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Halogen bonding has emerged as an intuitive and programmable handle for constructing ordered, low-
density molecular solids. However, its ability to support permanent porosity has not been realized. Here,
we report a self-complementary strategy that surpasses this long-standing limitation, delivering the first
rigorously characterized permanently porous halogen-bonded organic framework (XOF). A threefold-
symmetric, 2-iodooxazole-terminated tecton spontaneously assembles into a low-density, crystalline
network that remains intact upon complete solvent removal. Permanent porosity is confirmed by N, gas
adsorption—desorption measurements using at 77 K, and the porous topology was monitored via X-ray
diffraction. This framework is sustained by m-stacked tectons linked through one-dimensional helical
chains of C-I---N halogen bonding, yielding full three-dimensional connectivity. Subtle torsional disorder
within these chains can be resolved crystallographically, providing rare insight into molecular-level
disorder in highly ordered porous frameworks. For comparison, study of an analogous hydrogen-bonded
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exchange, supporting more robust intermolecular connectivity in the halogen-bonded system. This work
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Introduction

Halogen bonding, a subclass of c-hole bonding, is a predomi-
nantly electrostatically attractive noncovalent interaction
between an electrophilic halogen atom and a Lewis base.'™
While this electrophilicity is seemingly contrary to traditional
perceptions of halogen atoms in organic chemistry, late
halogen atoms such as bromine and iodine are highly polariz-
able and weakly electronegative. Thus, when covalently bound
to a strong electron-withdrawing group, an appreciable region
of low electron density arises where the largest coefficient of the
antibonding o* orbital is found on the halogen atom (Fig. 1a).*
This, combined with the high p-orbital contribution to ¢ and o*
and the presence of two pairs of nonbonding electrons, results
in a highly localized region of positive electrostatic potential on
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defines a new upper bound for halogen bonding in materials design, establishing XOFs as a distinct
permanently porous materials platform.

the outer surface of the halogen atom along the axis of the
covalent ¢ bond (Fig. 1a). This electrophilic region is now
broadly referred to as the “c-hole”.

The attractive interaction of a focused Lewis acidic c-hole
with a Lewis base results in a highly directional noncovalent
“halogen bond”, commonly approaching linearity with the
opposing covalent bond (Fig. 1a). Given this preferred direc-
tionality and the modular interaction strengths approaching
that of canonical hydrogen bonds, halogen bonding has been
established as an intuitive molecular design tool for program-
ming intermolecular recognition (Fig. 1b).>” Indeed, halogen
bonding has demonstrated similar efficacy to canonical
hydrogen bonding in studies spanning crystal engineering,
supramolecular ensembles, and catalysis.***

Yet, in the realm of crystal engineering, almost all reported
halogen-bonded structures are densely packed, incorporate
charge-stabilizing counterions from anionic Lewis bases,'*'* or
contain intractable solvates required to template low-density
structures,'® following the apparent pseudo-linear trends of
density-energy relationships found in most molecular crystal
polymorph families (Fig. 1c).® Therefore, halogen bonding, in
contrast to hydrogen, covalent, and coordination bonds,
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Fig.1 (a) Graphical representation of a covalent ¢ bond to a late halogen species (i.e., Br, 1) (left) displaying a large coefficient of the o* outer lobe
on the halogen atom. This region of lowered electron density (middle) is conventionally referred to as the o-hole and additionally focused due to
the presence of electron lone pairs. This focused electrophilic region pushes the directionality of halogen bonds with Lewis bases to near linearity
(right). (b) Graphical representation of traditional halogen bonding motifs, namely single-point contacts between discrete donor and acceptor
species. (c) This common approach to halogen bonding primarily causes formation of densely packed structures rather than low-density or
porous crystalline morphologies. (d) Representation of a free energy vs. lattice density plot demonstrating the typical relationship and pseudo-
linear trend. Stable low-density structures must break this upper bound to exhibit the relative free energy of a denser polymorph. This inversely
proportional relationship of energy vs. density in materials makes realization of low-density polymorphs a target for demonstrating the upper
limit of intermolecular connectivity. (e) Benchmarking porosity in a low-density network requires the ability to (i) completely exchange molecular
adsorbates, demonstrating porosity. Permanent porosity requires (i) the full removal of any adsorbed species (i.e., activation). (f) (i) Solvent
exchange and (i) activation are energy-intensive processes that require strong intermolecular connectivity. Weak connectivity may lead to (iii)
collapse into a densely packed phase.

appears fundamentally unable to break this upper bound to question the upper limits of halogen bonding and its utility in
assemble kinetically stable, low-density structures in the material design, namely the ability to assemble and stabilize
absence of supporting solvation (Fig. 1c and d). This calls into  permanently porous materials.

