Table S2, Supporting Information),['*¢?>2% all involving PET to
bipyridinium species except for a bipyridinium-free MOF.[?3]
Only recently a hydrochromic Eu(Ill) MOF was reported,*d
which is also due to reversible ET to bipyridinium. No pie-
zochromic Eu(III) MOF has been reported prior to LVMOF-1.
The chromic bipyridinium moieties in above Eu(III) MOFs all
allow for photoluminescence modulation through the different
stimuli. In addition, among these chromic Eu(IIl) MOFs,
LVMOEF-1 is the only one showing permanent open pores,
which makes it possible to use the solvent molecules and anions
as the handles to control the responsive properties.

2.2. Responsive Properties Associated with Anion Exchange

The stable cationic host of LVMOF-1-Cl allows reversible anion
exchange, which can be performed by simply stirring the MOF in
aqueous solutions of the target anions. The exchange with multia-
tomic anions such as PF~ and ClO,™ is evinced by the strong IR
absorption characteristic of the anions (Figure S10, Supporting
Information). Energy dispersive X-ray spectra and elemental maps
confirm the disappearance of CI” and the uniform distribution of
anions (Figure S11, Supporting Information). PXRD confirms the
structural integrity of the framework after exchange (Figure S12,
Supporting Information). The anion exchange is reversible.
Interestingly, ion exchange with I~ causes immediate color
change to orange (Figure 5a), in high contrast to the pale

" (c)
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=
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=
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- 550 575 600 625 650 675 700 725 750
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Figure 5. a) The colors of the solids obtained after anion exchange with different anions (as potassium salts, 1.0 m aqueous solutions). b) The
relative intensity of the Dy — ’F, emission of the aqueous LVMOF-1-Cl suspension in response to different anions (1.0 x 1073 m, excited at 394 nm).
c) Photoluminescent spectra of the aqueous LVMOF-1-Cl suspension in response to different anions (1.0 x 107 v, excited at 394 nm).
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Figure 6. a) UV-vis spectra of LVMOF-1 with different anions. b) The Mulliken dependence: linear correlations of the CT transition energy (Acy) to the
oxidation potential (Egx (X7/X)) of the halides in water. Acr was estimated from the CT band in the solid-state UV-vis spectrum.Bl

yellow color for other anions (Cl-, Br, NO;~, ClO,, BF,~, PF;",
HCOO™, CH3COO0™, and SO4%). The color and the significantly
increased visible-light absorption of LVMOF-1-I (Figure 6a) are
diagnostic of strong ground-state CT complexation between
viologen and I". Compared with the MOFs with superhalogen
anions such as PFy~ and ClO,~, LVMOEF-1-Cl and LVMOEF-1-Br
also show additional absorption below and around 400 nm,
respectively. The absorption is indicative of weak CT com-
plexes, which do not cause detectable difference in color. The
spectra confirm the ability of the anions to form CT complexes
with viologen decreases in the order I~ > Br~ > Cl~ >> ClO, 7/
PFq~, consistent with the increase of VDEs or IPs (vide supra).
The CT character of the absorption of the I, Br~, and CI- MOFs
is unequivocally established by Mulliken dependence,* i.e.,
the CT transition energy (Acr) estimated from the absorp-
tion is linearly correlated to oxidation potentials of the halides
(Figure 6b).3031

To get structural evidences for CT interactions, single crystals
of LVMOF-1-I have been prepared by single-crystal-to-single-
crystal anion exchange between LVMOF-1-Cl and aqueous
KI. X-ray crystallographic studies revealed that there are
Hy---1(2.80-3.17 A) and I - - , interactions (I~ is hung above
a pyridinium C—C edge with I.-.C = 3.13 A) (Figure 4). The
anion- - - T interaction is absent in LVMOF-1-Cl and the Hy- - -1
distances are similar to Hy---Cl (2.72-2.95 A) despite the
larger size of I". These data confirm stronger CT interactions
in LVMOF-1-1.

