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Ultra-Fast Molecular Rotors within Porous Organic Cages

Ashlea R. Hughes,[a] Nick J. Brownbill,[a] Rachel C. Lalek,[a] Michael E. Briggs,[a, b]

Anna G. Slater,[a, b] Andrew I. Cooper,[a, b] and Fr8d8ric Blanc*[a, c]

Abstract: Using variable temperature 2H static NMR spec-
tra and 13C spin-lattice relaxation times (T1), we show that
two different porous organic cages with tubular architec-
tures are ultra-fast molecular rotors. The central para-
phenylene rings that frame the “windows” to the cage

voids display very rapid rotational rates of the order of
1.2–8 V 106 Hz at 230 K with low activation energy barriers
in the 12–18 kJ mol@1 range. These cages act as hosts to
iodine guest molecules, which dramatically slows down
the rotational rates of the phenylene groups (5–10 V
104 Hz at 230 K), demonstrating potential use in applica-

tions that require molecular capture and release.

Porous organic frameworks (POFs) are supramolecular assem-
blies that have ordered architectures containing an inherent

void. Examples include metal organic frameworks (MOFs), co-
valent organic frameworks (COFs), zeolitic imidazolate frame-
works (ZIFs), and porous organic cages (POCs).[1–4] POCs differ

from these other framework families and consist of discrete
molecules containing both an intrinsic void within the cages in

addition to voids within the overall lattice; because of these
properties, POCs are also solution-processable and have been
explored for a range of applications including catalysis, molec-
ular separation and gas storage.[5–10] For example, POCs have

been shown to capture guest molecules such as iodine, SF6,
and hydrocarbons.[11] The sequestration of iodine, which is an
unwanted fission product,[12–14] is of strong importance for the
nuclear industry.[15] The selective loading and retention of
guests such as iodine often relies on molecular flexibility and

dynamics, and the understanding of these processes plays a
central role in the design of the next generation of POFs.

Recently, a new family of POCs with a chiral, tubular covalent
cage (TCC) architecture has been discovered.[10] These TCCs

consist of three “walls” bound by trans-imine cyclohexane link-
ers. Two of these structures (TCC2-R and TCC3-R) are shown in

Figure 1; they differ only by the additional acetylene moieties

between the phenylene rings in TCC3-R. The intrinsic pore

within these molecules permits guest sorption into the tubular
cavities.[4, 16] The static imine cyclohexane linkers and rotating
phenylene groups allow these POCs to be classified as molecu-
lar rotors.[17–19] It is likely that the window dynamics in these

molecules control guest loading into the molecular pore, and
we therefore set out to understand the response of these

cages to external stimuli, such as guest inclusion.
2H solid echo NMR has become an extremely powerful tool

for the understanding of dynamics in the kHz timescale,[20–22]

which is enabled by the large change in the 2H NMR line shape
with temperature. This approach provides a qualitative descrip-

tion of the motion as well as its rate and associated activation
energies in both pristine fast molecular rotors and those ham-
pered by guest loading (e.g. , H2O, acetone, iodine, CH4 and hy-

drocarbons);[23–33] these include mesoporous para-phenylene
silica,[23] polyaromatic frameworks (PAFs),[24] and MOFs.[28, 29, 31, 33]

Additionally, 13C T1 values provide correlation times in the
MHz frequencies and complementary details of the molecular

reorientation. Here, we performed variable temperature 2H
solid echo NMR experiments and room temperature 13C T1

Figure 1. Chemical structure and side view of the X-ray crystal structure of
(a) TCC2-R and (b) TCC3-R.[10] The cyclohexane groups are shown in red;
other C, grey; N, blue; H omitted for clarity in the crystal structure represen-
tation. The green arrows indicate fast molecular rotation of the para-phenyl-
ene. The 13C spin-lattice relaxation times (T1) obtained for selected carbons
are given in the Figure, including T1 values after iodine loading (values in pa-
rentheses). The deuterium-labelled positions on the para-phenylene are also
shown for [D12]TCC2-R and [D12]TCC3-R.
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measurements on pristine and iodine-loaded TCC2-R and
TCC3-R materials to understand the rotational dynamics of the

cages and their host–guest interactions.
TCC2-R and TCC3-R cages were synthesized using literature