Chem. Sci. © 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03191a

Open Access Article. Published on 23 June 2026. Downloaded on 6/24/2026 2:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

The label of “permanent porosity” is assigned to structurally
stable, low-density materials that retain accessible internal
surface area upon the removal of molecular adsorbates from the
internal void space (Fig. le). This accessible void space in
permanently porous materials has enabled innumerable
applications spanning catalysis," drug delivery,'” and selective
adsorption.'® However, given the core notion of “horror vacui”
(i.e., nature abhors a vacuum), the assembly and stabilization of
a kinetically stable, adsorbate-free, and low-density ordered
network—far from the global ground state of possible poly-
morphs—puts great onus on the directionality and strength of
the operative mode of intermolecular connectivity (Fig. 1f). As
such, the assembly of a low-density network mediated by
halogen bonding and retention of long-range structural integ-
rity upon adsorbate removal (i.e., “activation”) would provide
a clear demonstration of halogen bonding breaking this
apparent bound in energy-density crystal packing (Fig. 1d).
Furthermore, this would introduce an alternative class of
synthetic permanently porous frameworks, the halogen-bonded
organic framework (XOF). While examples of low-density
networks?' and dynamic porosity*®> exist for halogen
bonding systems, as outlined in our recent perspective,* the
rigorous classification of permanently porous frameworks
amongst MOFs, COFs, HOFs—and now XOFs—requires (i)
a low-density architecture templated by the designated
connectivity in at least two dimensions capable of (ii) retention
of long-range structure upon adsorbate exchange and complete
removal, and (iii) unambiguous demonstration of porosity via
gas adsorption—-desorption measurements.

With permanent porosity being heavily reliant on stabiliza-
tion of long-range order through intermolecular connectivity,
molecular design is paramount. Traditionally, halogen bonding
has leveraged multi-component systems with discrete donor
and acceptor molecules designed around optimizing individual
halogen bonds. In contrast, we have adopted a new strategy of
molecular design that leverages proximal donors and acceptors
focused on increasing the density of halogen bonding contacts
during supramolecular assembly (Fig. 2a-d). This approach
sacrifices the individual strength of halogen bonding contacts
to promote stabilization of the extended network.

Here, we report the first conclusive evidence of a perma-
nently porous framework assembled and stabilized by asym-
metric halogen bonding. Strategic leveraging of a threefold-
symmetric, self-complementary molecular tecton, B3TFIOx
(Fig. 2e and Scheme 1), resulted in the spontaneous crystalli-
zation of a low-density network containing helical one-
dimensional C-I---N halogen bonding synthons, giving rise to
a three-dimensional halogen-bonded network. Given the non-
covalent nature of the intermolecular connectivity, the resulting
high crystallinity of the adsorbate-free (i.e., activated) frame-
work enabled atomic-level crystallographic characterization of
the structure, including subtle rotational disorder in the
halogen-bonded chains. Additional crystallographic and spec-
troscopic characterization, before and after solvent exchange
and removal, supports retention of framework structure and
stability through full activation. Isothermal N, adsorption-
desorption measurements performed at 77 K of the desolvated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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framework and subsequent Brunauer-Emmett-Teller (BET)
analysis confirm the accessible void space of the low-density
network with a determined surface area (SAggr) over 750 m>
g ' Critically, this ensemble characterization meets the
rigorous standards for evidencing claims of permanent porosity
and thus makes this the first thoroughly supported demon-
stration of a permanently porous halogen-bonded organic