Quite interestingly, the CT complexation has strong influence
on ET activity. In the preceding section we have mentioned that
anion exchange with I~ suppresses ET-based hydro-, photo-, and
piezochromism. The reason can be partially because the frac-
tional charge (d) transferred in the CT complex (V-9+—1(1-9-)
compensates the electron-donor/acceptor strength in disfavor
of ET. In other words, CT interactions provide additional sta-
bilization for the nonradical states of the donor and acceptor.
In case of photoirradiation, photoexcitation of the CT complex
may cause PET, but the excited PET state can decay through
ultrafast back ET, which is so fast that no steady radical spe-
cies can be detected. The PET and ultrafast back ET in the solid
state could be similar to those in the solutions of viologen-
iodide ion-pair CT complexes, which have been established
by transient absorption spectroscopy.’?l The ultrafast back ET
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can be justified by considering the Marcus inverted region,
wherein ET becomes faster as the driving force decreases.?2233]
Compared with other halides, the small oxidation poten-
tial (or IP) of I" dictates a small driving force and thereby an
ultrafast rate for the back ET.32 Alternatively, the ultrafast
dynamics can be understood by considering that the strong CT
interactions between donor and acceptor provide very efficient
pathways for back ET.

The iodide-viologen CT complexation also causes a strong
effect on photoluminescence properties, besides selective ion-
ochromism and ET suppression. lodide can efficiently switch
off the Eu(IIl) luminescence (Figures S13 and S14, Supporting
Information), while other anions have no significant effects
(Figure 5b,c). Comparing the absorption and emission spectra
of LVMOF-1-I reveals some overlap between the CT absorption
and the °Dy —’F,; emission, so the quenching effect can be
attributed to FRET from Eu(IlI) to the CT complex. Electro-
chemical studies were performed to gain insight into the FRET
process. As shown in Figure 7a, the cyclic voltammograms
of LVMOF-1-X show two pairs of anodic and cathodic peaks
attributable to V*/V'* and V+/VOB3 According to Ejymo
(LUMO = lowest unoccupied molecular orbital) estimated from
the first reduction potential and Acr estimated from the CT
absorption in the solid-state UV-vis spectra,!34 the Jablonski
diagram for EnT in LVMOF-1-X is drawn in Figure 7b. The
highest occupied molecular orbital for LVMOF-1-I is sig-
nificantly higher than those for the Br~ and Cl~ counterparts,
reflecting the stronger donor ability of I". The CT transition
energy (2.14 eV) for LVMOF-1-I well matches the *Dy’F, tran-
sition energy (=17 200 cm™, or 2.14 eV) of Eu(Ill), so EnT can
occur through electronic dipolar resonance, giving rise to lumi-
nescence quenching. The CT gaps for LVMOF-1-Br/Cl are too
large for FRET, so the Eu(III) luminescence is not quenched.

2.3. Applications

The versatile responsive properties of LVMOF-1 have impor-
tant implications for applications, such as multimode switches
for which visible-light absorption and luminescence can be
turned on/off with various stimuli. The on/off switching of
and luminescence (as outputs) can be used to mimic Boolean

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Cyclic voltammograms for LVMOF-1-X. b) The Jablonski diagram for EnT in LVMOF-1-X.

logic gates.I] Let us consider Xe light and an organic solvent
(ethanol, for example) as two inputs operating on LVMOF-1-Cl.
On the basis of solvent-assisted photochromism, the absorp-
tion and luminescence outputs are turned on and off, respec-
tively, only if the two inputs coexist (Figure 8). The outputs
correspond to the AND and NAND logic gates, respectively.
The logic gates can reset by treating the material with water.
Moreover, including another organic solvent in the system can
lead to two integrated logic gates (enabled OR and NOR,3
Figure S15, Supporting Information), where the logic functions
(OR and NOR) of two inputs (the two solvents) are evoked only
in the presence of the third input (light).

