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Abstract: Conformational changes of linker units in metal-
organic frameworks (MOFs) are often responsible for gate-
opening phenomena in selective gas adsorption and stimuli-
responsive optical and electrical sensing behaviour. Herein, we
show that pressure-induced bathochromic shifts in both
fluorescence emission and UV/Vis absorption spectra of
a two-fold interpenetrated Hf MOF, linked by 1,4-phenylene-
bis(4-ethynylbenzoate) ligands (Hf-peb), are induced by
rotation of the central phenyl ring of the linker, from a coplanar
arrangement to a twisted, previously unseen conformer. Single-
crystal X-ray diffraction, alongside in situ fluorescence and
UV/Vis absorption spectroscopies, measured up to 2.1 GPa in
a diamond anvil cell on single crystals, are in excellent
agreement, correlating linker rotation with modulation of
emission. Topologically isolating the 1,4-phenylene-bis(4-ethy-
nylbenzoate) units within a MOF facilitates concurrent
structural and spectroscopic studies in the absence of inter-
molecular perturbation, allowing characterisation of the lumi-
nescence properties of a high-energy, twisted conformation of
the previously well-studied chromophore. We expect the
unique environment provided by network solids, and the
capability of combining crystallographic and spectroscopic
analysis, will greatly enhance understanding of luminescent
molecules and lead to the development of novel sensors and
adsorbents.

The high storage capacities and ease of functionalisation of
metal-organic frameworks (MOFs)[1] has led to a significant
body of work investigating their application as luminescent
small-molecule sensors.[2] Anchoring organic chromophores
as linkers within network solids can topologically isolate them
from one another, negating any aggregation-induced quench-
ing processes[3] and thereby maximising interactions between
the host and the guest, although these sensing mechanisms are
rarely structurally characterised. Dispersing discrete chromo-
phores within a porous crystal also offers the possibility of

spectroscopically studying what are effectively isolated mol-
ecules, with no significant intermolecular interactions to
affect, for example, emission, whilst also collecting structural
data crystallographically. Herein we demonstrate that both
the structural and spectroscopic response to pressure of 1,4-
phenylene-bis(4-ethynylbenzoate) chromophores can be
assessed, while bound within a Hf MOF, by diamond anvil
cell (DAC) experiments.

DAC experiments in MOFs have become a favourable
method for exploring mechanical stability,[4] inducing ligand-
exchange reactions,[5] locating gas molecules in the pores,[6]

causing changes in pore size and guest content,[7] and even
inducing low-temperature melting of amorphous frame-
works.[8] These breakthroughs have been possible due to the
way in which pressure is applied to these systems inside
a DAC; crystals of the MOF are placed inside the cavity and
surrounded with a liquid (hydrostatic) medium in order to
apply pressure evenly to the sample. On increasing pressure
to the MOF ZIF-8, for example, this medium could be seen
entering into the pores, causing the sample to expand, while at
1.47 GPa, the sample was observed to undergo a phase
transition which resulted in a significant increase in pore
volume and content.[9] This transition was induced by
a rotation of the imidazolate linkers on uptake of the
hydrostatic medium into the pores at pressure, and is an
example of ligand-based flexibility, a characteristic of a ple-
thora of MOFs that can be exploited to induce breathing
mechanisms, gate opening gas adsorption, and phase tran-
sitions.[10]

