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Abstract: Due to the fascinating structures and wide applications,
porous materials with open frameworks have attracted more and more
attentions. Herein, a novel two-dimensional (2D) halogen-bonded
organic framework (XOF-TPPE) was successfully designed and
fabricated by iodonium-bridged N---I*---N interactions between pyridyl
groups and I* for the first time. The formation of XOF-TPPE and its
linear analogue was monitored by H NMR, UV-Vis, X-ray
photoelectron spectroscopy (XPS), IR, SEM, TEM, HRTEM and
selected-area electron diffraction (SAED). The structural model of
XOF-TPPE was established based on powder X-ray diffraction
(PXRD) data and theoretical simulations. Significantly, synchrotron
small-angle X-ray scattering (SAXS), DLS and UV-vis spectroscopy
experiments suggested that XOF-TPPE still maintains a stable 2D
framework structure in solutions. This research opens up a novel
avenue for the development of organic frameworks materials, and
may bring new promising applications for the field of porous materials.

Great attentions have been paid to the exploration of crystalline
porous materials for their fascinating structures and wide
applications in the past decades.! Both covalent and non-
covalent interactions have been employed to build crystalline
porous materials with open frameworks, giving diversity of
structures and functions. Due to the high stability of covalent
bonds, covalent organic frameworks (COFs) are usually stable,
even under harsh conditions.? Formed by coordination bonds
between metal ions and organic ligands, metal organic
frameworks (MOFs) are of inherent crystallinity and fragility.F
Metal ions are not only connection nodes, but also the effective
functional sites.! Hydrogen-bonded organic frameworks (HOFs),
constructed with building blocks connected by hydrogen bonds,
are another type of crystalline porous organic frameworks.®! Due
to the weakness of hydrogen bonds, HOFs are usually less stable
than COFs and MOFs, but facile to process and rebuild.®
Particularly, built based on strong host-guest interactions, soluble
supramolecular organic frameworks (SOFs) represent a unique
class porous materials, which exist stably in solution phase while
still maintaining periodic structures.”! The properties and

functions for porous frameworks depend on not only the organic
building units, but also the connection knots.[! Thus, the
development of new connection motifs is still of importance for
expanding the family of porous architectures with unexploited
properties and functions.

Halogen bond (XB) interactions have more stringent
directionality than hydrogen bond (HB) interactions, which offer
a robust tool for the construction of distinctive supramolecular
architectures,*®  showing wide applications in crystal
engineering,*¥ molecular recognition,*? catalysis,*¥ drug
design,' etc. A halogen bond occurs when there is
evidence of a net attractive interaction between an
electrophilic region associated with a halogen atom in a molecular
entity and a nucleophilic region in another, or the same, molecular
entity.*) When multivalent halogen-bond donors and accepters
were introduced, a few examples of halogen-bonded frameworks
have been investigated in cocrystal states.*®! Nevertheless,
organic frameworks with inherent nanopore structures based on
halogen bonds are still unexplored. It is known that halonium ions
(X*) feature positive p-holes due to the empty p-orbital, which
interact with two Lewis bases in both lobes,*”! and they tend to
form robust, three-center-four-electron [D---X*---D] halogen
bonds in a straight arrangement, making halonium ions ideal
building knots in supramolecular assembly.[* It is worth noting
that discrete supramolecular structures have been well fabricated
based on D---X*---D halogen bonds, such as capsules,
cages,? helices®?!! due to the predicable characteristics. Herein,
we reported the construction of a two-dimensional (2D) halogen-
bonded organic framework (XOF-TPPE) by the three-center-four-
electron halogen bond interactions for the first time. In this method,
pyridyl units were firstly coordinated with Ag* to generate
corresponding [N-Ag-N]* MOF structure. Then, the XOF structure
was prepared via in situ replacing Ag* cations of the [N-Ag-NJ*
linkers in the MOF with I* to form [N-I-N]* linkers (Scheme 1).
Meaningfully, XOF-TPPE not only is of crystallinity in solid state
but also still maintains a stable 2D periodic structure in solution
state.
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Scheme 1. The construction of [N---1*---N]-bridged XOF-TPPE and the linear analogue XOF-BPy.
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Figure 1. (@) XPS spectrum of | 3d for XOF-BPy; (b) Partial *H NMR spectra of
BPy, MOF-BPy and XOF-BPy in CDCls/MeOH-d4 (4:1, vi/v, 600 MHz, 298 K);
(c) IR spectra of BPy, MOF-BPy, XOF-BPy; (d) Single crystal structure of MOF-
BPy with different views.

