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INTRODUCTION: Valency is the connectivity
of building units in reticular frameworks.
Although metal-organic frameworks (MOFs)
are known to have valencies of 3 to 24, co-
valent organic frameworks (COFs) are limited
to the lower valencies of 3 and 4, principally
owing to the heavy reliance of organic chem-
istry on sp? and sp® hybridization. We show
that the diversity of COFs can be increased by
finding new ways of linking simple organic
molecules into building units of higher and
even infinite valencies.

RATIONALE: Now, COFs are made by connect-
ing preformed trigonal-planar, square-planar,
and tetrahedral organic building units with
linkages of low valency. Our strategy is to im-
plement higher valency in COFs by designing
molecules capable of forming higher-valency
linkages through clustering. This is difficult to
achieve by conventional organic methods. We
therefore relied on the isoelectronic replace-
ment of carbon-group elements by boron and
phosphorus and demonstrated the feasibility
of this chemistry by using borophosphonate
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Design of higher valency in COFs from single organic linkers. (A) BPA linkers (BPA-1 to 5) combine a
boronic and a phosphonic acid functionality in a single molecule. (B and C) Self-condensation of BPA-1
(B) afforded BP cubes of valency 8 (C) and their reticulated polycubane BP-COF-1. Isoreticular forms
(BP-COF-2 to 5) demonstrated the versatility of this chemistry. (D) Upon addition of acid, BP-COF-1 rearranged
into the layered BP-COF-6, which exhibits rods of infinite valency.
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for the silicate cube motif. We designed simple
organic BPA linkers (BPA-1 to 5) based on
boron and phosphorus, which self-condensed
into cubic units and polycubane COFs of
valency 8. The versatility of this chemistry
was further exploited by cleaving the cubes in
the polycubane COFs, leading to structures
with rod units of infinite valency.

RESULTS: The BPA-1 linker combines a boronic
acid and a phosphonic acid functionality
in a single molecule, which was converged
into the boron-phosphorus (BP) cube of a
reticulated polycubane BP-COF-1. Specifi-
cally, eight BPA-1 linkers self-condensed to
form the BP cube with the elimination of eight
water molecules per cube. The crystallization
of BP-COF-1 was realized through microscopic
reversibility: The polarized B-O-P linkage can
dynamically form and break at the B-O bond.
This constituted new chemistry whereby sim-
ple linkers converged into frameworks com-
posed of higher-valency clusters. The versatility
of this strategy was demonstrated by the suc-
cessful crystallization of isoreticular polycubane
structures, BP-COF-2 to 5 from the BPA-2 to
5 linkers. This series of functionalized and ex-
panded polycubane structures exhibited per-
manent porosity. We found that upon addition
of acid to BP-COF-1, eight B-O bonds per cube
were cleaved and rearranged into BP-COF-6,
which exhibits rods of infinite valency. The
structure of BP-COF-6 was obtained from
single-crystal x-ray diffraction, making it
one of the few COFs grown as large crystals.
It revealed infinite B-O-P rods linked by
phenyl units to form layers, which in the
crystal were joined by interstitial water mole-
cules acting to stabilize an otherwise unusual
rod-within-layer arrangement.

CONCLUSION: The chemistry of BPA linkers
and their demonstrated ability to form cubes
and higher-valency structures expand the scope
of COFs. In essence, BPA linkers were indis-
pensable in making linkages in the form of
cubes and rods of higher valency and their
corresponding extended BP-COF structures,
thereby opening opportunities for the diver-
sification of COFs through clustering of organic
molecules based on sp? and sp®-hybridized
atoms. The extension of this approach to COFs
containing combinations of different shapes
promises to uncover what we anticipate is a
large, untapped structure space.
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The valency (connectivity) of building units in covalent organic frameworks (COFs) has been primarily
3 and 4, corresponding to triangles and squares or tetrahedrons, respectively. We report a strategy
for making COFs with valency 8 (cubes) and “infinity” (rods). The linker 1,4-boronophenylphosphonic acid—
designed to have boron and phosphorus as an isoelectronic combination of carbon-group elements—was
condensed into a porous, polycubane structure (BP-COF-1) formulated as (-B4P4012—)(~CgHs—)4. It was
characterized by x-ray powder diffraction techniques, which revealed cubes linked with phenyls. The
isoreticular forms (BP-COF-2 to 5) were similarly prepared and characterized. Large single crystals of
a constitutionally isomeric COF (BP-COF-6), composed of rod units, were also synthesized using the
same strategy, thus propelling COF chemistry into a new valency regime.