framework.?*

Results and discussion

The energy landscape challenge of permanently porous
materials

The challenge of realizing permanent porosity in crystalline
materials largely stems from the intrinsic relationship between
density and energy. Namely, low-density crystalline networks
are inherently high in energy relative to densely-packed ground
states (Fig. 1d) and are therefore generally stabilized by
exothermic interactions with solvent wupon assembly
(Fig. 1f).>>** For a solvated, low-density network to be classified
as a porous framework (i.e., not yet permanently porous),
demonstration of void space permeability via complete guest
exchange without long-range structural collapse is required by
definition and is proven through combined spectroscopy and
diffraction experiments (Fig. 1e).”” Yet for activation, these same
exothermic solvent-surface interactions that lower the overall
lattice energy must be overcome through some mode of ener-
getic input (e.g., heat, reduced pressure) to remove the adsorbed
solvent and access the lattice void space (Fig. 1f). Additionally,
lattice energy intrinsically increases as solvent-surface interac-
tions are weakened, as exemplified when exchanging from N,N-
dimethylformamide (DMF) for n-pentane, resulting in a shal-
lower thermodynamic well and greater propensity for rear-
rangement or collapse (Fig. 1f).?®

Going a step further, to achieve unambiguous “permanent
porosity”, a material must maintain its low-density structure
with molecularly accessible void space during and after
complete removal of adsorbed species. This ensures that only
the intermolecular connectivity between building blocks is
responsible for producing an appreciably deep local thermo-
dynamic well, while also typically being high in energy relative
to the global ground state (Fig. 1d).>”**** Experimentally, sup-
porting complete guest removal and structural integrity with
accessible void space requires a combination of NMR spec-
troscopy, X-ray diffraction, and isothermal gas adsorption-
desorption measurements, preferably with N, or Ar at their
respective boiling points.

Despite decades of study, nearly all halogen-bonded arrays
are densely packed with negligible accessible void space. This
apparent limitation of halogen bonding is partly due to perva-
sive strategies for achieving highly negative enthalpies of
interaction.”® Namely, these strategies focus on optimizing the
donor (i.e., Lewis acidity) and acceptor (i.e., Lewis basicity)
strength of discrete complementary molecules or the use of
charged species as donors or acceptors (Fig. 1b).**' However,
the reliance on single-point interactions between multiple
molecular species or introduction of charged Lewis acids or
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(a) Self-complementary hydrogen bonding moieties, carboxylic acid (left) and pyrazole (right). (b) Utilizing proximal donor and acceptor

species, such as the 2-iodooxazole maotif, promotes the assembly of cyclic halogen bonding synthons. (c) DFT-based analysis supports that the
2-iodooxazole motif exhibits desirable surface electrostatic potentials on both the donor (iodine) and acceptor (nitrogen) species. (d) Previous
work demonstrates that a linear, twofold halogen bonding tecton is capable of multidimensional assembly of halogen-bonded networks. (e) In
this work, targeted assembly of stable, low-density structures is enabled by installation of 2-iodooxazole on a high-symmetry, threefold tecton.

bases greatly complicates the spontaneous assembly of a tar-
geted low-density polymorph with accessible void space and
structural integrity, including the need for structure-supporting
solvents or counterions within the lattice.

Accordingly, there has yet to be a rigorously characterized
example of permanent porosity in a low-density network with
halogen bonding in two or more dimensions. The closest
examples of demonstrable permanent porosity in a halogen-
bonded system come from Maji who report complete des-
olvation of THF-grown single-crystals in a halogen-bonded
molecular crystal. isothermal gas adsorption
measurements show minimal uptake of N, at 77 K and a negli-
gible SAgpr of ~9 m? g~ ', which is consistent with just the
external surface adsorption of the crystallite rather than being

However,

any evidence of permanent porosity.** Additionally, Soldatova
report a zwitterionic porous framework assembled through

Chem. Sci.

iodonium-based halogen bonds with demonstrable solvent
adsorption. However, this system also shows minimal uptake of
N, at 77 K, exhibiting a calculated SAggr of 17 m? g~ 1.3 As such,
permanently porous frameworks assembled and stabilized
through halogen bonding remain elusive.

