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The propensity for covalent organic frameworks
to template polymer entanglement
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The introduction of molecularly woven three-dimensional (3D) covalent organic framework (COF)
crystals into polymers of varying types invokes different forms of contact between filler and
polymer. Whereas the combination of woven COFs with amorphous and brittle polymethyl
methacrylate results in surface interactions, the use of the liquid-crystalline polymer polyimide
induces the formation of polymer-COF junctions. These junctions are generated by the threading
of polymer chains through the pores of the nanocrystals, thus allowing for spatial arrangement
of polymer strands. This offers a programmable pathway for unthreading polymer strands under
stress and leads to the in situ formation of high-aspect-ratio nanofibrils, which dissipate energy
during the fracture. Polymer-COF junctions also strengthen the filler-matrix interfaces and

lower the percolation thresholds of the composites, enhancing strength, ductility, and toughness
of the composites by adding small amounts (~1 weight %) of woven COF nanocrystals. The
ability of the polymer strands to closely interact with the woven framework is highlighted as

the main parameter to forming these junctions, thus affecting polymer chain penetration

and conformation.

olymer chain entanglements help gov-

ern polymer structure-property relations

and affect their mechanical properties

(I, 2). Modulation of polymer entangle-

ments can be achieved with fillers such
as carbon black, silica gels, and other types of
nanoparticles (3-5), as well as through inter-
penetrating networks (6, 7), supramolecular
hosts (8), polymer-grafted nanoparticles (9, 10),
and nanoconfinement (). In all cases, an
increase in entanglement density leads to ad-
ditional pathways to dissipate energy under
stress. For example, polymer-grafted nano-
particles can control the directionality and
local density of entanglements, resulting in
crazing during stress (12, 13). Major advance-
ments have been made by improving the
network perfection in gels, which differ from
polymer solids forming the basis for most
plastic products (14, 15).

‘When polymers are threaded through porous
structures such as metal organic frameworks
(MOFs) and covalent organic frameworks
(COFs), the crystalline order of the frame-
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works has the potential to template the spatial
arrangements of polymer chains, offering
pathways for unthreading under stress. This
changes the modes of how composites dissi-
pate energy during fracture from being largely
by bond rupture to long-chain pull-out and
extension at such junctions (Fig. 1). We hy-
pothesize that the mechanical and chemical
similarity of the woven COF backbone to the
polymer matrix will result in a more homo-
geneous interface compared with other MOFs
and COFs. Because each COF nanocrystal can
template numerous polymer chains, the pulled-
out chains form high-aspect-ratio nanofibrils
under stress in situ, resulting in macroscopically
improved damage tolerance in polymer-COF
composites in the form of strength, ductility,
and improved resistance to fracture (toughness).

In the blends of polymer and COF nano-
crystals (Fig. 1A), hundreds of polymer chains
are templated with periodic control when the
polymer-COF junctions are formed. The poly-
mer segments extending from their surfaces
enhance the solubility of COF nanocrystals for
better dispersion (Fig. 1B) and strengthen the
filler-matrix interface by bridging the woven
COF particles and the matrix. At the molecular
level, the threaded polymers within the COF
units are analogous to polymer-polymer junc-
tions (I6) but could offer the reversibility of
the entanglements of the polymer. By forming
polymer-COF junctions, there is no need to
chemically cross-link the host polymer to en-
hance mechanical properties, and the blends
are more amenable to recycling (17). Funda-
mentally atomically defined, crystalline COF
networks can realize topological control over
polymer entanglements, probing the spatial
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mer level (I8).

Nonetheless, COF nanocrystals have the po-
tential to act as classical nanoparticle fillers,
wherein the polymer may mainly interact with
the surface instead of threading through the
framework (Fig. 1A). We studied the inclusion
of molecular woven (MW) amide-based COFs
into two polymer systems that were selected
to delineate the effects of these nanoparticles.
Polymethyl methacrylate (PMMA), being amor-
phous and brittle, does not strongly interact
with COFs, so it can be used to investigate
whether the polymer chains can thread through
pores defined by the nanoporous COF filler.
Polyimide (PI) was selected for multiple reasons.
First, it is chemically similar to the backbone
of the COFs, and their favorable interactions
ensure in-depth penetration into the frame-
work. Second, PI exhibits strong intra- and
intermolecular interactions, and its macro-
scopic properties rely on these interactions
over a long range. Finally, once PI is incor-
porated into COF nanoparticles, the frame-
work will template its chain conformation and
modulate the range of intermolecular inter-
actions. The latter facilitates the formation of
high-aspect-ratio nanofibers without compro-
mising the global mechanical property.