he development of metal-organic frame-

works (MOFs) and covalent organic frame-

works (COFs) through reticular chemistry

has extended metal-complex and organic

chemistries to infinite two- and three-
dimensional (2D and 3D) forms (I-6). The
extensive diversity and multiplicity of MOFs
are fueled by the variety of valency (connec-
tivity) imparted by their building units. These
range from 3 to 24 for discrete units and “in-
finity” for 1D rods; all are multimetallic enti-
ties that, when linked with organics, lead to a
vast MOF structure space (7). By contrast, the
building units in COFs, with few exceptions
(8), have been entirely based on the valency of
3 and 4, and there are no reports of any in-
finite dimensionality components linked with
organics. This more limited scope of COF chem-
istry is evidenced by only 18 different structure
types (topologies) reported for COFs (7, 9) ver-
sus more than 2000 for MOFs (10, 1I). Thus,
to increase the valency and dimensionality of
building units in COFs, there is an interest in
finding ways to overcome limitations imposed
by the trigonal-planar (sp?), square-planar (sp>),
and tetrahedral (sp®) hybridization of organic
building units (Fig. 1A).

Isoelectronic replacement as a synthetic
strategy to afford higher valency in COFs

Here, we show how an isoelectronic combi-
nation of carbon group elements, based on
boron and phosphorus that have low valency,
can form COFs composed of higher-valency
cube and infinite 1D building units (Fig. 1A).
We designed a simple organic molecule—
borophosphonic acid, BPA-1—that combined
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B and P to make expanded polycubane COFs
(Fig. 1B) as well as a COF containing B-O-P
rods linked by phenyls. The alternative strat-
egy of using two discrete molecules, each with
a different functionality, is commonly prac-
ticed in COF chemistry and leads to lower-
valency structures. Accordingly, the use of
phenyldiboronic acid (BA) and phenyldiphos-
phonic acid (PA) (Fig. 1B) was unsuccessful,
because BA self-condenses into boroxine-linked
extended structures that have a valency of 3 (3).
We report how our strategy of using a single
linker bearing the two different functionalities
needed for making the desired B-O-P linkages
addresses this problem.

Specifically, we designed linkers BPA-1 to
5 and successfully reticulated them into a
3D COF (BP-COF-1), its functionalized forms
(BP-COF-2 and 3), and its expanded forms
(BP-COF-4 and 5), all having cubic units and
valency of 8 (Fig. 1, B and C). We further
elaborated this strategy beyond cubes to show
their rearrangement into infinite B-O-P rods
linked by organics. The ability to control the
reticulation of a single organic linker contain-
ing an isoelectronic combination of elements
into entities of higher valency and infinite
dimensionality adds to the complexity and
scope of COFs.

There are two potential strategies to achieve
higher valency in COFs. Either a building unit
of the desired valency could be made a priori
and reticulated, or a designed linker could
itself be reticulated to make such a unit in situ.
The former is the current conceptual basis of
COF chemistry and has led to several struc-
tures of valency 6 (8). However, this approach
requires arduous, multistep syntheses to ob-
tain the building units in a form amenable to
COF reactions and, ultimately, crystallization
(12). In general, this strategy has not been suc-
cessful in making crystalline structures of di-
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verse constituents, as often observed for linking
the silicate cube with organics (Fig. 1D) (13).