procedures.[10] Cages deuterated on the para-phenylene rings
(i.e. , [D12]TCC2-R and [D12]TCC3-R, Figure 1) were prepared via
a similar approach[10] using [D4]1,4-dibromobenzene-2,3,5,6 and
these were used to record the 2H NMR data (see the Support-
ing Information for details of all samples preparation and char-

acterisation). In these experiments, the natural abundance 2H
signals (0.015 %) from the other hydrogens in the cyclohexane
linkers and trisubstituted benzene rings are not detected and
the 2H NMR spectra only probe the dynamics of the para-phen-

ylene moieties of the cages.
2H static echo NMR spectra in the 105–298 K temperature

range were recorded on desolvated and iodine-loaded

[D12]TCC2-R and [D12]TCC3-R cages (Figure 2). With decreasing
temperature a gradual change in the 2H NMR line shape is ob-

served for these materials, however, the motion induced T2 ani-
sotropy is dependent on the particular cage. Line shape simu-

lations of the 2H NMR spectra support a motion consisting of a
rapid two-site 1808 flip reorientation of the para-phenylene

ring along its para axis, and this provides the rate of molecular

reorientation (k) at each temperature on the kHz time-
scale.[19, 34, 35]

Figure 2 (a) and (c) show the variable temperature evolution
of the 2H static echo NMR spectra of [D12]TCC2-R and

[D12]TCC3-R cages. As the temperature decreases from 298 to
105 K, the appearance of the outside horns around :60 kHz

agrees with slower rotation rates at low temperature and a
static motional regime at 105 K with the anticipated Pake dou-

blet pattern. The line shape evolution of both cages is analo-
gous, as anticipated for materials with similar tubular covalent

architectures. However, the 2H NMR spectra of [D12]TCC3-R sug-
gest a significantly larger jump rate, as evidenced by the weak-
ening of the spectral shoulders of this cage at a lower temper-

ature (230 K) compared to [D12]TCC2-R (261 K), showing slower
motion for the latter.

Rotational rates of around 1.2 V 106 and 8 V 106 Hz were ex-
tracted for [D12]TCC2-R and [D12]TCC3-R cages, respectively, at

230 K. These data suggest that the presence of an acetylene
group enables easier rotation of the para-phenylene ring in

[D12]TCC3-R by reducing the strong steric interactions of the

ortho-hydrogens and opening up the void space (Figure 1). Ad-
ditionally, it is also possible that small electronic factors play a

role. For example, the smaller degree of conjugation between
the adjacent phenylene rings in [D12]TCC3-R and [D12]TCC2-R

likely contributes to the smaller activation barrier seen for
para-phenylene rotation in the former.

Moreover, while the [D12]TCC2-R rate is comparable to other

organic frameworks,[27–29, 36] the very fast reorientation rate
value obtained for the [D12]TCC3-R is larger than in any exclu-

sively organic systems reported previously below &200 K
(Table S3).[18, 19, 24, 29, 32, 37–39] In particular, below this temperature,

Figure 2. 2H static solid echo NMR spectra of (a) [D12]TCC2-R (blue), (b) iodine-loaded [D12]TCC2-R (dark blue), (c) [D12]TCC3-R (red), (d) iodine-loaded [D12]TCC3-
R (burgundy) and their corresponding simulated spectra (black dashed lines) obtained at various temperatures. The rotational rates, k, obtained from numeri-
cal simulations of the NMR lineshapes are also given. Spectral artefacts are denoted with (#).
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the dynamics of [D12]TCC3-R are faster than the ones observed
very recently for the para-phenylene reorientation in bis(sulfo-

phenylethynyl)-benzene frameworks based on an overall simi-
lar architecture of a phenylene molecular rotor sandwiched be-

tween two acetylene moieties (Figure 1 (b)), which previously
showed the largest reorientation rate for porous organic mate-

rials to date.[32]