Self-complementary design strategy

While individual noncovalent interactions are generally
considered weak compared to covalent bonding or metal coor-
dination, complementary ensembles of noncovalent interac-
tions can dramatically increase the thermodynamic (i.e., ground
state energy) and kinetic (i.e., well depth) stability of a low-
density architecture.®*>® For example, leveraging self-
complementary moieties with proximal donor and acceptor
groups such as carboxylic acids, pyrazoles, and 3,5-di-
aminotriazines, has enabled a large family of permanently

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03191a

Open Access Article. Published on 23 June 2026. Downloaded on 6/24/2026 2:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
; JINNE
F 0 F0M\ O.
F F. N A
4 TosMIC, K,COs X
R +
8 F MeOH, A B F
r 45 min r
Oy g0

87%

1) LIHMDS
78°C,3h

2) add 1,2-diiodoethane
warmtort, 3 h

THF

2, B3TFOX |

Scheme 1

View Article Online

Chemical Science

Pd(PPhg);, K,CO3

10% H,0 in 1,4-Dioxane
90°C,72h

2, B3TFOx
25%

3, B3TFIOx
75%-96%

(a) Oxazole ring formation following the van Leusen synthesis. This step installs the targeted terminal heterocycle while acting as

a protecting group for subsequent reactions. (b) Pd-catalyzed Suzuki—Miyaura reaction installs the oxazole-terminated molecular arm onto the
central benzene scaffold to form 2. (c) Lastly, a one-pot, regioselective lithiation allows for the iodination of the oxazole moiety in the 2-position

to form 3.

porous frameworks assembled and stabilized by hydrogen
bonding (Fig. 2a).*”"* Early work by Wuest demonstrates that
the rational design of symmetric building blocks (i.e., tectons)
functionalized with self-complementary motifs containing
proximal donor and acceptor moieties effects robust supramo-
lecular assembly through molecular recognition.**** The
evolution of permanently porous hydrogen-bonded organic
frameworks has largely been rooted in the design of self-
complementary tectons that maximize the number of contacts
at intermolecular junctions (i.e., supramolecular synthons)
within a lattice, thus increasing the overall connective strength
between building blocks (Fig. 2a). We therefore adopted the
strategy that self-complementarity was the key to realizing
halogen bond-mediated permanent porosity (Fig. 2b).

Rational design of a self-complementary halogen bonding
tecton

Given the prior emphasis on optimizing independent donor
and/or acceptor molecules in halogen bond-based crystal engi-
neering, self-complementary halogen bonding motifs are
rare.”»*® Therefore, our initial efforts focused on identifying
synthetically tractable motifs that exhibited proximal strong
donor and acceptor moieties. Computational examination of
a series of heterocycles identified 2-iodooxazole as a particularly
promising candidate.* This novel iodinated heterocycle stood
out due to its electrostatic surface potential (ESP) distribution
and values, synthetic tractability, and the relatively robust C-I
covalent bond, as compared to more labile N-I bonds. The
generated ESP map of geometry optimized 2-iodo-5-
phenyloxazole exhibits large magnitude potential energy
minima (Vg min) and maxima (Vs may) at the Lewis basic nitrogen

© 2026 The Author(s). Published by the Royal Society of Chemistry

acceptor and Lewis acidic iodine donor, respectively, suggesting
an appreciable electrostatic driving force for the formation of
C-I---N interactions (Fig. 2c).

Subsequent experimental study confirmed that the 2-iodo-
oxazole motif, when functionalized onto a twofold, linear (per-
fluoro)benzene molecular scaffold, spontaneously assembles
into crystalline arrays through self-complementary halogen
bonding interactions (Fig. 2d).** Additionally, the formation of
self-complementary 1D ribbons and local oligomeric synthons
assembled through C-I---N contacts could be regulated through
consideration of solvent-tecton interactions. These synthon
motifs provide a high density of local and long-range 2D and 3D
halogen bonding connectivity. However, the observed struc-
tures were either appreciably dense or strongly solvated, both
precluding observation of (permanent) porosity.

Therefore, to probe if halogen bonding can indeed assemble
and stabilize a permanently porous architecture, we hypothe-
sized that a 2-iodooxazole-functionalized tecton with increased
molecular symmetry and extended molecular “arms” could
assemble a low-density network connected through a high
density of intermolecular C-1---N contacts. In turn, this would
allow us to determine whether self-complementary halogen
bonding provides the requisite thermodynamic and kinetic
stability to achieve permanent porosity.