To demonstrate the validity of this design, 4,4'-bipyridine (BPy),
the simplest pyridyl linker, was firstly selected as a model to
fabricate linear MOF-BPy and XOF-BPy (see the Supporting
Information for details). The structures of MOF-BPy and XOF-
BPy were investigated via UV-Vis, X-ray photoelectron
spectroscopy (XPS), 'H NMR, IR spectroscopy, X-ray
crystallographic analysis, and scanning electron microscopy
(SEM). XPS has been used to analyze the surface properties of
XOF-BPy (Figure 1a). The peaks of | 3ds, at 618.6 eV and | 3ds/2
at 630.1 eV could be attributed to Agl species, while the other
peaks at 620.1 (I 3ds) and 631.6 (I 3ds,2) eV should be attributed
to I* by referring to National Institute of Standards and Technology
(NIST) XPS databasel?? and pertinent literature.® In addition,
this result is consistent with | 3d spectrum of Barluenga’s reagent
(Figure S3),24 which further proves the existence of I*.
Meanwhile, the UV spectrum of XOF-BPy shows a significant
broad absorption around 463 nm, which is consistent with the
absorption of iodonium ions (see the Supporting Information for
details, Figure S4-S5).

In the *H-NMR spectra (Figure 1b), the signals of H, and Hy, of
pyridyl groups of MOF-BPy and XOF-BPy display deshielded
effect compared to those of BPy monomer due to the coordination
interactions of the pyridyl units to Ag*/I*.?5l Moreover, in the
corresponding IR spectra (Figure 1c), upon the addition of Ag*
(1.0 equiv.) into the BPy, the =C-H, C=N stretching vibrations shift
from 3027, 1586 to 3109, 1601 cm™, respectively. The signals of
=C-H and C=N move back slightly with the addition of iodine (1.0
equiv.) to MOF-BPy. These shifts further support Ag*/I* binding
with pyridyl groups of BPy by coordination interactions to form
MOF-BPy and XOF-BPy, respectively.

Notably, high quality crystal of MOF-BPy was successfully
obtained in acetonitrile by solvent diffusion method and analyzed
via X-ray crystallography (Figure 1d). The crystal structure reveals
that MOF-BPy consists of 1D linear structure of alternating
arrangement of Ag* and BPy. The the N--Ag distance of 2.16 ~
2.17 Ain MOF-Bpy is shorter than the coordination distance (2.23
~ 2.56 A) between the nitrogen atom in unconjugated aromatic
system and silver ion, which could be attributed to charge
delocalization into the conjugated aromatic system during the
coordination with Ag*.?®l The N---Ag---N angle is 177.140°, nearly
linear. Unfortunately, all attempts to obtain single crystal of XOF-
BPy were unsuccessful. What's more, the morphologies for BPy,
MOF-BPy and XOF-BPy were investigated by SEM (Figure S6).
The images show that BPy exists in irregular powder structures,
while MOF-BPy and XOF-BPy exhibit fibrous-like morphologies,
confirming that Ag*/I* could induce obvious aggregation of BPy.

The pyridyl functionalized tetraphenyl ethylene (TPPE) was
introduced to fabricate 2D halogen-bonded organic framework
(XOF-TPPE) following the similar procedure for XOF-BPy. XPS,
UV-Vis, 'H NMR, IR spectroscopy, powder X-ray diffraction
(PXRD), SEM, TEM and HRTEM experiments were performed to
investigate the formation of MOF-TPPE and XOF-TPPE. In the
XPS experiment of XOF-TPPE (Figure S7), the signal peaks of
13d at 620.1 (I 3ds2) and 631.6 (I 3ds2) eV indicate the existence
of I*. Meanwhile, TPPE exhibits two N1s peaks at 398.9 and 401.0
eV (Figure S8), while the N1s peaks of MOF-TPPE and XOF-
TPPE shift to higher binding energies because of coordination
interactions between pyridyl groups and Ag*/I*, respectively. In
addition, UV-vis spectrum of XOF-TPPE shows a similar broad
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absorption centered at 479 nm, which further confirms the
presence of I* (Figure S9). In their *H-NMR spectra (Figure 2a),
the aromatic proton signals (Ha~Hg) of MOF-TPPE and XOF-
TPPE display a large deshielded effect compared with the free
TPPE ligand, which could be attributed to the electron density
decrease of pyridyl groups during the coordination with Ag*/I*.
Furthermore, as revealed by their IR spectra (Figure S10), the =C-
H and C=N signals of MOF-TPPE and XOF-TPPE show
significant blue shifts compared with those of TPPE monomer.
These results also indicate the formation of MOF-TPPE and XOF-
TPPE.