We instead developed the in situ strategy
using the cube motif for making higher-
valency COFs. We reasoned that by replacing
the Si with its isoelectronic B and P combi-
nation, the resulting polarization would allow
for the microscopic reversibility and ultimate-
ly lead to the desired crystalline COFs (Fig.
1D). The polarized B-O-P linkage can break
and form at the O-B bond into the trigonal
boronic acid with a vacant p orbital and the
corresponding phosphonic acid (Fig. 1D). Both
functionalities are readily accessible by synthe-
tic chemistry, but so far, their dynamic cova-
lent bonds have not been explored in reticular
chemistry (14). Given that BP cube is known
as a discrete molecule (15, 16), we targeted
the synthesis of the BPA organic linkers and
expected that their self-condensation would
yield the desired expanded polycubane BP-
COFs (Fig. 1B).

Polycubane COFs from linkers containing
B and P

BPA-1 was prepared in two steps from com-
mercially available starting materials and was
air stable (section S1 of the supplementary
materials). BPA-linkers of varying lengths and
functionalities were readily accessed by anal-
ogous routes in two to three steps, as demon-
strated by the synthesis of BPA-2 to 5 (Fig. 1C;
section S1). The synthesis of BP-COF-1 is based
on the molecular dehydration reaction, in
which eight BPA-1 linkers converge to form
the cubic borophosphonate with the elimina-
tion of eight water molecules per cube (Fig.
1D). Because the dynamic covalent chemistry
for the reversible assembly of BP-type mol-
ecules has not been previously explored, we
screened various reaction conditions for the
condensation of these BPA linkers and used
modulators to control the reversibility and
thus the periodicity of the reticulated products.

Optimized reaction conditions for this series
of COFs were exemplified by the synthesis
of BP-COF-1 and involved dissolving BPA-1
(20.0 mg, 0.1 mmol) with methylphosphonic
acid as modulator (2.5 equiv) in dimethyl-
sulfoxide (0.2 ml) and toluene (0.8 ml). This
mixture, containing the dissolved solids but
exhibiting solvent phase separation, was
sealed in a Pyrex tube and heated at 120°C for
72 hours. BP-COF-1 was isolated and solvent-
exchanged with tetrahydrofuran and metha-
nol, then activated under dynamic vacuum to
give the crystalline compound as a white pow-
der in 48% yield (section S1).

The atomic composition of BP-COF-1 was de-
termined by elemental and inductively coupled
plasma analyses and found to correspond to
CsHgBOLP within the standard experimental
error (section S1). H,O was replaced by methyl-
phosphonic acid when used as a modulator
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Fig. 1. Higher valency in COFs and synthetic strategy for polycubanes. (A) Building units of valency 3 and 4 are currently used in the design and synthesis of
3D COFs; cubes with valency of 8 and infinite 1D rods have not been reported. (B) Reticulation of a linker designed to hold two functionalities (BPA-1) affords
BP-COF-1 with valency of 8; the alternative strategy involving BA and PA gives instead COFs of lower valency. (C) Linkers with different functionalities (BPA-2

and 3) and lengths (BPA-4 and 5) were prepared and used to make the corresponding COFs. (D) Isoelectronic replacement as a conceptual basis for creating reversible in

situ formation of the cubic units.

(section S1). The constitution of BP-COF-1 was
corroborated by solution-state nuclear mag-
netic resonance (NMR) of its acid-digested
form, which, as expected, gave back the orig-
inal BPA-1 linker (figs. S2 and S3). Thermo-
gravimetric analysis done under both N, and
air atmosphere indicated that the framework
has a thermal stability of up to 500°C with a
weight loss of 36%, corresponding to water
and the hydrocarbon linker (section S4). The
residual compound after combustion was iden-
tified as boronphosphate (BPO,), confirmed
by its powder x-ray diffraction (PXRD) pattern,

Gropp et al., Science 370, eabd6406 (2020)

and the observed weight loss matched the
proportion of carbon and hydrogen present in
the compound and found in the elemental
analysis (section S5).

The PXRD analysis confirmed the crystal-
linity of BP-COF-1 and revealed no diffraction
peaks that could be attributed to residual
starting material or reaction additives (Fig. 2A
and fig. S49). Scanning electron microscopy
(SEM) micrographs of the BP-COF-1 crystal-
lites indicated a single morphological phase
with a homogeneous distribution of crystal
sizes of ~300 to 400 nm (Fig. 2B). The forma-
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tion of the BP cube structure in BP-COF-1 was
supported with characteristic resonances in
the Fourier-transformed infrared (FT-IR) and
1B 31p and '3C solid-state NMR spectra.