At temperatures higher than 298 K, the 2H NMR lineshape of
the [D12]TCC2-R and [D12]TCC3-R pristine cages is characteristic

of that of the fast motional regime with rates exceeding 108 Hz
(Figure S5 (a) and (c)). No additional change in lineshape
occurs at higher temperature probably indicating an absence
of C@D librational motion and is in sharp contrast to what is
observed in PAFs.[24] This difference likely arises from the more
flexible nature of the PAFs architecture compared to the rela-

tive rigidity of these TCC2-R and TCC3-R cage structures

(Figure 1).
A plot of ln k as a function of reciprocal temperature T@1

(Figure 3) shows a linear Arrhenius behaviour from which rota-
tional activation energies, Ea, were obtained (Table 1), along

with extrapolated rotational rates at infinite temperature (at-

tempt frequencies), k0, of (9:4) V 1010 and (10:7) V 109 Hz for
[D12]TCC2-R and [D12]TCC3-R, respectively. The larger Ea value

obtained for [D12]TCC2-R versus [D12]TCC3-R is again consistent
with stronger steric interactions in the terphenylene cage

structure. The k0 values obtained are on the low side of the
&1012 Hz[22] value often associated with para-phenylene rota-

tion, although these values vary significantly with the systems
studied and k0 in the 108–1041 Hz range are
known.[19, 23, 24, 27–29, 32, 36, 37, 40, 41] The associated change in entropy

(DS) is negative and is tentatively assigned to correlated rota-
tional motion (Table S2).[41, 42]

Iodine was loaded into [D12]TCC2-R and [D12]TCC3-R using a
chemical vapour sublimation procedure (Supporting Informa-

tion) to determine if guest addition hampers motional dynam-
ics in these systems.[23, 24] Upon exposure to iodine at room

temperature, the colour of the cages changed from yellow to

black, and the guest uptake was monitored gravimetrically
(Supporting Information). This revealed a high loading of 10

and 12 iodine atoms per TCC2-R and TCC3-R cage molecule,
respectively, after 40 hours of iodine exposure. The variable

temperature 2H static echo NMR spectra of iodine-loaded
[D12]TCC2-R and [D12]TCC3-R are given in Figures 2 (b) and (d).

There is a clear difference in rotational rates of the molecular

rotor between the empty and guest-loaded materials. The less
rapid two-site ring flip is particularly evident at 230 K for the

iodine-loaded materials, reducing the rotational rates to only
105 and 5 V 104 Hz for [D12]TCC2-R and [D12]TCC3-R, respectively

(Table 1). This is smaller than the change seen when iodine is
loaded into other porous materials,[24] which probably relates

to the different host–guest properties of the materials.

When iodine-loaded TCC2-R and TCC3-R are heated above
room temperature, almost complete release of iodine is ob-

served as detected by thermogravimetric analysis (Supporting
Information) and visual inspection of the sample; as a result,

large reorientation rates are obtained in the corresponding 2H
static echo NMR spectra (Figures S6 and S7) and highlight
again that these materials are responsive with the rotational

dynamics being modulated by the capture and release of a
guest molecule.

Additionally, Arrhenius plots yield an increase of Ea with re-
spect to the guest-free cages: from 18 to 21 kJ mol@1 for
[D12]TCC2-R and from 12 to 21 kJ mol@1 for [D12]TCC3-R
(Table 1). These data show that the presence of the iodine
guest within the void of the cages, and potentially in extrinsic
voids between cages, hampers but does not totally suppress
molecular reorientation of the para-phenylene rings. It has
been reported that when the motion of a guest molecule is re-
stricted within a cavity, fast librational motions are expected;[43]

this is not apparent in these TCC2-R and TCC3-R cages, since
even when a guest is located inside the cages, the lineshapes

remain consistent with a 1808 site reorientation of the para-

phenylene rings.
Finally, 13C T1 values were also monitored due to their strong

dependence on molecular motion on the MHz timescale.[43]

The considerably shorter room temperature 13C T1 values of

1.3–1.5 s obtained in TCC2-R and TCC3-R (see Figures 1, S1 and
Table S1) for the CH carbons on the para-phenylene ring

Figure 3. Arrhenius plot of the rotational rates, k, of the para-phenylene ring
in desolvated and iodine-loaded [D12]TCC2-R and [D12]TCC3-R molecular
rotor cages. The lines show the linear fit to the Arrhenius equation with the
extracted values being reported in Table 1. Error bars are estimated from
comparison of the 2H NMR line shape fit at various rotational rates. The
errors associated with the 154 K rates for iodine-loaded [D12]TCC2-R and
[D12]TCC3-R are due to the indistinguishable line shape between 1 and
9 kHz. The 2H NMR rotational rates obtained at 230 K from the iodine re-
leased [D12]TCC2-R and [D12]TCC3-R cages are also shown in empty circles.