Here, we report the tecton, 1,3,5-tris[2-iodooxazol-5-yl-
(2,3,5,6-tetrafluorophenyl)|benzene (B3TFIOx, 3), designed
with three core principles in mind (Fig. 2e). First, the proclivity
of the 2-iodooxazole moiety for self-association leads to the
formation of greater degree of intermolecular halogen bonding
contacts. Second, the threefold nature of the 1,3,5-substituted
benzene core is amenable to either trimeric or one-dimensional

Chem. Sci.
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synthons in a low-density, honeycomb-like topology.***® Third,
para-substituted 2,3,5,6-tetrafluorophenylene spacers facilitate
greater spacing between the tecton core and synthon, and
enable stronger m-type (i.e., C-F---mt-hole) interlayer stacking.
Additionally, the strong electron-withdrawing effect of the
fluorinated spacer adjacent to the 2-iodooxazole moiety results
in a greater positive electrostatic potential at the Vg max on the
iodine atoms. Here, we show that these combined strategies in
B3TFIOx enable the first demonstration of a permanently
porous halogen-bonded organic framework.

Synthesis, crystallization, and network structure

B3TFIOx was synthesized in a convergent, three-step synthesis
via: (i) oxazole formation,**** (ii) C-C coupling via a Pd-catalyzed
Suzuki-Miyaura reaction,* and (iii) iodination of the 1,3-oxa-
zole moiety (Scheme 1).*” Of note, we have found that by first
installing the 1,3-oxazole moiety at the aldehyde position of 4-
bromo-2,3,5,6-tetrafluorobenzaldehyde, the heterocycle serves
as an effective protecting group for subsequent cross-coupling
with the arene core to form B3TFOx (2). This allows us to
minimize the synthetic steps relative to reported Suzuki
couplings with the benzaldehyde moiety.** Upon iodination, 'H,
3¢, and '°F NMR spectroscopy and subsequent single-crystal X-
ray diffraction (SCXRD) analysis support the successful
synthesis and purity of B3TFIOX.

Hot recrystallization of B3TFIOx from solutions of various
weakly polar solvents, such as chloroform, carbon tetrachloride,
and 1,2-dichlorobenzene, yielded an observably crystalline
powdered precipitate (Fig. 3a). Structural analysis of the
precipitate obtained upon crystallization from low-boiling point
chloroform (CHCl;, b, = 61 °C) by powder X-ray diffraction
(PXRD) revealed a highly crystalline material with reflections
below 10° 20 (A = 1.5418 A) often exhibited by honeycomb-like
porous framework materials, providing initial support for the
assembly of a low-density network, from here on called
B3TFIOX-I (Fig. 3a).20-5!

We made significant efforts to grow B3TFIOx-I crystals of
sufficient size and quality for analysis by SCXRD from chloro-
form and the other solvents that had produced polycrystalline
powders with similar diffraction patterns (Fig. S18). However,
high-quality single crystals could only be obtained from high-
boiling 1-chloronaphthalene (CN, b, = 263 °C), which
revealed a second low-density polymorph by SCXRD that
exhibits an overall similar simulated and experimental PXRD
pattern to B3TFIOx-I (Fig. 3a and S13-516).

This second polymorph, here called B3TFIOx-1I, exhibits
a twofold interpenetrated, honeycomb-like, low-density struc-
ture. Surprisingly, B3TFIOx-II exhibits neither coplanar 1D
chains nor isolated cyclic oligomers. Rather, an effective aver-
aging of these two previously observed synthons leads to the
formation of helical 1D chains with an internal threefold screw
axis along the pore direction (Fig. 3b). Notably, the respective
networks exhibit opposing left- and right-hand rotational axes
in the helical chains parallel to the continuous 1D void space
(Fig. 3c). While this structure exhibits a low-density crystalline
morphology, any attempts to exchange the 1-chloronaphthalene
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crystallization solvent resulted in rearrangement into a new
crystalline phase (Fig. 3a).

Fortuitously, the rearrangement of B3TFIOXx-II upon
exchange of 1-chloronaphthalene to a less strongly adsorbing
solvent, such as n-pentane, gave rise to PXRD patterns that were
consistent with that of B3TFIOx-I grown in chloroform, carbon
tetrachloride, and 1,2-dichlorobenzene. This observation leads
us to believe that B3TFIOX-II is likely a solvate of 1-chloro-
naphthalene, and exchange to less stabilizing solvents results in
spontaneous rearrangement to a more intrinsically stable
structure, B3TFIOx-1. While growth of high-quality crystals of
B3TFIOx-I continued to be elusive, the strong correlation
between the reflection near ~4.8° 26 for B3TFIOx-II and
a similar reflection for B3TFIOx-I (Fig. 3a) arising from the 1D
pore width, encouraged us to explore the potential porosity and
permanent porosity of the apparently more stable B3TFIOx-1.