A molecular analog of a borophosphonate
cube was prepared and served as a model com-
pound (section S1) (I7). Diagnostic signals in
the FT-IR and NMR spectra of the BP-COF-1
coincided with those we measured for the
model system and were distinct from the
BPA-1 starting material. The absorption bands
between 3000 to 3500 cm ™ observed for the
v(OH) of the PO(OH), and B(OH); groups were

2o0f7
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Fig. 2. Structural and molecular characterization of 3D cubic BP-COF-1. (A) Structural refinement of
BP-COF-1 from PXRD data analysis displaying the indexed experimental pattern (black), Pawley fitting (red),
and the simulated pattern obtained from the modeled structure (blue). a.u., arbitrary units. (B) SEM
micrographs of BP-COF-1. (C) Overlay of the !B solid-state (ss) NMR spectra of BP-COF-1, a molecular
borophosphonate model compound, and BPA-1. (D) 3P and *3C NMR spectra of BP-COF-1. Me, methyl.

A

Fig. 3. Crystal structure of BP-COF-1. (A and B) Crystals of BP-COF-1 have cubes linked to eight phenyl
units bridging to other such cubes (A) to make a 3D extended polycubane COF (B) (bcu; P222) with valency
of 8. C, gray; B, pink; P, orange; O, red. Hydrogens are omitted for clarity.

absent, indicating a complete reaction and the
condensation of these groups to make the COF
(fig. S7). Strong absorption bands at 1210, 1140,
and 1050 cm ™ assigned to the v(B-O-P) of the
cubic BP-COF-1 are comparable within <5 cm™
to vibrational bands found in the model sys-
tem and molecular reference structures (figs.
S5 and S7) (18).

Magic angle spinning (MAS) solid-state NMR
spectroscopy of the B, 2'P, and '2C nuclei was
performed to further validate the formation
and connectivity of the cubic units (Fig. 2, C
and D). The second-order quadrupolar NMR

Gropp et al., Science 370, eabd6406 (2020)

line shape of the "B nucleus is a sensitive probe
to substantiate the conversion of the trigonal-
planar boron site of the starting material (in
BPA-1) into the tetrahedral boron site of the
product (BP-COF-1) (19). Comparison of the ex-
perimental second-order quadrupolar line
shapes of the 'B NMR resonances of the start-
ing material BPA-1 and the model system with
BP-COF-1 supported the presence of tetrahe-
dral boron sites in both products (Fig. 2C and
section S6). The single resonance in the "B
NMR spectrum of BP-COF-1 indicated negli-
gible defect sites within the crystallites.
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The P spectrum of BP-COF-1 displayed
two discrete peaks, a major resonance at 6.9
parts per million (ppm) and a minor one at
21.1 ppm, indicating two distinct P sites. The
latter resonance was assigned to residual mod-
ulator molecules, methylphosphonates, located
at the terminal site of the crystallites. The 2C
cross-polarization MAS NMR spectrum dis-
played discrete resonances in the aromatic re-
gion between 151.6 and 125.8 ppm (Fig. 2D).
We assigned the resonance at 151.6 ppm to the
downfield-shifted carbon bonded to the tetra-
hedral boron and the peak at 125.8 ppm to the
carbon connected to the phosphorus. The rel-
ative shifts match well with the ones observed
for the molecular model compound, further
supporting the formation of the cube units in
the COF (section S6) (17, 18).