More recently, high-pressure studies on frameworks from
the UiO-family of MOFs, which consist of [M6O4(OH)4-
(RCO2)12] secondary building units (SBUs, M typically being
Zr, Hf, Ce or Ln) linked by organic dicarboxylates, have been
found to have excellent stability towards extremes of
pressure.[11] The behaviour of Zr MOFs linked by 4,4’-
biphenyldicarboxylate (bpdc) and 4,4’-azobenzenedicarbox-
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ylate (abdc) linkers, referred to as UiO-67(Zr) and UiO-
abdc(Zr), respectively, was heavily dependent on the linker
and the hydrostatic liquid used during the pressure experi-
ment. For example, when crystals of both UiO-67(Zr) and
UiO-abdc(Zr) were compressed using methanol as a hydro-
static liquid, the crystals were essentially incompressible;
however, when compressed using large perfluorinated oils
(that were too large to penetrate the pores), the crystals
showed direct compression. Surprisingly, the MOF composed
of the longer organic linkers (abdc) was more resilient to
direct compression of the framework, and pressure compli-
ance was attributed to framework-dynamic behaviour, much
like a suspension bridge, whereby some flexibility in the
linking struts gives rise to a more stable structure.[12] Similarly,
recent work by Suslick et al. , has shown that UiO-66(Zr),
which has shorter terephthalate linkers, undergoes bond-
breakage under pressure, and is even less stable.[13] Ligand-
flexibility in UiO-MOFs can also be induced by guest
inclusion, leading to changes in fluorescence emission spectra,
with potential for use of these materials as sensors.[14] The
intrinsic fluorescence of Zr-MOFs has also been demon-
strated to be useful in pH sensing,[15] while changes in ligand
conformation in tetraphenylethylene-[16] and porphyrin-
linked[17] Zr MOFs have been shown to result in differences
in their steady-state emission spectra, although there is no
in situ X-ray diffraction data to provide structural mecha-
nisms for such changes on uptake of guest molecules.

In this study we present a combined high-pressure
diffraction and spectroscopic study on a Hf-UiO-MOF
connected by the longer 1,4,-phenylene-bis(4-ethynylben-
zoate) linker (peb2�), subsequently designated Hf-peb for
simplicity. High-pressure diffraction data were collected up to
2.1 GPa, using a modified Merrill-Bassett DAC (see ESI
section 1), whilst corresponding in situ measurements of UV-
vis absorption and fluorescence emission spectra were made
in the same DAC, to compare directly to the diffraction data
(ESI sections 2 and 3).

We have previously reported the synthesis and crystal
structure of Hf-peb,[18] which crystallises in the cubic crystal
system in space group Fd�3m, and consists of Hf6O4(OH)4

SBUs, as seen in the zirconium MOFs UiO-67(Zr) and UiO-
abdc(Zr). The longer linker gives rise to two-fold inter-
penetration (Figure 1a); MOFs of the isoreticular Zr series
were originally described as PIZOFs (porous interpenetrated
zirconium organic frameworks).[19] Under ambient pressure
and temperature conditions the peb2� has a non-planar
“bowed” geometry in the crystal structure (Figure 1b), with
significant libration occurring within the ligand (Figure S1 &
S2). This is unsurprising for these compounds, where ab initio
calculations have previously shed light on similar movement
of such ligands.[11, 20]

Under ambient temperature and pressure conditions, the
central phenyl ring of the peb2� ligand was found to be
disordered over two positions, one being coplanar with the
other two phenyl rings (and the rest of the peb2� ligand), and
the other perpendicular to them. For simplicity, we refer to
these two geometries as coplanar and twisted (Figure 1b and
c). The two conformers are not equally populated, with the
coplanar structure constituting 73% of the population under

ambient pressure at room temperature. This corresponds to
a difference in energy of 2.5 kJ mol�1 between the two
conformers, which is close to the value of 2.7 kJmol�1

reported for the barrier to torsion of the central ring in the
free 1,4-bis(phenylethynyl)benzene (BPEB) molecule,[21]

where the twisted structure is the transition state on the
torsional potential. In our previously reported structure of
Hf-peb, (and the structures of the Zr analogues)[14,19a] such
disorder was not observed, but these data were collected at
low temperature (150 K), where the twisted conformer was
not populated.[14]

On increasing pressure, the population of the twisted
conformer increased, reaching 100 % occupancy at 2.1 GPa
(Figure 2a). A small expansion in volume was observed on
loading the crystal into the DAC at 0.1 GPa (39 �3, 0.006%),
although the change observed was small and barely significant
(3.2s). The unit cell volume then decreased with increasing
pressure (Figure 2 b), with a reduction of � 2.6% at 2.1 GPa,
a resulting reduction in the crystallographic a-axis by 0.349-
(2) �. Interestingly, on increasing pressure above 1.1 GPa,