Selective and sensitive detection of iodine has attracted much
attention for its essential importance to life, for the concerns
about its discharge to enviroments, and also for the growing
need in radionuclide monitoring in nuclear industry.’”]
The selective ionochromic and luminescence response of
LVMOF-1-Cl inspires us to investigate its performance as a
sensor for detecting I in water.

For qualitative detection, test paper strips were prepared by
dip-coating filter paper in aqueous suspension of IVMOF-1-ClL.
The test paper shows immediate color
response to aqueous I~, with good selectivity
against various common anions (Figure 9a).
Moreover, the used test paper can be recovered
and reused after immersion in KCI solution
for a few hours. The test paper demonstrates a
facile, portable, selective, rapid, and recyclable
method for on-site detection of I™.

Luminescence titration experiments were
performed to demonstrate quantitative detec-
tion of I" using LVMOF-1-Cl. The results
(Figure 9b) show that the emission intensity
of the MOF dispersed in water decreases with
incremental addition of I, At [I7] =1 x 1073 m,
the quenching efficiency is 70%, which is
defined by (I, — I)/I, x 100% (I, and I are the
intensity of the °Dy, — ’F, emission in the
absence and presence of the analyte). In the low
concentration range, the intensity is cor-

hu

= O = O

0.04

= = O O

at low concentrations. The DL is good in comparison with other
I” ion fluorescence sensors (Table S3, Supporting Information).
We also determined the performance of LVMOF-1-ClO, and
LVMOF-1-PF; for detection of I~ (Figures S16 and S17, Sup-
porting Information). The K, values and detection limits are
very similar to those for LVMOF-1-Cl. Because the detection of I~
using the different MOFs is based on the same quenching
mechanism (EnT from Eu(IIl) to the I"-viologen CT complex),
it is reasonable that the anion with no significant CT ability
imposes little influence on the detection performance.

The response rate is a very important factor for real-time
detection. According to time-dependent luminescence meas-
urements, the quenching efficiency of the 614 nm emission
becomes constant in 5 s after I~ addition (Figure S18, Sup-
porting Information). Such a short response time is rare for
chemical sensing.’738] It suggests a very fast kinetics for anion
exchange with I-, which can be related to the open chan-
nels provided by the structure and the strong driving force
arising from the receptor-analyte CT affinity. In addition, the
stability and anion-exchangeability of the ionic MOF facilitates
regeneration and reuse. After sensing use, the material can be

i o
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Ky, =4.2 x 10°> m7. The detection limit (DL) is
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1.8 x 107° m (0.20 ppm) according to 36/Ky,
where o is the standard deviations (o) for Iy/I
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Figure 8. a) Truth tables and logic circuit for the AND and NAND gates. O; and O, represent
the absorbance and luminescence outputs, respectively. b) UV-vis and c) luminescence spectra
for the LVMOF-1-Cl based gates with different input combinations.
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Figure 9. a) Photographs of the LVMOF-1-Cl coated test papers after treatment with different anions in water (1.0 x 1073 wm). b) Emission spectra
(Aex = 394 nm) of the LVMOF-1-Cl aqueous dispersion (0.75 mg mL™', pH = 7) with the incremental addition of KI aqueous solution at room
temperature (the KI concentrations are labeled). c) Stern—Volmer curve acquired from the Dy — ’F, transition. Inset: Linear fit (red line, R? = 0.995)

in the low concentration region.

regenerated simply by centrifugation and washing with KCl
solutions. After five cycles, the luminescence response to I~
shows no obvious change (Figure 10a). Finally, the antijamming
capability of the MOF was tested. As shown in Figure 10D, the
luminescence response to I” is hardly interfered by Cl~ and Br™.