The crystal structure of BP-COF-1 was ob-
tained by PXRD analysis of its microcrystal-
line powder. For BP-COF-1, linking of the
borophoshonate cubes with eight benzene
bridges affords a cubic extended structure
based on the body-centered cubic (bcu) topol-
ogy (Fig. 3 and fig. S55). The distance between
the centers of adjacent cubes was 11128 A,
which includes a distance of 6.228 A between
B and P on adjacent cubes, being bridged by
the phenyl units (section S8). A structural
model based on a bcu arrangement was built
in the P222 space group with the optimized
unit cell parameters of @ = 12.800 A, b =
12.915 A, and ¢ = 12.798 A. The corresponding
simulated PXRD pattern was in good agree-
ment with the experimentally obtained data
(Fig. 2A). Pawley refinement of the experi-
mental PXRD pattern yielded the refined unit
cell parameters of a = 12.39(5) A, b = 12.52(3) A,
and ¢ = 12.93(5) A, with the unweighted reliability
factor (R,) = 5.01% and the weighted reli-
ability factor (wR}) = 3.16%, and the final
structure was obtained by geometry optimi-
zation. The corresponding crystal structure
has B,P,O;, cubes each covalently linked to
eight phenyl units, acting as bridges to other
such linked cubes to give an overall reticular
formula of (-B4P,015-)(-CsH,4-), for the ex-
tended 3D polycubane porous structure of
BP-COF-1 (Fig. 3).

The N, adsorption analysis of BP-COF-1
demonstrated permanent porosity and a
Type I behavior (section S10). The Brunauer-
Emmett-Teller (BET) area was calculated to
be 519 m? g, corresponding to ~82% of the
theoretically accessible surface area based on
the crystal structure (section S11). This result
was validated by argon adsorption analysis
at 87 K (fig. S63). The pore size distribution,
estimated from the N, isotherm by a density
functional theory (DFT) calculation, indicated
a pore diameter of 6.0 A (section S11), which
is in good agreement with the theoretical
van der Waals distance of 5.8 A obtained from
the crystal structure. Importantly, H, isotherms
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at 77 and 87 K for BP-COF-1 also demonstrated
the accessibility of the cubic unit for gas sor-
bates. The experimental gravimetric uptake
of H, at 1 atm and 77 K measured 11.6 mg g™*
(volumetric uptake 130 cm® g™ at 1 atm; fig. S65).
The heat of adsorption (Q) was ~8.8 kJ mol ™,
indicating stronger sorbate-framework inter-
actions than comparable boroxine-linked 2D
and 3D COFs (20). We attributed the stronger
interactions to the polarized nature of the pore
environment replete with accessible B-O-P
edges of the cubes that make up the structure
of BP-COF-1, an aspect that also points to the
effectiveness of placing lower-valency atoms
into constructs of higher valency within COFs.

Isoreticular forms of polycubane COFs

We extended the approach of having a single
linker converge into a high-valency building
unit to the synthesis and structure of function-
alized and expanded versions of BP-COF-1 by
introducing functional groups into BPA-1 to
make BPA-2 and 3, as well as expanding the
linkers to BPA-4 and 5 (Fig. 1C). The corre-
sponding COFs (BP-COF-2 to 5) were syn-
thesized and characterized as demonstrated
for BP-COF-1; they followed the expected pat-
tern of isoreticulation (21) and exhibited sim-
ilar spectroscopic and x-ray evidence (sections
S3 and S6 to S8). In particular, the expanded
isoreticular series (BP-COF-1, 4, and 5) showed
a shift to higher d-spacing in the PXRD, cor-
responding to the change in length of the
organic units and its impact on the unit cell
dimensions (Fig. 4A). A gradual shift of the
lowest angle diffraction peak in each of the
patterns toward smaller 26 values was ob-
served (Fig. 4B), in agreement with the in-
crease in linker length measured from B to P
of 6.2, 8.4, and 10.5 A for the phenyl, naphthyl,
and biphenyl, which are BPA-1, 4, and 5, re-
spectively (Fig. 4B). Based on our success with
these cubic COFs, we anticipate other linkers,
such as the tetrahedral form of BPA and com-
binations based on other shapes, to give a wide
range of higher-valency structures (22).