Figure 1. a) The solid-state structure of Hf-peb, showing the Hf6 SBU
and the planar conformation of the peb2� ligand. Structures of b) the
coplanar and c) the twisted conformers of the peb2� linker, viewed
perpendicular and parallel to the linker plane.
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a discontinuity in the unit cell volume was observed. This
discontinuity may be caused by a subtle degree of bending
observed for the peb2� ligand, which distorts to allow the Hf6

SBUs to compress closer together, however the differences
observed here are marginal, and more data points as
a function of pressure would be needed to confirm this.
Nevertheless, the overall bending observed across the entire
pressure study here, is analogous to the motion which
stabilises UiO-abdc(Zr) to increased pressures, and can be
quantified by measuring the distance between the carboxylate
C-atoms in the peb2� ligand as a function of pressure (dCO in
Figure 2c), where the decrease in distance matches the
compressibility of volume (Figure 2b). This plateau also
coincides with a sudden increase in population of the twisted
conformer above 1.1 GPa (Table S1 and Figure 2a). In
summary, we see an increase in the occupancy of the twisted
conformer on increasing pressure, with a sharp increase in
population above 1.1 GPa, which corresponds with the
decreasing trend in dCO. It would appear, therefore, that
a decrease in population of the planar conformer gives rise to
a less rigid and more flexible framework. In addition, both of
these effects appear to actually increase the pore volume, with
an increase of 1105 �3 on increasing the pressure from
ambient to 2.1 GPa (Table S2). This is similar to behaviour
observed on increasing pressure in other MOFs, such as ZIF-
8,[22] HKUST-1,[7b, 23] Sc2BDC3

[7a] and ZAG-based MOFs,[24]

where ligand flexibility facilitates significant pore volume and
content changes, though the changes observed here are much
smaller, and the mechanism (i.e. increase in population of
a conformer that is less favourable under ambient conditions),
is completely new.

In our previous work, large changes in the fluorescence
emission spectra on increasing relative humidity were
observed for analogous Zr UiO-MOFs with naphthyl- and
benzothiadiazolyl-modified peb2� linkers.[14] Here, in order to
directly determine structure/property relationships in this
class of porous framework, we collected absorption and
emission spectra of a crystal of Hf-peb as a function of
increasing pressure to 2.1 GPa, using custom built UV/Vis
absorption and fluorescence emission spectrometers (Fig-
ure 3a, ESI sections 2 and 3). Both the UV/Vis absorption
spectrum and the fluorescence emission spectrum shift to
longer wavelengths on increasing pressure (Figure 3b and c,
Figures S5 and S9, Tables S5 and S7). The pressure-induced
bathochromic shift of the emission spectrum is much greater
than that of the absorption spectrum, reflecting structural
relaxation in the excited state, which is discussed below.

Figure 2. The responses of a) the fractional population of the coplanar
structure, cC, obtained from occupancy refinement of the X-ray data,
b) unit cell volume, and c) peb2� length, dCO, to increasing pressure.
Error bars are not shown in (a) and (b), as they are only marginally
larger, or even smaller, than the size of the points.

Figure 3. a) Experimental system for in situ measurement of fluores-
cence spectra within a diamond anvil cell. (LED LS: light source; ROL:
reflective objective lens; DAC: diamond anvil cell ; SM: fibre-coupled
spectrometer) b) Pressure-dependence of the UV/Vis absorption spec-
trum. (Absorbance, A, is normalised). c) Pressure-dependence of the
fluorescence spectrum, at an excitation wavelength of 380 nm. (Fluo-
rescence intensity, I, is normalised).