Table 1. Comparison of the activation energy barriers (Ea) and rotational
rates at 230 K (k230K) for all the TCC cages investigated.

Tubular covalent cages Ea [kJ mol@1][a] k230 [K Hz@1]

[D12]TCC2-R 18 (18–20) 1.2 V 106

iodine-loaded [D12]TCC2-R 21 (15–21) 1 V 105

[D12]TCC3-R 12 (10–13) 8 V 106

iodine-loaded [D12]TCC3-R 21 (14–21) 5 V 104

[a] Range of Ea values estimated from errors in the values of k are given
in brackets.
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versus the other carbons in the cages (appearing in the range
of 4–7 s) suggests an efficient relaxation mechanism and rapid

molecular reorientation of the cage windows, supporting the
fast molecular rotors of these cages. The 13C T1 relaxation times

were found to increase significantly upon loading (Figure 1,
Table S1) and is consistent with the change in 2H solid echo

NMR line shape is noted above where guest addition into the
central void slows reorientation of the phenylene rings within
the cage structures.

To conclude, we employed 2H solid echo NMR and deter-
mined 13C T1 values to probe the rotational dynamics of the
para-phenylene rings that define access to the central void in
two porous chiral tubular covalent cages, TCC2-R and TCC3-R.

Using 2H NMR, we show that TCC2-R cages show reorientation
rates that are comparable with the fastest molecular rotors re-

ported for other porous frameworks; TCC3-R cages display

even faster dynamics (below 200 K), with a very small activa-
tion energy barrier, which is ascribed to the facile rotation

around the acetylene bonds, due to a reduction in the steric
hindrance present. Iodine loading slows the phenylene rota-

tion considerably, as further supported by the lengthening of
the 13C T1 values, while high temperature treatment induces

iodine release and reacceleration of the phenylene rings reori-

entation rates. These data show that the effect on cage dy-
namics is highly guest dependent, which might have impor-

tant implications for processes such as competitive loading,
molecular separation, and drug release. These findings also

emphasize that models of porosity derived from static single
crystal structures might be misleading, but that “time-aver-

aged” models of the pore space could be equally inappropri-

ate because guest inclusion can switch the rotational dynamics
off. This suggests that computational models for loading in

such systems need to capture the interplay of guest inclusion
and rotational dynamics in the porous host.

Acknowledgements

We acknowledge the EPSRC UK National Mass Spectrometry fa-
cility at Swansea University, R. L. Greenaway (Liverpool) and

the MicroBioRefinery for assistance with MS measurements. We
thank M. A. Little (Liverpool) and R. Clowes (Liverpool) for XRD

assistance. Financial support from the EPSRC for Doctoral Train-
ing Studentships (to A.R.H. and N.J.B.), a Vacation Bursary (to

R.C.L.), grants EP/N004884/1 (to M.E.B. and A.I.C.), EP/M00869X/

1 (to F.B.). A.G.S. thanks the Royal Society and EPSRC for a
Royal Society–EPSRC Dorothy Hodgkin Fellowship. A.I.C. also

acknowledges funding from the European Research Council
under the European Union’s Seventh Framework Programme

(FP/2007–2013)/ERC through grant agreement no. 321156. The
data that support the findings of this study are available from

the University of Liverpool Research Data Catalogue portal

with the identifier http://datacat.liverpool.ac.uk/411/.

Conflict of interest

The authors declare no conflict of interest.

Keywords: molecular rotors · NMR spectroscopy · porous

organic cages · responsive materials · supramolecular
chemistry

[1] O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, J. Kim,
Nature 2003, 423, 705 – 714.

[2] M. Mastalerz, Angew. Chem. Int. Ed. 2010, 49, 5042 – 5053; Angew. Chem.
2010, 122, 5164 – 5175.

[3] J. Tian, P. K. Thallapally, B. P. McGrail, CrystEngComm 2012, 14, 1909 –
1919.

[4] A. G. Slater, A. I. Cooper, Science 2015, 348, aaa8075.
[5] T. Tozawa, J. T. A. Jones, S. I. Swamy, S. Jiang, D. J. Adams, S. Shake-

speare, R. Clowes, D. Bradshaw, T. Hasell, S. Y. Chong, C. Tang, S. Thomp-
son, J. Parker, A. Trewin, J. Basca, A. M. Z. Slawin, A. Stiener, A. I. Cooper,
Nat. Mater. 2009, 8, 973 – 978.