Single crystals of a constitutionally isomeric
COF with rod units of infinite valency

In an effort to further explore the condensation
reaction of BPA-1 into structures with building
units beyond cubes, we investigated the use
of reaction additives, such as acids and bases.
Under similar reaction conditions used for the
synthesis of BP-COF-1, but in the presence of
20 ul of aqueous HCl,, we obtained a new
crystalline phase, BP-COF-6, as confirmed by
PXRD (fig. S50). Single crystals of 50 pym with
well-defined, uniform block-shaped morphology
were obtained and examined by single-crystal
x-ray diffraction techniques (Fig. 5). BP-COF-6
crystallized in the Pc space group with unit cell
parameters of a = 5.4728(16) A, b = 4.3774(12)
A, ¢=14.285(4) A, and B = 95.402(7)° and a unit

Gropp et al., Science 370, eabd6406 (2020)
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Fig. 4. Isoreticular expansion of BP-COFs. (A) Isoreticular series (BP-COF-1, 4, and 5) demonstrates

the generalizability of the in situ approach. Expansion of the unit cell is illustrated by black dotted lines.
(B) With increasing length of the BPA linkers, a shift of the highest intensity PXRD peak (110) toward lower
26 (°) was observed. C, gray; B, pink; P, orange; O, red. Hydrogens are omitted for clarity.

cell volume of 340.71(16) A2 (Fig. 5 and table S2).
Structure analysis showed that the cubic boro-
phosphonates were replaced by infinite 1D
B-O-P rods of alternating tetrahedral boron
and phosphorus building units. The B-O-P
bond lengths within the 1D rod were 1.47(3) A
(B-0) and 1.54(1) A (P-0). These 1D rods were
connected by phenyls that had interlayer
spacings of 5.47 A (measured from phenyl to
phenyl). This distance exceeded n-n-stacking
distances because of the water molecule con-
necting the layers through hydrogen bonding
(H bonding). The layers were stacked along
the a axis and followed a honeycomb pattern
(hcb). The B-O-P rods were oriented along
the b axis with the uncondensed P=0 groups
unidirectionally aligned along the -a axis.
The O---O distances of 2.58 and 2.60 A be-
tween the P=O and the oxygen at the boron
indicated strong hydrogen bonds, most likely
stemming from interstitial water molecules
strongly bound to the boron and enforcing
the tetrahedral geometry (Fig. 5).

The P-O distances of 1.46(2) A support a P=O
double-bond character, and the B-O distance
of 1.60(4) A supports a strong dative bonding
of the water molecule donating electron den-
sity into the empty p orbital of the boron. This
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H-bonding sequence connected the extended
2D layers of BP-COF-6, whose framework was
formulated as (-BPO,-)(-CgH,-). This struc-
ture motif of B-O-P rods linked by organics led
to infinite valency COFs. In the context of single
crystals of COFs, there have been several studies
of solving crystal structures using electron dif-
fraction (23, 24); however, the single-crystal
x-ray structure of BP-COF-6 is one of only a
few reported in COF chemistry (25, 26).

Discussion: Rearrangement of polycubane
COFs into rod COFs

Elemental analysis, solution NMR of the acid-
digested sample, and thermogravimetric anal-
ysis of BP-COF-6 confirmed that this compound
had identical elemental composition to BP-
COF-1 and that they were constitutional iso-
mers (sections S1 and S2). We found that cubic
BP-COF-1 could be fully interconverted into
the rod BP-COF-6 in the presence of 20 pl of
aqueous HCl,. (Fig. 6), as evidenced by PXRD
(section S1 and fig. S54). We suggest that the
strongly bonded, interstitial water molecule at
the center of the H bonding between the layers
of BP-COF-6 results from hydrolysis (bond
breaking) after addition of acid, followed by
condensation producing water as a by-product,
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.

Fig. 5. Single-crystal x-ray diffraction structure of BP-COF-6, which has units of infinite valency.
Optical microscope (top left) and SEM (top right) images of BP-COF-6. A layer in the single-crystal
x-ray structure of BP-COF-6 (bottom left). Local H-bonding interactions between the layers are
indicated in O---O distances between O on P and B and are given in A (bottom right). C, gray; B, pink;
P, orange; O, red. Hydrogens on the phenyl units and the tightly bound water ligands bound to B atoms

are omitted for clarity.