Solvent exchange, removal, and activated structure
determination

To probe the accessibility of the predicted 1D channels of
B3TFIOx-1, we subjected the chloroform-solvated polycrystalline
powder to systematic solvent exchange into n-pentane, followed
by full solvent removal using supercritical CO, (scCO,) activa-
tion. Throughout this process, we monitored successful
exchange and removal of solvent and retention of the long-
range network structure using a combination of PXRD and 'H
NMR spectroscopy (Fig. 3d and e). The structure exhibited
minimal changes in the measured intensities of the reflections
in the powder pattern throughout the exchange process.
However, upon full solvent removal via scCO,, an apparent
broad feature appears in the activated powder around 24-28°
26, suggesting the introduction of some new form of disorder
(Fig. 3d).*

We collected high-resolution synchrotron X-ray powder
diffraction (SPXRD) data on the highly crystalline, solvent-free,
B3TFIOx-I at the Advanced Photon Source at Argonne National
Laboratory. By combining the high-quality data from SPXRD
with the previously determined structure of B3TFIOx-II via
SCXRD, we obtained a high-confidence, atomic-level model of
activated B3TFIOx-I through Rietveld refinement (Fig. 4a).

The refinement of desolvated B3TFIOx-I reveals the sus-
pected honeycomb-like topology, similar to that observed in
B3TFIOx-1I, assembled through 1D helical halogen bonding
motifs and an eclipsed stacking arrangement of the fluorinated
spacers along the 1D channel (Fig. 4b and c). The distance of the
helical C-I---N contacts vary, with the shortest measurable
distance of dc_1..y = 3.1(2) A, which is =88% of the summed
van der Waals radii (2r,). Critically, rather than there being two
interpenetrated networks with opposing left- and right-handed
helical halogen bonding motifs, B3TFIOx-I exhibits a single,
converged honeycomb-like network linked by a continuous
helical C-I---N halogen bonding motif. Given the high crystal-
linity of the sample and the use of SPXRD to collect high-quality
data, the apparent broadened feature that arises near 24°-28°
26 (when A = 1.5418 A) could be assigned to subtle disorder of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Crystallization of B3TFIOx-| from CHCls yielded a highly crystalline powder (blue). Crystallization from 1-chloronaphthalene gave rise

to an apparently related, but distinct phase (red), which rearranges to a topology similar to the CHClz-grown phase upon solvent exchange into
n-pentane (purple). (b) SCXRD analysis of 1-chloronaphthalene grown B3TFIOx-Il crystals reveals a twofold interpenetrated, low-density
network assembled through helical halogen-bonded oligomers with opposing right- and left-handedness, giving rise to a three-dimensional
halogen-bonded network. (c) Callouts provide alternative views of the C—I---N contacts in the one-dimensional helical chains. (d) PXRD and (e)
IH NMR analyses of B3TFIOx-I during solvent exchange from chloroform into low-boiling n-pentane, followed by solvent removal by scCO,
support retention of long-range structure upon complete solvent removal. Uncertainties reported are +1 standard deviation.

the oxazole moieties in the halogen-bonded helix (Fig. 4d and
e).

This helical disorder is thought to be a result of the small
energetic barrier along the axis of rotation in the torsional angle
between the fluorinated spacer and the terminal 2-iodooxazole
moiety (Fig. S31-S33). DFT-level calculations support this, with
the energy barrier of rotation calculated to be less than
4 keal mol ™" (=16.7 J mol ). As solvents are exchanged and
subsequently removed, energetic input is inevitable. Thus, the
disorder in helical halogen bond connectivity is induced during
these relatively high energy events needed for full activation of
this framework. Nonetheless, the observation and character-
ization of this low-density network firmly establish the halogen
bond-mediated porosity of B3TFIOx-I, encouraging us to probe
the potential for permanent porosity.