Angewandte
ChemieCommunications

8120 www.angewandte.org � 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 8118 –8122

http://www.angewandte.org


It was found that the observed emission spectra of Hf-peb,
across the pressure range, could be well-fitted by linear
combinations of the 2.1 GPa spectrum, assigned to the twisted
conformer, and the ambient pressure spectrum (ESI Sec-
tion 2.2). On this basis, the fractional population of the
twisted conformer at each pressure was estimated (Table S6)
and found to be in good agreement with the values
determined from the X-ray diffraction data (Figure 4). This

close correlation comes from measurements on two separate
crystals, indicating these effects are not crystal dependent.
The close correlation indicates that the contribution of each
conformer to the observed emission spectrum is determined
by its ground-state population, and hence the two conformers
must have very similar fluorescence brightness (the product
of the molar absorption coefficient, at the excitation wave-
length (380 nm), and the fluorescence quantum yield). The
brightness and the emission spectral profile of each confor-
mer must also be essentially independent of pressure. Based
on the spectral fitting we can therefore extract the fluores-
cence spectrum of the coplanar conformer (Figure S7), which
has its maximum at 424 nm, compared with 450 nm for the
twisted form. The twisted conformer shows a significantly
greater Stokes shift than the coplanar form (2830 cm�1

compared with 1750 cm�1) and its emission profile is broader.
This indicates that, following excitation of the twisted

conformer to the Franck-Condon geometry, there is structural
relaxation prior to emission, and the extent of this relaxation
is greater for the twisted conformer than for the coplanar one.
This is consistent with previous molecular orbital calculations
on the free BPEB molecule, which show that the excited-state
electronic structure of the twisted form differs substantially
from that of the ground state, adopting a more localised
quinoid structure, while the excited state of the coplanar form
retains the delocalised benzenoid structure of the ground
state.[25] In Hf-peb, upon excitation of the twisted conformer,
the local MOF structure responds to the change in electronic

structure of the ligand. This is a further illustration of the
flexibility of the MOF framework, and how this can influence
the photoluminescence properties.[26] This behaviour is in
contrast to a recently reported two-fold interpenetrated
tetraphenylethylene-based Zr MOF, which showed changes
in luminescence when pressurised up to 20 MPa as a conse-
quence of a breathing effect, whereby the two interpenetrat-
ing nets were compressed towards one another and the unit
cell contracted dramatically.[27] Finally, on decreasing pres-
sure, the pressure-induced spectral shifts were reversible,
indicating the transition from a mixed twisted:planar struc-
ture at ambient pressure, to a 100 % twisted structure at
2.1 GPa, is fully reversible.

In summary, we have collected high-pressure diffraction
data, UV/Vis absorption and fluorescence emission spectra of
the UiO-MOF Hf-peb to 2.1 GPa. The MOF undergoes
a reversible phase transition on increasing pressure, where the
ligand conformation changes from coplanar to twisted. This
transition gives rise to both a shift in the UV/Vis absorption
and fluorescence emission spectra, with the latter being
influenced by relaxation of the MOF structure around the
excited ligand. Our ability to directly correlate X-ray
structures and optical spectra has shown that the observed
bathochromic shift in emission is not caused by the pressure-
induced shift in excitation energy of a single emitting species,
but by the interconversion of two spectroscopically distinct
ground-state species whose emission spectra are essentially
independent of pressure. Given that previous work on Zr-
based MOFs containing the peb2� ligand has shown that the
optical properties of the MOF are inherited from the p-
conjugated organic ligand,[28] it would appear that observation
of the spectroscopic response to structural changes within the
MOF is an ideal approach for studying, in a controlled
fashion, the photophysics of the linkers, by enabling their
entrapment in the framework and subsequent pressure- and
guest-induced conformational changes to be followed. We
also aim to determine the reasons for the transition occuring
in the first place (i.e. is it caused by host-guest interactions, or
simply by pressure itself). We then aim to subsequently apply
these methods to similar systems where the ligand can be
functionalised appropriately to test these theories. We there-
fore believe that we are now in a position to determine
systematically the optimum properties for maximizing fluo-
rescence emission changes, and thereby advance the develop-
ment of these materials for sensing and photocatalytic
applications.
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and from fitting the fluorescence spectra (red circles). Lines are for
guidance only.