facilitating this clean transformation. Thus, the
interconversion potentially follows a break-
ing of the B-O bonds in the horizontal B-O-P
linkages of the cube, keeping the vertical ones
untouched and thereby producing B-O-P-
phenyl “chains” following the 1, 2, 3, ... sequence
(Fig. 6A). Thus, BP-COF-1 can be viewed as
being composed of a collection of such chains,
which, owing to the bond breaking, are now
liberated to slide toward each other in pairs
1,2,3,...and 1,2, 3, ...; Fig. 6A) and form the
B-O-P rod arrangement (1, 1, 2, 2/, 3, 3/, ...;
Fig. 6B) poised for condensation, to ultimate-
ly give the rod BP-COF-6 (Fig. 6C). That the
P=0 bonds remaining after B-O bond break-
ing all pointed in the same direction sup-
ported our model of how this rearrangement
took place. The tightly bound water mole-
cules at the boron may very well be playing
a stabilizing role in trapping the rod units in
BP-COF-6, especially because such rods were
previously unknown. This type of rearrange-
ment is distinct in the chemistry of B and P
and is a result of the polarized B-O-P linkage,
which, on the basis of this report, promises
rich chemistry.

Materials and methods

Full experimental details and characteriza-
tion of BPA-1 to 5 and BP-COF-1 to 6 are pro-
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vided in sections S1 to 13 of the supplementary
materials.

Synthesis of BP-COF-1

A Pyrex tube measuring 10 mm by 8 mm
[outside diameter (od) by inside diameter (id)]
was loaded with BPA-1 (20 mg, 0.10 mmol),
methylphosphonic acid (24 mg, 0.25 mmol),
0.2 ml of dimethyl sulfoxide (DMSO), and
0.8 ml of toluene. The tube was flash frozen at
77 Kunder liquid N,, evacuated to an internal
pressure of 100 mtorr, and flame-sealed to a
length of 15 cm, approximately. The tube was
placed in an oven at 120°C for 72 hours, yield-
ing a white solid. The solvent was removed,
and the residual solid was immersed once in
5 ml of tetrahydrofuran and three times in 5 ml
of methanol over 24 hours. The solid was acti-
vated under dynamic vacuum, first at 25°C for
5 hours and then at 150°C for 6 hours. BP-COF-
1(6.9 mg, 48%) was obtained as a white powder.

Synthesis of BP-COF-6

A Pyrex tube measuring 10 mm by 8 mm (od by
id) was loaded with BPA-1 (10 mg, 0.05 mmol),
20 ul of HCl¢ope, 0.2 ml of DMSO, and 0.8 ml of
toluene. The tube was sealed and placed in an
oven at 120°C for 5 days, yielding a white solid.
The solvent was removed, and the residual solid
was immersed once in 5 ml of tetrahydrofuran
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and three times in 5 ml of methanol over
48 hours. The solid was then activated under
dynamic vacuum, first at 25°C for 5 hours and
then at 150°C for 6 hours. BP-COF-6 (5.0 mg,
60%) was obtained as a white powder.

Conversion of BP-COF-1 into BP-COF-6

A Pyrex tube measuring 10 mm by 8 mm (od
by id) was loaded with BP-COF-1 (10 mg,
0.05 mmol), 20 ul of HCl¢gpe, 0.2 ml of DMSO,
and 0.8 ml of toluene. The tube was sealed
and placed in an oven at 120°C for 72 hours,
yielding a white solid. The solvent was re-
moved, and the residual solid was immersed
once in 5 ml of tetrahydrofuran and three
times in 5 ml of methanol over 24 hours. The
solid was then activated under dynamic vac-
uum, first at 25°C for 5 hours and then at 150°C
for 6 hours. BP-COF-6 was obtained as a pure
phase, as confirmed by PXRD.

PXRD

PXRD patterns of BP-COF-1 to 6 were ac-
quired on an in-house Bruker D8 Advance
equipped with a Ni filter CuKa (A = 1.5406 A)
or on the beamline 7.3.3 at the Advanced Light
Source with a Pilatus 2M detector (1 = 1.2389 A).
For in-house measurements, the samples were
mounted on zero-background sample holders
and leveled with a glass plate. Some samples
were grinded in an agata mortar before analy-
sis. Data were collected between 3° and 50° or
60° with a step width of 0.01 and a total data
collection time of 4 to 5 hours. For beamline
measurements, powder samples were packed
in quartz capillaries and put into a helium
atmosphere for measurement in transmis-
sion geometry. Silver behenate was used for
calibration. The Nika package for IGOR Pro
(Wavemetrics) was used to reduce the ac-
quired 2D raw data to a 1D profile (27). Refine-
ments were conducted with the Material Studio
(version 4.0, Accelrys, San Diego, CA) (28).