In both cases, we observed the formation
of extended nanofibrils after tensile test-
ing. However, PI threads through the MW
nanocrystals, whereas PMMA mainly forms
surface contacts, which coincides with greater
nanofibril extension for PI than PMMA and
is reflected in the mechanical enhancement
of PI-COF composites. Our spectroscopy
studies were able to distinguish between
these cases and offer an understanding of
both types of interactions with woven organic
nanoparticles.

Factors governing COF-polymer entanglement

Here, we tested these hypotheses by blending
COF nanocrystals (0.5 to 5 wt %) with liquid
crystalline polymers. Upon mechanical defor-
mation, numerous high-aspect-ratio nanofibrils
form at the fracture surface as a result of the
unthreading of polymers from COF nano-
crystals under stress (Fig. 1C). The effect of
the polymer-COF junction extends beyond
COF nanocrystal-matrix interfaces because
the blends can effectively dissipate energy
uniformly. This leads to enhancements in
strength, ductility, and toughness, thus confer-
ring damage tolerance. Polymer-COF junction
formation is entropy driven and governed by
polymer chain conformation. At the molecular
level, the penetration depth and conformation
of the polymer inside of COF crystals, the
topology of polymer-COF junctions, and the
morphology of polymer nanofibrils all depend
on the COF crystal structure. This reflects a
balance between the statistical contribution
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of the torsion angle distribution for a polymer
chain and the geometric constraints imposed
by each COF unit cell.

Selection of COF nanocrystals

Nanocrystals of COFs and MOFs, including
COF-500 (19), COF-506 (20, 21), COF-300 (22),
COF-791 (23), MOF-808 (24), and MIL-53 (25),
were tested. Prior studies on the effect of
mechanical bonding in polymers involved
mechanically interlocked molecules such as
rotaxanes and catenanes (26-28). Here, we
chose to work with molecularly defined, po-
rous, woven three-dimensional (3D) nanocrys-
tals. Molecular weaving was first reported in
imine-linked COF-505 and COF-506 (29, 30).
Imine linkages can generate crystalline ex-
tended structures but generally lack chemi-
cal stability (31). Therefore, we oxidized the
imine linkages postsynthetically to form the
more resilient amide-linked COF-507, referred
to as MW COF (32) (see the supplementary
materials). Powder x-ray diffraction analysis
confirmed the crystallinity of the resulting
woven amide-linked COF (see the supplemen-
tary materials, section S2). Fourier-transform
infrared spectroscopy showed the disappear-
ance of the characteristic imine bond stretch
at 1622 cm ' and the emergence of the amide
carbonyl stretch at 1666 cm™ (see the sup-
plementary materials, section S3). The amide
linkage was further confirmed by solid-state
nuclear magnetic resonance (NMR) spectros-
copy of 2C-isotope enriched COFs, in which
the isotopically enriched carbon was posi-
tioned within the imine and amide linkages
(see the supplementary materials, section S4).
Scanning electron microscopy (SEM) charac-
terization showed COF crystallites with an
average size of 300 to 400 nm (Fig. 2A and
see the supplementary materials, section S5),
and thermogravimetric analysis confirmed their
thermal stability at processing temperatures
of at least 300°C (see the supplementary mate-
rials, section S6).

PMMA-COF composites

Initially, we selected amorphous and brittle
PMMA to test whether polymer-COF junctions
could form and if these interactions enhance
the ductility of the PMMA-COF composites.
MW nanocrystals (3 wt %) were introduced
to PMMA with a number-averaged molecular
weight (M,,) of 535.5 kDa and a polydispersity
index (PDI) of 2.50 by solution mixing. Trans-
mission electron microscopy (TEM) imaging
confirmed that the MW nanocrystals were
well dispersed in the PMMA matrix (Fig. 2B).

Uniaxial mechanical tensile tests at ambient
temperature showed that the fracture strain of
the PMMA-MW composites (3 wt %) increased
from 0.13 (+0.02) to 0.22 (+0.04) mm/mm (n = 5).
The toughness, determined by the area under
the engineering stress-strain curves, nearly
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formation of nanofibrils
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COF nanocrystal dispersion

Fig. 1. Schematic illustration of the COF structure, polymers, and nanofibrils. (A) Polymer-COF
interactions. Depending on the polymer, its matrix may either interface only with the surface of

the woven COF particles or form so-called polymer-COF junctions. In these junctions, individual polymer
chains penetrate the porous, 3D woven COF crystals and decorate the surface to interact with the
polymer matrix. (B) COF nanocrystals distributed nanoscopically without any necessary surface
modification to enhance compatibility. (C) Polymer-COF composites under stress. The polymer chains
spatially align and unthread from the COF crystals, thereby generating a favorable pathway for

energy dissipation and forming nanofibrils.

doubled from 2.6 (+0.5) MPa in the pure
PMMA to 5.6 (+1.4) MPa in PMMA-MW (3 wt %)
(Fig. 2C). We performed additional fracture
tests using double-notch specimens consist-
ing of rectangular films with two nominally
identical notches to characterize critical events
before the onset of final failure (33, 34). Be-
cause both notches experienced the same
stress and displacement fields, when one notch
fractured, the unfractured notch became the
point of fracture and thus could provide evi-
dence of the precursor events just before un-
stable fracture.