[6] G. Zhang, O. Presly, F. White, I. M. Oppel, M. Mastalerz, Angew. Chem.
Int. Ed. 2014, 53, 1516 – 1520; Angew. Chem. 2014, 126, 1542 – 1546.

[7] L. Chen, P. S. Reiss, S. Y. Chong, D. Holden, K. E. Jelfs, T. Hasell, M. A.
Little, A. Kewley, M. E. Briggs, A. Stephenson, K. M. Thomas, J. A. Arm-
strong, J. Bell, J. Busto, R. Noel, J. Liu, D. M. Strachan, P. K. Thallapally,
A. I. Cooper, Nat. Mater. 2014, 13, 954 – 960.

[8] J.-H. Zhang, S.-M. Xie, B.-J. Wang, P.-G. He, L.-M. Yuan, J. Chromatogr. A
2015, 1426, 174 – 182.

[9] T. Hasell, A. I. Cooper, Nat. Rev. Mater. 2016, 1, 16053.
[10] A. G. Slater, M. A. Little, A. Pulido, S. Y. Chong, D. Holden, L. Chen, C.

Morgan, X. Wu, G. Cheng, R. Clowes, M. E. Briggs, T. Hasell, K. E. Jelfs,
G. M. Day, A. I. Cooper, Nat. Chem. 2017, 9, 17 – 25.

[11] A. Kewley, A. Stephenson, L. Chen, M. E. Briggs, T. Hasell, A. I. Cooper,
Chem. Mater. 2015, 27, 3207 – 3210.

[12] B. J. Riley, J. D. Vienna, D. M. Strachan, J. S. McCloy, J. L. Jerden, J. Nucl.
Mater. 2016, 470, 307 – 326.

[13] C. Madic, M. Lecomte, P. Baron, B. Boullis, Comptes Rendus Phys. 2002,
3, 797 – 811.

[14] K. Ioannides, K. Stamoulis, C. Papachristodoulou, J. Radioanal. Nucl.
Chem. 2013, 298, 1207 – 1213.

[15] D. F. Sava, M. A. Rodriguez, K. W. Chapman, P. J. Chupas, J. A. Great-
house, P. S. Crozier, T. M. Nenoff, J. Am. Chem. Soc. 2011, 133, 12398 –
12401.

[16] T. Hasell, M. Schmidtmann, A. I. Cooper, J. Am. Chem. Soc. 2011, 133,
14920 – 14923.

[17] A. Comotti, S. Bracco, P. Sozzani, Acc. Chem. Res. 2016, 49, 1701 – 1710.
[18] A. Comotti, S. Bracco, F. Castiglioni, S. Galli, M. Negroni, A. Maspero, P.

Sozzani, Chem. Eur. J. 2017, 23, 11210 – 11215.
[19] W. Setaka, K. Inoue, S. Higa, S. Yoshigai, H. Kono, K. Yamaguchi, J. Org.

Chem. 2014, 79, 8288 – 8295.
[20] K. Schmidt-Rohr, H. W. Spiess, Multidimensional Solid-State NMR and

Polymers, Academic Press, London, 1994.
[21] A. Steigel, H. W. Spiess, Dynamic NMR Spectroscopy, Springer, Heidel-

berg, 1978.
[22] H. W. Spiess, Colloid Polym. Sci. 1983, 261, 193 – 209.
[23] A. Comotti, S. Bracco, P. Valsesia, M. Beretta, P. Sozzani, Angew. Chem.

Int. Ed. 2010, 49, 1760 – 1764; Angew. Chem. 2010, 122, 1804 – 1808.
[24] A. Comotti, S. Bracco, T. Ben, S. Qiu, P. Sozzani, Angew. Chem. Int. Ed.

2014, 53, 1043 – 1047; Angew. Chem. 2014, 126, 1061 – 1065.
[25] P. S. Sidhu, J. Bell, G. H. Penner, K. R. Jeffrey, Can. J. Chem. 1995, 73,

2196 – 2207.
[26] D. F. Shantz, R. F. Lobo, Top. Catal. 1999, 9, 1 – 11.
[27] S. L. Gould, D. Tranchemontagne, O. M. Yaghi, M. A. Garcia-Garibay, J.