The morphologies of TPPE, MOF-TPPE and XOF-TPPE were
further investigated by SEM and TEM. The SEM image of TPPE
shows spherical particles (Figure S11a), while MOF-TPPE and
XOF-TPPE exhibit similar block structures (Figure S12a and
Figure S11b). Interestingly, the TEM images of MOF-TPPE and
XOF-TPPE show crossnetworking structures (Figure S12b and
Figure 2b). In addition, the clear lattice fringes and the typical
diffraction pattern related to single crystal were observed by
HRTEM and SAED, respectively (Figure S12c and Figure 2c),

indicating that MOF-TPPE and XOF-TPPE have high crystallinity.
[27]
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Figure 2. (a) Partial *H NMR spectra of TPPE, MOF-TPPE, XOF-TPPE in
CDCls/MeOH-ds4 (4:1, v/v) at 298 K; (b) TEM, and (c) HRTEM and SAED
(inset) images of XOF-TPPE.

To elucidate the crystal structures of MOF/XOF-TPPE, PXRD
studies were performed and the possible 2D structures with
different stacking models were built and optimized by the
Materials Studio with Forcite molecular dynamics module method.
The experimental PXRD patterns of MOF-TPPE match well with
the simulated pattern of eclipsed AA stacking model (Figure 3a
and Figure S13a). As revealed by the experimentally observed
PXRD pattern, the first intense peak at a low angle of 4.68° (26)
corresponds to the (110) Bragg reflection. The other two peaks at
9.59° and 14.08° are attributed to (220) and (330) reflections,
respectively. Pawley refinement was performed to give the unit
cell parameters of a =36.97 A, b=22.07A, c=5.67A a=8=y
= 90°, with Rup = 4.60 %, and R, = 3.65 %. For XOF-TPPE, the
simulated PXRD patterns of the eclipsed AA stacking model
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match better with the experimental results (Figure 3b and Figure
S13b), suggesting the practical structure of eclipsed AA stacking
model. In addition, Pawley refinement was implemented to give
the unit cell parameters of a=38.13A, b=26.15A, c =556 A, a
=B =y=90° with Rup = 6.82 % and R, = 3.84 %). The difference
plot suggests that the refined PXRD patterns match well with the
experimental result. When exposed to air for 50 days, the
unaltered PXRD pattern of XOF-TPPE indicates its good stability
(Figure S15). In addition, nitrogen adsorption-desorption
measurements were performed to give the Brunaner-Emmett-
Teller (BET) surface areas for TPPE, MOF-TPPE and XOF-TPPE
as 0.08, 34.74 and 13.13 m?/g, respectively (Figure S14). The
relatively low surface areas of MOF/XOF-TPPE should be
attributed to the large size of tetrafluoroborate anions filled in the
pores (Figure S13c).k®!
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Figure 3. Experimented (balck) and refined (red) PXRD, the difference plots
between the experimental and refined PXRD patterns, simulated PXRD
patterns for eclipsed AA stacking and staggered AB stacking mode for MOF-
TPPE (a) and XOF-TPPE (b), and respectively. Inset: Top views of structural
representations of MOF-TPPE (a) and XOF-TPPE (b) in eclipsed AA stacking
model.