SEM images showed that the fracture sur-
faces in PMMA-MW exhibited high surface
roughness and the formation of a few nano-
fibrils that bridged the cracks (Fig. 2D). The
dimensions of the fibrils were 1.5 (+0.9) um in
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length (n > 10 samples) and 0.3 (+0.1) um in
diameter with an aspect ratio (Apymvia-vw) Of
5.35 (£3.97). This A value was about twice that
commonly reported for glassy polymers such
as PMMA (Apyivia ~2.55) (35, 36). The observed
polymer nanofibrils suggest that the PMMA
chains, through their interaction with MW
nanocrystals, were stretched and aligned more
readily to dissipate energy under stress.

We used wide-angle x-ray scattering (WAXS)
to investigate the crystal structure of the
embedded COF nanocrystals (Fig. 2E). Com-
pared with the characteristic diffraction peaks
for the pristine MW, the peaks from the MW
COF crystals embedded in PMMA shifted to
slightly lower values of the scattering vector
q. This difference suggests that the PMMA
chains may penetrate the pores of the woven
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Fig. 2. Characterization of PMMA-COF composites. (A) SEM micrograph of MW nanocrystals. (B) TEM image of PMMA-MW (3 wt %) showing well-dispersed MW
nanocrystals in the PMMA matrix. (C) Engineering stress-strain curves of PMMA-MW compared with pure PMMA. (D) SEM images of the fracture surfaces of PMMA-MW from
the double-notch experiment, showing cracks containing nanofibrils (Apymamw ~5). (E) WAXS spectra of MW, PMMA, and PMMA-MW. The deconvoluted characteristic
peak of MW in the PMMA matrix shows a slight shift to a lower g-vector, indicating an expansion of the MW's unit cell within the composite. (F) DSC curves of PMMA and
PMMA-MW revealing an increase in T, (~10°C). (G) Gel permeation chromatography traces of PMMA and PMMA-MW showing a decrease in PMMA molecular weight.

COF and slightly expand the unit cell of the

woven COF crystals.

In differential scanning calorimetry (DSC)
studies, we observed an ~10°C increase in the

Neumann et al., Science 383, 1337-1343 (2024)

glass transition temperature (7,) for PMMA
when 3 wt % of MW nanocrystals were blended
in (Fig. 2F). The DSC curves show only one
transition, confirming the rather uniform phase
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behavior of PMMA within the detection re-
solution of the DSC technique. The uniform
T, transition suggests a long-range effect of
the PMMA-COF interactions beyond the COF
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composites compared with pure PI. (B) Comparison of stress and toughness

in PI-MW composites as functions of filler concentration (n = 5 samples for
each condition). (C) PI-MW (3 wt %) showing increased damage tolerance in

the presence of a defect when the strain reaches ~0.94 mm/mm. (D) Fracture
surface of pure Pl showing almost no surface roughness in SEM images.

(E) SEM images of fracture surfaces of the PI-MW showing high-aspect-ratio fibrils.
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(F) SEM images of the fracture surfaces of PI-MW from the double-notch
experiment showing high-aspect-ratio nanofibrils in the unbroken notch. (G) EDX line
scan of nanofibrils showing a transition in the chemical composition from PI-MW
composite to pure PIl. (H) Frequency-sweep dynamic mechanical analysis results
showing enhanced viscoelastic properties when adding 3 wt % of MW (yellow).