Am. Chem. Soc. 2008, 130, 3246 – 3247.
[28] D. I. Kolokolov, H. Jobic, A. G. Stepanov, V. Guillerm, T. Devic, C. Serre, G.

F8rey, Angew. Chem. Int. Ed. 2010, 49, 4791 – 4794; Angew. Chem. 2010,
122, 4901 – 4904.

[29] D. I. Kolokolov, A. G. Stepanov, V. Guillerm, C. Serre, B. Frick, H. Jobic, J.
Phys. Chem. C 2012, 116, 12131 – 12136.

[30] S. Bracco, A. Comotti, P. Valsesia, B. F. Chmelka, P. Sozzani, Chem.
Commun. 2008, 0, 4798 – 4800.

[31] S. Horike, R. Matsuda, D. Tanaka, S. Matsubara, M. Mizuno, K. Endo, S. Ki-
tagawa, Angew. Chem. Int. Ed. 2006, 45, 7226 – 7230; Angew. Chem.
2006, 118, 7384 – 7388.

Chem. Eur. J. 2017, 23, 17217 – 17221 www.chemeurj.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim17220

Communication

http://datacat.liverpool.ac.uk/411/
https://doi.org/10.1038/nature01650
https://doi.org/10.1038/nature01650
https://doi.org/10.1038/nature01650
https://doi.org/10.1002/anie.201000443
https://doi.org/10.1002/anie.201000443
https://doi.org/10.1002/anie.201000443
https://doi.org/10.1002/ange.201000443
https://doi.org/10.1002/ange.201000443
https://doi.org/10.1002/ange.201000443
https://doi.org/10.1002/ange.201000443
https://doi.org/10.1039/c2ce06457j
https://doi.org/10.1039/c2ce06457j
https://doi.org/10.1039/c2ce06457j
https://doi.org/10.1126/science.aaa8075
https://doi.org/10.1038/nmat2545
https://doi.org/10.1038/nmat2545
https://doi.org/10.1038/nmat2545
https://doi.org/10.1002/anie.201308924
https://doi.org/10.1002/anie.201308924
https://doi.org/10.1002/anie.201308924
https://doi.org/10.1002/anie.201308924
https://doi.org/10.1002/ange.201308924
https://doi.org/10.1002/ange.201308924
https://doi.org/10.1002/ange.201308924
https://doi.org/10.1038/nmat4035
https://doi.org/10.1038/nmat4035
https://doi.org/10.1038/nmat4035
https://doi.org/10.1016/j.chroma.2015.11.038
https://doi.org/10.1016/j.chroma.2015.11.038
https://doi.org/10.1016/j.chroma.2015.11.038
https://doi.org/10.1016/j.chroma.2015.11.038
https://doi.org/10.1038/natrevmats.2016.53
https://doi.org/10.1021/acs.chemmater.5b01112
https://doi.org/10.1021/acs.chemmater.5b01112
https://doi.org/10.1021/acs.chemmater.5b01112
https://doi.org/10.1016/j.jnucmat.2015.11.038
https://doi.org/10.1016/j.jnucmat.2015.11.038
https://doi.org/10.1016/j.jnucmat.2015.11.038
https://doi.org/10.1016/j.jnucmat.2015.11.038
https://doi.org/10.1016/S1631-0705(02)01370-1
https://doi.org/10.1016/S1631-0705(02)01370-1
https://doi.org/10.1016/S1631-0705(02)01370-1
https://doi.org/10.1016/S1631-0705(02)01370-1
https://doi.org/10.1007/s10967-013-2527-6
https://doi.org/10.1007/s10967-013-2527-6
https://doi.org/10.1007/s10967-013-2527-6
https://doi.org/10.1007/s10967-013-2527-6
https://doi.org/10.1021/ja204757x
https://doi.org/10.1021/ja204757x
https://doi.org/10.1021/ja204757x
https://doi.org/10.1021/ja205969q
https://doi.org/10.1021/ja205969q
https://doi.org/10.1021/ja205969q
https://doi.org/10.1021/ja205969q
https://doi.org/10.1021/acs.accounts.6b00215
https://doi.org/10.1021/acs.accounts.6b00215
https://doi.org/10.1021/acs.accounts.6b00215
https://doi.org/10.1021/jo501539h
https://doi.org/10.1021/jo501539h
https://doi.org/10.1021/jo501539h
https://doi.org/10.1021/jo501539h
https://doi.org/10.1007/BF01469664
https://doi.org/10.1007/BF01469664
https://doi.org/10.1007/BF01469664
https://doi.org/10.1002/anie.200906255
https://doi.org/10.1002/anie.200906255
https://doi.org/10.1002/anie.200906255
https://doi.org/10.1002/anie.200906255
https://doi.org/10.1002/ange.200906255
https://doi.org/10.1002/ange.200906255
https://doi.org/10.1002/ange.200906255
https://doi.org/10.1002/anie.201309362
https://doi.org/10.1002/anie.201309362
https://doi.org/10.1002/anie.201309362
https://doi.org/10.1002/anie.201309362
https://doi.org/10.1002/ange.201309362
https://doi.org/10.1002/ange.201309362
https://doi.org/10.1002/ange.201309362
https://doi.org/10.1139/v95-273
https://doi.org/10.1139/v95-273
https://doi.org/10.1139/v95-273
https://doi.org/10.1139/v95-273
https://doi.org/10.1023/A:1019146102527
https://doi.org/10.1023/A:1019146102527
https://doi.org/10.1023/A:1019146102527
https://doi.org/10.1021/ja077122c
https://doi.org/10.1021/ja077122c
https://doi.org/10.1021/ja077122c
https://doi.org/10.1021/ja077122c
https://doi.org/10.1002/anie.201001238
https://doi.org/10.1002/anie.201001238
https://doi.org/10.1002/anie.201001238
https://doi.org/10.1002/ange.201001238
https://doi.org/10.1002/ange.201001238
https://doi.org/10.1002/ange.201001238
https://doi.org/10.1002/ange.201001238
https://doi.org/10.1021/jp3029193
https://doi.org/10.1021/jp3029193
https://doi.org/10.1021/jp3029193
https://doi.org/10.1021/jp3029193
https://doi.org/10.1039/b809559k
https://doi.org/10.1039/b809559k
https://doi.org/10.1039/b809559k
https://doi.org/10.1039/b809559k
https://doi.org/10.1002/anie.200603196
https://doi.org/10.1002/anie.200603196
https://doi.org/10.1002/anie.200603196
https://doi.org/10.1002/ange.200603196
https://doi.org/10.1002/ange.200603196
https://doi.org/10.1002/ange.200603196
https://doi.org/10.1002/ange.200603196
http://www.chemeurj.org