Since MOF-TPPE and XOF-TPPE are slightly soluble in MeOH,
DMF and DMSO, the assembly structures of MOF-TPPE and
XOF-TPPE in solution state were further investigated by small-
angle X-ray scattering (SAXS, Figure 4 and Figure S16), which is
a powerful technique to characterize the assembly architectures
with periodic structures in solutions.??! The one-dimensional
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scattering curves of MOF-TPPE and XOF-TPPE show clear
bumps (Figure 4c and Figure S17a), implying the existence of
periodic structures inside the samples. Fourier transformation
was further performed for the scattering curves, and the second
order derivative was calculated to provide the chord length
distribution (CLD) function (Figure 4d and Figure S17b, see the
Supporting Information for SAXS experiment details). According
to the theory of the CLD function, the first extreme value in the
curve is interpreted as the length of the minimum period while the
second extreme value corresponds to the length of the second
minimum period at the orthogonal direction. The extreme values
between 5 and 10 nm reflect chords penetrating multiple
interfaces. The CLD function curves indicate that MOF-TPPE and
XOF-TPPE maintain regular 2D frameworks in solutions while the
lengths of the minimum periods at orthogonal directions are 2.38
nm and 4.46 nm, respectively, which are consistent with the result
of Pawley refinement results (~2.27 nm and ~3.85 nm). The
oscillation mode of the CLD curves further demonstrate the
periodicity of MOF-TPPE and XOF-TPPE. From dynamic light
scattering (DLS) experiments, the hydrodynamic diameters (Dy)
of MOF/XOF-TPPE in polar solvents (MeOH, DMF, and DMSO)
were determined to be around 710 nm, which was significantly
larger than that of the monomer TPPE (about 100 nm) (Figure
S18). The much large sizes of MOF/XOF-TPPE is consistent with
the proposed 2D framework structures. The unchanged
absorption coefficients of MOF/XOF-TPPE, based on UV-vis
spectroscopy experiments, indicated that the frameworks do not
dissociate upon dissolution and they are of high stability in
solutions (Figure S19-S20).
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Figure 4. SAXS patterns of (a) MOF-TPPE and (b) XOF-TPPE in DMF
(saturated, ~0.5mg/mL); (c) One-dimensional scattering curve of MOF-TPPE
and XOF-TPPE; (d) The CLD function curves of MOF-TPPE and XOF-TPPE.

In summary, we have demonstrated a supramolecular
approach to successfully construct a novel 2D halogen-bonded
organic framework (XOF-TPPE) formed from pyridyl modified
organic ligand with iodonium ions via three-center-four-electron
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halogen-bonding interactions. Significantly, XOF-TPPE not only
has high crystallinity in solid state, but also still maintains stable
2D framework structures in solutions. To the best of our
knowledge, it is the first 2D XOF with a stable structure in both
solid and solution state via three-center-four-electron halogen
bonds. As a new member to the family of organic frameworks,
XOFs distinguish themselves from COFs, MOFs, HOFs and
SOFs by connecting building blocks through less common but
intriguing halogen bonds, which should endow them with exotic
properties. In this context, the development of XOFs extends the
boundary of crystalline porous organic materials, and may bring
attracting properties as well as bright perspective for this
emerging field.

Acknowledgements

This work was supported by National Natural Science Foundation
of China (21702153 and 21801194) and Natural Science
Foundation of Hubei Province (ZRMS2019000270). We thank the
support of Beijing Synchrotron Radiation Facility.

Keywords: Halogen-bonded organic framework ¢ N---I*---N
interaction « lodonium ¢ Diphase network « TPPE

[1] a) D. Wu, F. Xu, B. Sun, R. Fu, H. He, K. Matyjaszewski, Chem. Rev.
2012, 112, 3959-4015; b) Y. Tian, G. Zhu, Chem. Rev. 2020, 120,
8934-8986; c) P. J. Waller, F. Gandara, O. M. Yaghi, Acc. Chem.
Res. 2015, 48, 3053-3063.

[2] a) A. P. Cote, A. I. Benin, N. W. Ockwig, M. O' Keeffe, A. J. Matzger,
O. M. Yaghi, Science 2005, 310, 1166-1170; b) R. R. Liang, S. Y.
Jiang, R. H. A, X. Zhao, Chem. Soc. Rev. 2020, 49, 3920-3951.

[3] a) S. L. James, Chem. Soc. Rev. 2003, 32, 276-288; b) W. M. Xuan,
C. F. Zhu, Y. Liu, Y. Cui, Chem. Soc. Rev. 2012, 41, 1677-1695.

[4] Q. Wang, D. Astruc, Chem. Rev. 2020, 120, 1438-1511.