Single-crystal x-ray diffraction

A colorless block-shaped crystal of BP-COF-6
was measured at the beamline 12.2.1 at the
Advanced Light Source using a radiation wave-
length of A = 0.7288 A. The crystal was mounted
on a MiTeGen Kapton loop and submerged in
a 100-K nitrogen cryostream for the measure-
ment. The data reduction was carried out with
APEXII (29) software packages. The structure
solution and refinement were carried out using
the SHELX algorithms (30) in Olex2 (3I).
Crystal data and details of the structure re-
finement are given in table S1 and in the pro-
vided cif file (data S1). Mercury was used for
structural visualization (32).

Low-pressure gas sorption

Low-pressure argon, N,, and H, adsorption
isotherm measurements of BP-COF-1 to 6 were
carried out on a Micromeritics 3-Flex or an
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BP-COF-1

‘slice and slide’

BPA-1

Polycubane-to-1D
Rearrangement

(¢}

BP-COF-6

‘condense’

Fig. 6. Polycubane-to-1D rearrangement of BP-COF-1 to BP-COF-6. (A to C) Suggested mechanism for
the interconversion of the cubic BP-COF-1 into the layered BP-COF-6 through a “slice-and-slide"-type
rearrangement and condensation. C, gray; B, pink; P, orange; O, red. Hydrogens are omitted for clarity.

ASAP 2420 surface area analyzer. A liquid Ny
bath was used for measurements at 77 K. A
liquid argon bath was used for measurements
at 87 K. Ultrahigh-purity-grade N,, argon, Ha,
and He (99.999% purity) were used through-
out adsorption experiments. Solvent-accessible
surface areas were calculated with Material
Studio (version 4.0, Accelrys, San Diego, CA)
(28) using a N,- or argon-sized probe molecule
(of diameters 3.68 and 3.96 A, respectively)
and a grid interval of 0.25 A (33). The pore size
was calculated with MicroActive (version 5.01)
(34) from the N, or argon isotherms by apply-
ing a DFT type, slit geometry, 2D-NLDFT, N2-
Carbon Finite Pores, As=4 Model for nitrogen
isotherms, and a DFT type, slit geometry, AR-
DFT Model for argon isotherms. The theoret-
ical van der Waals distance was deduced from
the model by measuring the heavy atom van
der Waals distances. Experimental BET areas
were calculated from the respective isotherms
with data from the low-pressure range (P/P, <
0.1; see section S10), with pressure points as
low as 1077 P/P,, The correlation coefficients

Gropp et al., Science 370, eabd6406 (2020)

and positive C values are given in section S10
for each BET calculation.
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Higher-valency ligands for COFs

Metal-organic frameworks (MOFs) have exhibited more extensive connectivity (valency) and topological diversity
than covalent organic frameworks (COFs), mainly because MOF linkers can connect from 3 to 24 discrete units or even
infinity for one-dimensional rods. For COFs, linkers generally have a valency of 3 or 4 that reflect the valency of organic
carbon. Gropp et al. created cubane-like linkers from 1,4-boronophenylphosphonic acid that could condense to make
COFs with a valency of 8 or, by adding acid, could form large, single crystals with an infinite-rod topology.

Science, this issue p. eabd6406

ARTICLE TOOLS http://science.sciencemag.org/content/370/6515/eabd6406
EALAF%E'—REQALESNTARY http://science.sciencemag.org/content/suppl/2020/10/21/370.6515.eabd6406.DC1
REFERENCES This article cites 31 articles, 7 of which you can access for free

http://science.sciencemag.org/content/370/6515/eabd6406#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

0202 ‘22 1300190 U0 /610" Bewasuslos aoualos//:dny wolj papeojumoq

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works