Angewandte
ChemieCommunications

8121Angew. Chem. Int. Ed. 2020, 59, 8118 –8122 � 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Conflict of interest

The authors declare no conflict of interest.

Keywords: fluorescence · high-pressure chemistry · metal–
organic frameworks · photophysics · UV/Vis spectroscopy

How to cite: Angew. Chem. Int. Ed. 2020, 59, 8118–8122
Angew. Chem. 2020, 132, 8195–8199

[1] H. Furukawa, K. E. Cordova, M. O�Keeffe, O. M. Yaghi, Science
2013, 341, 1230444.

[2] a) L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf, R. P.
Van Duyne, J. T. Hupp, Chem. Rev. 2012, 112, 1105 – 1125;
b) S. A. Diamantis, A. Margariti, A. D. Pournara, G. S. Papaef-
stathiou, M. J. Manos, T. Lazarides, Inorg. Chem. Front. 2018, 5,
1493 – 1511; c) W. P. Lustig, S. Mukherjee, N. D. Rudd, A. V.
Desai, J. Li, S. K. Ghosh, Chem. Soc. Rev. 2017, 46, 3242 – 3285;
d) Y. Cui, Y. Yue, G. Qian, B. Chen, Chem. Rev. 2012, 112, 1126 –
1162; e) F.-Y. Yi, D. Chen, M.-K. Wu, L. Han, H.-L. Jiang,
ChemPlusChem 2016, 81, 675 – 690.

[3] E. Angioni, R. J. Marshall, N. J. Findlay, J. Bruckbauer, B. Breig,
D. J. Wallis, R. W. Martin, R. S. Forgan, P. J. Skabara, J. Mater.
Chem. C 2019, 7, 2394 – 2400.

[4] K. Yang, G. Zhou, Q. Xu, RSC Adv. 2016, 6, 37506 – 37514.
[5] S. C. McKellar, A. J. Graham, D. R. Allan, M. I. H. Mohideen,

R. E. Morris, S. A. Moggach, Nanoscale 2014, 6, 4163 – 4173.
[6] J. Sotelo, C. H. Woodall, D. R. Allan, E. Gregoryanz, R. T.

Howie, K. V. Kamenev, M. R. Probert, P. A. Wright, S. A.
Moggach, Angew. Chem. Int. Ed. 2015, 54, 13332 – 13336;
Angew. Chem. 2015, 127, 13530 – 13534.

[7] a) S. C. McKellar, J. Sotelo, A. Greenaway, J. P. S. Mowat, O.
Kvam, C. A. Morrison, P. A. Wright, S. A. Moggach, Chem.
Mater. 2016, 28, 466 – 473; b) K. W. Chapman, G. J. Halder, P. J.
Chupas, J. Am. Chem. Soc. 2008, 130, 10524 – 10526.

[8] R. N. Widmer, G. I. Lampronti, S. Anzellini, R. Gaillac, S.
Farsang, C. Zhou, A. M. Belenguer, C. W. Wilson, H. Palmer,
A. K. Kleppe, M. T. Wharmby, X. Yu, S. M. Cohen, S. G. Telfer,
S. A. T. Redfern, F.-X. Coudert, S. G. MacLeod, T. D. Bennett,
Nat. Mater. 2019, 18, 370 – 376.

[9] S. A. Moggach, T. D. Bennett, A. K. Cheetham, Angew. Chem.
Int. Ed. 2009, 48, 7087 – 7089; Angew. Chem. 2009, 121, 7221 –
7223.

[10] A. Schneemann, V. Bon, I. Schwedler, I. Senkovska, S. Kaskel,
R. A. Fischer, Chem. Soc. Rev. 2014, 43, 6062 – 6096.

[11] C. L. Hobday, R. J. Marshall, C. F. Murphie, J. Sotelo, T.
Richards, D. R. Allan, T. D�ren, F.-X. Coudert, R. S. Forgan,
C. A. Morrison, S. A. Moggach, T. D. Bennett, Angew. Chem.
Int. Ed. 2016, 55, 2401 – 2405; Angew. Chem. 2016, 128, 2447 –
2451.