[32] S. Bracco, T. Miyano, M. Negroni, I. Bassanetti, L. Marchio“, P. Sozzani, N.
Tohnai, A. Comotti, Chem. Commun. 2017, 53, 7776 – 7779.

[33] D. I. Kolokolov, H. Jobic, A. G. Stepanov, J. Ollivier, S. Rives, G. Maurin, T.
Devic, C. Serre, G. F8rey, J. Phys. Chem. C 2012, 116, 15093 – 15098.

[34] V. Macho, L. Brombacher, H. W. Spiess, Appl. Magn. Reson. 2001, 20,
405 – 432.

[35] R. L. Vold, G. L. Hoatson, J. Magn. Reson. 2009, 198, 57 – 72.
[36] C. S. Vogelsberg, S. Bracco, M. Beretta, A. Comotti, P. Sozzani, M. A.

Garcia-Garibay, J. Phys. Chem. B 2012, 116, 1623 – 1632.
[37] A. Comotti, S. Bracco, A. Yamamoto, M. Beretta, T. Hirukawa, N. Tohnai,

M. Miyata, P. Sozzani, J. Am. Chem. Soc. 2014, 136, 618 – 621.
[38] M. Inukai, T. Fukushima, Y. Hijikata, N. Ogiwara, S. Horike, S. Kitagawa, J.

Am. Chem. Soc. 2015, 137, 12183 – 12186.
[39] L. Catalano, S. Perez-Estrada, H.-H. Wang, A. J. L. Ayitou, S. I. Khan, G.

Terraneo, P. Metrangolo, S. Brown, M. A. Garcia-Garibay, J. Am. Chem.
Soc. 2017, 139, 843 – 848.

[40] N. B. Shustova, T. C. Ong, A. F. Cozzolino, V. K. Michaelis, R. G. Griffin, M.
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