Permanent porosity of B3TFIOx-I

Analysis of the detectably solvent-free B3TFIOx-I via isothermal
equilibrium adsorption-desorption analysis with N, at 77 K
revealed appreciable adsorption and monolayer formation as

© 2026 The Author(s). Published by the Royal Society of Chemistry

low as P/P, = 0.02, where P and P, correspond to the analysis
and saturation pressures, respectively (P, = 826 mbar, elevation
of Golden, CO, USA = 1730 m). Adsorption of N, begins to reach
pore-filling saturation around P/P, = 0.1, with final uptake
capacities reaching ~9 mmol g~ ' (Fig. 4f). The adsorption
profile exhibits canonical Type IV behavior, as defined by
IUPAC, with indication of discrete monolayer formation and
subsequent pore-filling.>

The low relative pressure of the pore-filling event supports
the microporous nature of B3TFIOx-I observed crystallographi-
cally. The BET surface area analysis of B3TFIOx-I, using the
BETSI software® (Fig. S20), estimates an apparent surface area
of SAgpr = 753 m” g~ . The data density and quality enabled full
alignment with the Rouquerol constraints. Calculation of the
pore-size distribution using nonlocal density functional theory
(NLDFT) from the collected adsorption data indicates =13.5 A-
wide pores, consistent with the pore width calculated using
PoreBlazer from the refined crystal structure of B3TFIOx-I
(Fig. S21 and S22). Critically, the PXRD pattern of B3TFIOx-I
displays structure retention after a series of isothermal
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(a) Following complete solvent removal, the activated B3TFIOx-| powder was characterized with SPXRD, providing a structure model in

the primitive space group, P1, determined via Rietveld refinement. A zoomed-in region of the fitted data at higher angles is provided for clarity. (b)
Structural analysis reveals a halogen-bonded organic framework with helical C—I---N halogen bonding that assembles into a honeycomb-like
topology. (c) B3TFIOx-| exhibits nearly eclipsed 7t-stacking of the perfluorinated spacer. Comparison of the respective helical synthons for (d)
B3TFIOx-I and (e) B3TFIOx-Il reveals subtle disorder within the halogen bonding connectivity. (f) A N, adsorption—desorption profile collected at
77 K showing over 9 mmol g~* of uptake and a prototypical Type IV profile, indicative of a microporous material.5 (g) From bottom to top,
comparison of the simulated XRD pattern for B3TFIOx-I against the experimental PXRD patterns collected for CHCls-solvated, desolvated, and
post-adsorption B3TFIOx-1, satisfying the rigorous characterization for permanent porosity. A callout from 7-35° 26 for the simulated structure is

provided for clarity. Uncertainties reported are £1 standard deviation.

adsorption—-desorption measurements, suggesting that the
structure is retained throughout the measurements (Fig. 4g). In
addition to N,, other gases were studied (Fig. S25). While
weaker adsorbing gases (e.g., H,, CHy, and C,H,) show uptake
capacity less than 1 mmol g, strongly adsorbing CO, shows
a higher uptake capacity of 11 mmol g~ .

With the combination of diffraction-based structural char-
acterization of the as-synthesized and activated material, spec-
troscopic support for full solvent-removal, BET surface area and
pore size analysis via N, sorption at 77 K, and confirmation of

Chem. Sci.

structural integrity after sorption measurements for B3TFIOXx-I,
unequivocal evidence supports our hypothesis that self-
complementary halogen bonding can assemble and support
a kinetically stable, permanently porous material.

Structural stability of halogen vs. hydrogen bonding
congeners

We sought to further understand how halogen bonding
compares with classical hydrogen bonding in the assembly and
stabilization of low-density molecular arrays. Therefore,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Portions of the B3TFOx-| crystal grown in 1,4-dioxane revealing an extended honeycomb-like topology. (b) A zoomed-in view of

B3TFOx-I which assembles through the oxazole moiety in a cyclic, threefold trimer. Notably, the reported distances, dc_n...n, are measured from
the experimentally measured carbon and nitrogen atoms only, as the hydrogen atoms were placed during refinement. (c) Attempts to exchange
solvent from B3TFOx-I crystals grown in either 1,4-dioxane or 0.05% THF in CCly, result in rearrangement. (d) Calculation of the electrostatic
surface potential of representative 2,3,5,6-tetrafluorophenyl-2-iodooxazole and 2,3,4,6-tetrafluorophenyloxazole moieties reveals nominal
differences in the surface potential of the halogen and hydrogen bonding donor and acceptor moieties. These calculations were performed
using the M06-2X/aug-cc-pVTZ level of theory for all hydrogen, carbon, nitrogen, and oxygen atoms while the M06-2X/aug-cc-pVTZ-PP level
of theory was used for all iodine atoms. Solvent molecules in panels (a) and (b) were removed for clarity.