[5] a) W. Yang, A. Greenaway, X. Lin, R. Matsuda, A. J. Blake, C.

Wilson, W. Lewis, P. Hubberstey, S. Kitagawa, N. R. Champness,
M. Schréder, J. Am. Chem. Soc. 2010, 132, 14457-14469; b) R. B.
Lin, Y. He, P. Li, H. Wang, W. Zhou, B. Chen, Chem. Soc. Rev. 2019,
48, 1362-1389; c) Q. Yin, Y. L. Li, L. Li, J. Lu, T. F. Liu, R. Cao, ACS
Appl. Mater. Interfaces 2019, 11, 17823-17827.

[6] Y. L. Li, E. V. Alexandrov, Q. Yin, L. Li, Z. B. Fang, W. Yuan, D. M.
Proserpio, T. F. Liu, J. Am. Chem. Soc. 2020, 142, 7218-7224.
[7] a) K. D. Zhang, J. Tian, D. Hanifi, Y. B. Zhang, A. C. H. Sue, T. Y.

Zhou, L. Zhang, X. Zhao, Y. Liu, Z. T. Li, 3. Am. Chem. Soc. 2013,
135, 17913-17918; b) J. Tian, T. Y. Zhou, S. C. Zhang, S. Aloni, M.
V. Altoe, S. H. Xie, H. Wang, D. W. Zhang, X. Zhao, Y. Liu, Z. T. Li,
Nat. Commun. 2014, 5, 5574-5585.

[8] a) S.Chand, S. C. Pal, A. Pal, Y. Ye, Q. Lin, Z. Zhang, S. Xiang, M.
C. Das, Chem. Eur. J. 2019, 25, 1691-1695; b) S. M. J. Rogge, A.
Bavykina, J. Hajek, H. Garcia, A. I. Olivos-Suarez, A. Sepulveda-
Escribano, A. Vimont, G. Clet, P. Bazin, F. Kapteijn, M. Daturi, E. V.
Ramos-Fernandez, F. Xamena, V. Van Speybroeck, J. Gascon,
Chem. Soc. Rev. 2017, 46, 3134-3184.

[9] Z. P. Shields, J. S. Murray, P. Palitzer, Int. J. Quantum Chem. 2010,
110, 2823-2832.
[10] a) L. C. Gilday, S. W. Robinson, T. A. Barendt, M. J. Langton, B. R.

Mullaney, P. D. Beer, Chem. Rev. 2015, 115, 7118-7195; b) A.
Priimagi, G. Cavallo, P. Metrangolo, G. Resnati, Acc. Chem. Res.
2013, 46, 2686-2695.

[11] A. Mukherjee, S. Tothadi, G. R. Desiraju, Acc. Chem. Res. 2014, 47,
2514-2524.

[12] G. Cavallo, P. Metrangolo, T. Pilati, G. Resnati, M. Sansotera, G.
Terraneo, Chem. Soc. Rev. 2010, 39, 3772-3783.

[13] R. L. Sutar, E. Engelage, R. Stoll, S. M. Huber, Angew. Chem. Int.
Ed. 2020, 59, 6806-6810.

[14] L. Mendez, G. Henriquez, S. Sirimulla, M. Narayan, Molecules 2017,
22,1397-1412.

[15] T. M. Beale, M. G. Chudzinski, M. G. Sarwar, M. S. Taylor, Chem.
Soc. Rev. 2013, 42, 1667-1680.

[16] a) J. Zhou, L. Stojanovi¢, A. A. Berezin, T. Battisti, A. Gill, B. M.

Kariuki, D. Bonifazi, R. Crespo-Otero, M. R. Wasielewski, Y. L. Wu,
Chem. Sci. 2021, 12, 767-773; b) I. G. Grosu, L. Pop, M. Miclaus,
N. D. Hadade, A. Terec, A. Bende, C. Socaci, M. Barboiu, I. Grosu,
Cryst. Growth Des. 2020, 20, 3429-3441; c) N. Chongboriboon, K.
Samakun, T. Inprasit, F. Kielar, W. Dungkaew, L. W. Y. Wong, H. H.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

[17]
[18]

[29]
[20]
[21]

[22]

(23]

Y. Sung, D. B. Ninkovi¢, S. D. Zari¢, K. Chainok, CrystEngComm.
2020, 22, 24-34; d) S. Shankar, O. Chovnik, L. J. W. Shimon, M.
Lahav, M. E. van der Boom, Cryst. Growth Des. 2018, 18, 1967-
1977; e) V. I. Nikolayenko, D. C. Castell, D. P. van Heerden, L. J.
Barbour, Angew. Chem. Int. Ed. 2018, 57, 12086-12091.