3. Conclusion

In summary, all of the components (the metal center and
viologen ligand constituting the cationic framework, the guest
counteranion and solvent occupying the open channel) in
LVMOFEF-1 are mobilized to directly participate in or indirectly
influence the ET, CT and EnT processes, resulting in remark-
ably versatile responsive properties. Stimuli-induced ET
between anion (Cl7/Br") and viologen generates radicals and
leads to reversible piezochromism, hydrochromism, and
photochromism. Strong ground-state CT complexation between
iodide and viologen leads to selective ionochromism. Resonance
EnT from Eu(III) to the CT complex or the ET-generated radical
leads to luminescence quenching. The guest water and anion
serve as flexible handles to control the responsive properties.
The water molecules impede forward ET and promote back
ET, so water release/reuptake or solvent exchange can turn on/
off photochromism. Anion exchange of LVMOF-1-Cl~/Br~ with
poor electron donors such as PFs~ and ClO, precludes ET
and thus turns off the response to pressure, light, and water
release/reuptake. The formation of stable ground-state com-
plexes between I~ and viologen also suppresses the ET-based
response. It is remarkable to observe so versatile and flexible
responsive properties in one material. The properties enable
us to demonstrate the potential use in chemical logic gates
and sensors. Particularly, the colorimetric test paper deposited
with the MOF provides a facile and portable method for on-site

Small 2019, 15, 1803468
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qualitative detection of I in water, while the luminescence
response allows convenient quantitative determination at micro-
molar concentration. The methods feature fast response, good

1 2 3 4
Number of cycles

0+~ T v .
LVMOF-1(aq) + KCI + KBr +

KI

Figure 10. a) Five cycle tests of LVWMOF-1-Cl for sensing I~ ions. The
concentrations of CI~ and I~ ions are 1 m and 1 x 1073 wm, respectively.
b) Relative intensity for the Dy — ’F, emission of the LVMOF-1-Cl
aqueous dispersion as KCl, KBr and Kl were successively added. The
concentration of each analyte is 1 x 1073 m.
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antijamming performance, and excellent recyclability. The work
illustrates that viologen-based ionic MOFs are powerful plat-
forms to manipulate ET, CT, and EnT in solid state. Extended
work along the line will not only lead to new responsive mate-
rials but also add much to the understanding of these basic
processes.

4. Experimental Section

All the reagents and solvents employed were commercially available and
used without further purification. Perchlorate has the risk of explosion and
should be handled carefully with small amounts. LVMOF-1 was synthesized
by the literature procedures reported by us.[']

In Situ High-Pressure Spectroscopy: The in situ UV-vis absorption
measurements under high pressure were performed on an Ocean Optics
QE65000 scientific-grade spectrometer with a DAC (300 mm culets)
containing a single crystal of LVMOF-1. A ruby sphere was loaded to
determine pressure by using the ruby fluorescence, and silicone oil was
used as a pressure-trans-mitting medium. The in situ luminescence
spectra were obtained in a DAC (500 mm culets) using a Renishaw
1000 spectrometer with a 532 nm excitation laser.

Anion Exchange: LVMOF-1 (30 mg) was immersed in an aqueous
solution (3 mL, 0.1 m) of KX (X = Br, I, ClO,~, PFg") for one day. The
solid is collected by filtration, washed with water, and then dried in air.
The anion exchange proceeded in the single-crystal to single-crystal
manner if single crystals of LVMOF-1 were used for exchange with I".
Elemental analysis calc. for [Eu,(OH),(H,0),L]l1,-4H,0 (LVMOF-1-1,
CpsH3N,0n6l,EUy): C, 27.78; H, 2.66; N, 2.31; Found: C, 27.51; H,
3.01; N, 2.65%. IR (KBr pellet, cm™): 3359br, 3043s, 1637m, 1616s,
1556 versus, 1454 versus, 1392 versus, 1168m, 775s, 725s.

Single Crystal X-Ray Crystallography: The details for X-ray analysis of
LVMOF-1-1 are provided in the Supporting Information. CCDC 1579918
contains 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.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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