[12] A. Capsoni, R. Ardito, A. Guerrieri, J. Sound. Vib. 2017, 393,
285 – 307.

[13] Z. Su, Y.-R. Miao, G. Zhang, J. T. Miller, K. S. Suslick, Chem. Sci.
2017, 8, 8004 – 8011.

[14] R. J. Marshall, Y. Kalinovskyy, S. L. Griffin, C. Wilson, B. A.
Blight, R. S. Forgan, J. Am. Chem. Soc. 2017, 139, 6253 – 6260.

[15] a) H.-L. Jiang, D. Feng, K. Wang, Z.-Y. Gu, Z. Wei, Y.-P. Chen,
H.-C. Zhou, J. Am. Chem. Soc. 2013, 135, 13934 – 13938; b) J.
Aguilera-Sigalat, D. Bradshaw, Chem. Commun. 2014, 50, 4711 –
4713.

[16] J. Zheng, M. Wu, F. Jiang, W. Su, M. Hong, Chem. Sci. 2015, 6,
3466 – 3470.

[17] P. Deria, J. Yu, R. P. Balaraman, J. Mashni, S. N. White, Chem.
Commun. 2016, 52, 13031 – 13034.

[18] R. J. Marshall, S. L. Griffin, C. Wilson, R. S. Forgan, Chem. Eur.
J. 2016, 22, 4870 – 4877.

[19] a) A. Schaate, P. Roy, T. Preuße, S. J. Lohmeier, A. Godt, P.
Behrens, Chem. Eur. J. 2011, 17, 9320 – 9325; b) J. Lippke, B.
Brosent, T. von Zons, E. Virmani, S. Lilienthal, T. Preuße, M.
H�lsmann, A. M. Schneider, S. Wuttke, P. Behrens, A. Godt,
Inorg. Chem. 2017, 56, 748 – 761.

[20] R. J. Marshall, C. L. Hobday, C. F. Murphie, S. L. Griffin, C. A.
Morrison, S. A. Moggach, R. S. Forgan, J. Mater. Chem. A 2016,
4, 6955 – 6963.

[21] a) S. J. Greaves, E. L. Flynn, E. L. Futcher, E. Wrede, D. P.
Lydon, P. J. Low, S. R. Rutter, A. Beeby, J. Phys. Chem. A 2006,
110, 2114 – 2121; b) T. Fujiwara, M. Z. Zgierski, E. C. Lim, J.
Phys. Chem. A 2008, 112, 4736 – 4741.

[22] a) D. Fairen-Jimenez, S. A. Moggach, M. T. Wharmby, P. A.
Wright, S. Parsons, T. Duren, J. Am. Chem. Soc. 2011, 133, 8900 –
8902; b) C. L. Hobday, C. H. Woodall, M. J. Lennox, M. Frost, K.
Kamenev, T. D�ren, C. A. Morrison, S. A. Moggach, Nat.
Commun. 2018, 9, 1429.

[23] A. J. Graham, J.-C. Tan, D. R. Allan, S. A. Moggach, Chem.
Commun. 2012, 48, 1535 – 1537.

[24] K. J. Gagnon, C. M. Beavers, A. Clearfield, J. Am. Chem. Soc.
2013, 135, 1252 – 1255.

[25] a) J. M. Seminario, A. G. Zacarias, J. M. Tour, J. Am. Chem. Soc.
2000, 122, 3015 – 3020; b) M. Levitus, K. Schmieder, H. Ricks,
K. D. Shimizu, U. H. F. Bunz, M. A. Garcia-Garibay, J. Am.
Chem. Soc. 2001, 123, 4259 – 4265.

[26] K. Roy, S. Kayal, F. Ariese, A. Beeby, S. Umapathy, J. Chem.
Phys. 2017, 146, 064303.