L. Turunen, M. Erdélyi, Chem. Soc. Rev. 2020, 49, 2688-2700.

A. C. C. Carlsson, K. Mehmeti, M. Uhrbom, A. Karim, M. Bedin, R.
Puttreddy, R. Kleinmaier, A. A. Neverov, B. Nekoueishahraki, J.
Gréafenstein, K. Rissanen, M. Erdélyi, J. Am. Chem. Soc. 2016, 138,
9853-9863.

L. Turunen, U. Warzok, R. Puttreddy, N. K. Beyeh, C. A. Schalley,
K. Rissanen, Angew. Chem. Int. Ed. 2016, 55, 14033-14036.

L. Turunen, A. Peuronen, S. Forsblom, E. Kalenius, M. Lahtinen, K.
Rissanen, Chem. Eur. J. 2017, 23, 11714-11718.

A. Vanderkooy, A. K. Gupta, T. Féldes, S. Lindblad, A. Orthaber, I.
Pépai, M. Erdélyi, Angew. Chem. Int. Ed. 2019, 58, 9012-9016.

A. K. V. Alexander V. Naumkin, Stephen W. Gaarenstroom, and
Cedric J. Powell, NIST X-ray Photoelectron Spectroscopy Database
2012.

a) P. M. A, Sherwood, J. Chem. Soc., Faraday Trans. 2, 1975, 72,
1805-1820; b) W. Zhang, L. Zhou, J. Shi, H. Deng, J. Colloid
Interface Sci. 2017, 496, 167-176.

[24]
[25]
[26]

[27]

[28]

[29]

[30]

10.1002/anie.202102448

WILEY-VCH

J. Barluenga, Pure Appl. Chem. 1999, 71, 431-436.

J. S. Ward, G. Fiorini, A. Frontera, K. Rissanen, Chem. Commun.
2020, 56, 8428-8431.

a) P. R. Nimax, D. Reimann, K. Siinkel, Dalton Trans. 2018, 47,
8476-8482; b) A. Karim, M. Reitti, A-C. C. Carlsson, J. Gréfensteina,
M. Erdélyi, Chem. Sci., 2014, 5, 3226-3233.

K. Liu, H. Qi, R. Dong, R. Shivhare, M. Addicoat, T. Zhang, H.
Sahabudeen, T. Heine, S. Mannsfeld, U. Kaiser, Z. Zheng, X. Feng,
Nat. Chem. 2019, 11, 994-1000.

a) Y. Deng, Z. Zhang, P. Du, X. Ning, Y. Wang, D. Zhang, J. Liu, S.
Zhang, X. Lu, Angew. Chem. Int. Ed. 2020, 59, 6082-6089; b) P.
Zuo, Y. Li, A. Wang, R. Tan, Y. Liu, X. Liang, F. Sheng, G. Tang, L.
Ge, L. Wu, Q. Song, N. B. McKeown, Z. Yang, T. Xu, Angew. Chem.
Int. Ed. 2020, 59, 9564-9573.

Z.Li, Z. Wu, G. Mo, X. Xing, P. Liu, Instrum. Sci. Technol. 2014, 42,
128-141.

C. Burgera, W. Ruland, Acta Cryst. 2001, 57, 482-491.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

Entry for the Table of Contents

|
|
/

O O
%?\Q‘ “;ﬁ;ﬁ% ® %ﬁ“ ‘;ﬁ?‘g
\ ot Eﬂt l’g \ o ? JE
% = §3 I = eSS
s %g\f; ;\/:%é\/;§
3 SgFSE agh SEFNRE
TPPE MOF-TPPE XOF-TPPE

10.1002/anie.202102448

WILEY-VCH

Construction of Novel Halogen-Bonded Organic Frameworks (XOFs) Based on lodonium-Bridged N---I*---N Interaction

This article is protected by copyright. All rights reserved.