B3TFOx (2, Scheme 1), the precursor to B3TFIOx that contains
a polarized C-H bond rather than C-I, was investigated for its
potential to self-assemble into a low-density permeable and/or
permanently porous framework.

Hot recrystallization of B3TFOx in 1,4-dioxane afforded
colorless prisms suitable for SCXRD. The structure solution and
refinement of these crystals revealed the assembly of B3TFOx in
a honeycomb-like topology, here called B3TFOx-I (Fig. 5a).
Unlike the helical threefold synthon present in B3TFIOx-I or -II,
the isolated, low-density hydrogen-bonded network forms
a near-planar, cyclic threefold trimer of C-H---N interactions
that extends two-dimensionally (Fig. 5b and S11). Notably, this
structure has a similar three-dimensional architecture to the
permanently porous, pyrazole-based hydrogen-bonded frame-
work reported by Miljanic.*® However all attempts for even
simple solvent exchange, let alone complete solvent removal, of
B3TFOX-I result in structural rearrangement into a new crys-
talline phase (Fig. 5¢).

The analyses of both B3TFOx-I and the B3TFIOx-I and -II
crystal structures enable comparison between the halogen- and
hydrogen-bonded congeners. Indeed, the rational design of

© 2026 The Author(s). Published by the Royal Society of Chemistry

high-symmetry tectons with self-complementary, oxazole-
terminated moieties results in the formation of low-density
architectures that allow the assembly of one-dimensional
channels (Fig. 3b, 4b, and 5a). However, while the non-
covalent nature of both hydrogen and halogen bonding affords
similar morphologies, only B3TFIOx-I exhibits demonstrable
permanent porosity (Fig. 4f). The rearrangement of B3TFOXx-I
during solvent exchange supports that the hydrogen-bonded
network sits in a shallower thermodynamic well compared to
B3TFIOx-1. However, the difference in the electrostatic surface
potential at the respective hydrogen and halogen bond donor
atoms is nominal (31.5 kcal mol ™' and 31.9 kcal mol *,
respectively, Fig. 5d).

Thus, accessibility of the helical arrangement in the halogen-
bonded synthon appears to influence the thermodynamic
accessibility of permanent porosity. Helical and nonplanar
assemblies are not unique to halogen bonding, as many
examples in hydrogen bonding exhibit nonplanar arrays.
However, the diffuse region of positive electrostatic surface

55,56

potential on hydrogen bond donors provides greater flexibility
to the hydrogen bonding synthon with minimal energetic
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penalty. On the other hand, significantly more directional
halogen bonding interactions require near-linear connectivity
to form strong, stabilizing interactions which play a more
influential role on the final intermolecular connectivity among
the molecular congeners. As such, the greater bonding flexi-
bility of hydrogen bonding appears to lead to lower kinetic
barriers for rearrangement to other network topologies of rela-
tively similar energy, whereas the halogen bonding system has
higher energy barriers and fewer alternative network structures
with comparable energy.

Conclusions

We have herein demonstrated that noncovalent halogen
bonding can stabilize permanent porosity. This finding vali-
dates that halogen bonding exhibits the necessary directionality
and strength to spontaneously assemble molecular building
blocks into self-sustaining, kinetically stable, low-density
architectures. In doing so, we have provided the first unequiv-
ocal example of a distinct class of permanently porous frame-
work materials. This was achieved through a self-
complementary design strategy that enables a high degree of
exothermic connectivity, thereby providing the stabilization
required for successful solvent removal and the observation of
permanent porosity. Through this work, the apparent limits in
utility and reliability of halogen bonding have been surpassed,
revealing significant possibilities in the further exploration of
material design through these noncovalent interactions.
Further studies will seek to understand the influence of halogen
bonding synthons on mechanical material properties, such as
stiffness and hardness, as well as the influence of late halogen
atoms on photophysical properties such as the heavy atom
effect leading to room temperature phosphorescent materials
for applications in sensing.’”**
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