[27] C.-X. Chen, Z.-W. Wei, C.-C. Cao, S.-Y. Yin, Q.-F. Qiu, N.-X.
Zhu, Y.-Y. Xiong, J.-J. Jiang, M. Pan, C.-Y. Su, Chem. Mater.
2019, 31, 5550 – 5557.

[28] T. L. H. Doan, H. L. Nguyen, H. Q. Pham, N.-N. Pham-Tran,
T. N. Le, K. E. Cordova, Chem. Asian J. 2015, 10, 2660 – 2668.

Manuscript received: January 12, 2020
Revised manuscript received: February 14, 2020
Accepted manuscript online: March 4, 2020
Version of record online: March 17, 2020

Angewandte
ChemieCommunications

8122 www.angewandte.org � 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 8118 –8122

https://doi.org/10.1126/science.1230444
https://doi.org/10.1126/science.1230444
https://doi.org/10.1021/cr200324t
https://doi.org/10.1039/C8QI00090E
https://doi.org/10.1039/C8QI00090E
https://doi.org/10.1039/C6CS00930A
https://doi.org/10.1021/cr200101d
https://doi.org/10.1021/cr200101d
https://doi.org/10.1002/cplu.201600137
https://doi.org/10.1039/C9TC00067D
https://doi.org/10.1039/C9TC00067D
https://doi.org/10.1039/C5RA23149C
https://doi.org/10.1039/C3NR04161A
https://doi.org/10.1002/anie.201506250
https://doi.org/10.1002/ange.201506250
https://doi.org/10.1021/acs.chemmater.5b02891
https://doi.org/10.1021/acs.chemmater.5b02891
https://doi.org/10.1021/ja804079z
https://doi.org/10.1038/s41563-019-0317-4
https://doi.org/10.1002/anie.200902643
https://doi.org/10.1002/anie.200902643
https://doi.org/10.1002/ange.200902643
https://doi.org/10.1002/ange.200902643
https://doi.org/10.1039/C4CS00101J
https://doi.org/10.1002/anie.201509352
https://doi.org/10.1002/anie.201509352
https://doi.org/10.1002/ange.201509352
https://doi.org/10.1002/ange.201509352
https://doi.org/10.1016/j.jsv.2017.01.009
https://doi.org/10.1016/j.jsv.2017.01.009
https://doi.org/10.1039/C7SC03786D
https://doi.org/10.1039/C7SC03786D
https://doi.org/10.1021/jacs.7b02184
https://doi.org/10.1021/ja406844r
https://doi.org/10.1039/C4CC00659C
https://doi.org/10.1039/C4CC00659C
https://doi.org/10.1039/C5SC00213C
https://doi.org/10.1039/C5SC00213C
https://doi.org/10.1039/C6CC07343C
https://doi.org/10.1039/C6CC07343C
https://doi.org/10.1002/chem.201505185
https://doi.org/10.1002/chem.201505185
https://doi.org/10.1002/chem.201101015
https://doi.org/10.1021/acs.inorgchem.6b01814
https://doi.org/10.1039/C5TA10401G
https://doi.org/10.1039/C5TA10401G
https://doi.org/10.1021/jp054426h
https://doi.org/10.1021/jp054426h
https://doi.org/10.1021/jp711064g
https://doi.org/10.1021/jp711064g
https://doi.org/10.1021/ja202154j
https://doi.org/10.1021/ja202154j
https://doi.org/10.1039/C1CC16045A
https://doi.org/10.1039/C1CC16045A
https://doi.org/10.1021/ja311613p
https://doi.org/10.1021/ja311613p
https://doi.org/10.1021/ja992936h
https://doi.org/10.1021/ja992936h
https://doi.org/10.1021/ja003959v
https://doi.org/10.1021/ja003959v
https://doi.org/10.1063/1.4975174
https://doi.org/10.1063/1.4975174
https://doi.org/10.1021/acs.chemmater.9b01258
https://doi.org/10.1021/acs.chemmater.9b01258
https://doi.org/10.1002/asia.201500641
http://www.angewandte.org