() WAXS studies comparing MW and PI-MW composites showing a slight peak shift

to lower g-vectors.
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Fig. 4. Investigation of polymer-COF interactions by CP-HETCOR solid-
state NMR spectroscopy. (A and B) 'H-3C CP-HETCOR NMR spectra of a
PMMA-MW (20:80 by weight) composite (A) and a PMMA-MW (20:80 by weight)
physical mixture (B) showing no correlation spots between the polymer and
the COF at a contact time of 40 ms. (C) *H-'3C CP-HETCOR NMR spectrum

crystal-PMMA interfaces. We measured the
molecular weight of PMMA after dissolving
the PMMA-MW composites and filtering out
MW nanocrystals (Fig. 2G). Gel permeation
chromatography spectra showed a reduction
in the M,, of PMMA from 535.5 kDa (PDI =
2.50) to 433.2 kDa (PDI = 2.62). Despite the
small changes and the high PDI of the PMMA
matrices, the results were rather consistent

Neumann et al., Science 383, 1337-1343 (2024)

1 I 1 1 1 1 1 1 1
180.0 160.0 140.0 120.0 100.0 80.0 60.0 40.0 20.0

contact time of 20 ms.

among different runs (n = 3). Thus, higher M,
PMMA chains were likely trapped at the MW
crystals and were removed from the solution
during the filtration of MW nanocrystals, low-
ering M, for the remaining solution.

PI-COF composites

PI, a liquid crystalline polymer, is chemically
similar to the backbone of the woven COF

22 March 2024

1 1 1 1 1 1
180.0 160.0 140.0 120.0 100.0 80.0 60.0 40.0 20.0
13C chemical shift (ppm )

of a PI-MW (50:50 by weight) composite showing a clear correlation spot
(red arrow) between the polymer and the COF at a contact time of 5 ms.

(D) 'H-13C CP-HETCOR NMR spectrum of a PI-MW (50:50 by weight) physical
mixture showing no correlation spot between the polymer and the COF at a

nanocrystals. We selected PI to investigate
the formation of polymer-COF junctions and
their effect on the mechanical properties of
the resulting composite. The PI-COF compo-
sites were synthesized by in situ polymeri-
zation of pyromellitic dianhydride (PMDA)
and 4,4/-oxydianiline (ODA) in a blend of COF
crystallites (see the supplementary materials,
section S1).
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Compared with pure PI, the PI-COF com-
posites exhibited improved macroscopic mech-
anical properties, including strength, ductility,
toughness, and damage tolerance (Fig. 3A).
The incorporation of 0.5 to 1 wt % of MW
resulted in a substantial increase in these
properties, suggesting that the percolation
threshold corresponded to very low filler
ratios (~1 wt %) in PI-MW (Fig. 3B). At this
concentration, the interparticle distances of
PI-MW were ~1.7 (+1.2) um, as determined
from TEM analysis (see the supplementary
materials, section S8). Collectively, these ob-
servations demonstrated that the effect of the
polymer-COF junction extends beyond the
range of filler-matrix interfaces, which is typ-
ically limited to tens of nanometers (37). Fur-
thermore, the tensile tests on PI-MW showed
enhanced fracture resistance even in the pres-
ence of a stress raiser in the form of surface
imperfections, in marked contrast to the
catastrophic ruptures observed in pure PI
(Fig. 3C).

SEM fractography showed that the cross-
sections of the fractured dog bone samples
of pure PI had almost no detectible surface
roughness (Fig. 3D). By comparison, the cross-
sections of the PI-MW dog bones had higher
surface roughness than pure PI dog bones
(Fig. 3E). Over length scales of hundreds of
micrometers, the PI-MW showed a homoge-
neous fracture surface roughness with no
interface-initiated cavitation (see the supple-
mentary materials, section S2). In addition,
higher-magnification SEM images revealed
highly anisotropic nanofibrils. Compared with
the PMMA-COF composites, a large number
of high-aspect-ratio nanofibrils [Apr_yw ~16.08
(+ 8.67), n > 10 samples] bridging the MW
crystal agglomerates were observed using
double-notch fractographic techniques (Fig. 3F).

To investigate the chemical compositions of
the observed nanofibrils, SEM energy-dispersive
x-ray spectroscopy (EDX) was performed. The
fibrils gradually transitioned from a combina-
tion of COF and PI to pure PI, as verified by a
decrease in the copper content (wt %) from the
origin of the craze fibrils to their tips (Fig. 3G).
Furthermore, the addition of 3 wt % of MW led
to a simultaneous enhancement in the storage
and loss modulus of 15.8% (+0.3%) and 42.5%
(£4.9%), respectively, for frequencies from 0.01
to 10 Hz (Fig. 3H), indicating that the com-
posites underwent energy dissipation pathways.
These results are consistent with the in situ
formation of nanofibrils by unthreading the
penetrated polymer strands that are spatially
arranged through the nanometer-level periodicity
of the COF nanocrystals.

To study the molecular interactions between
the woven nanocrystals and the PI chains, the
PI-COF composites were characterized by WAXS
(Fig. 3I). The original scattering peaks from
PI-MW (3 wt %) were deconvoluted and then
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compared with pristine MW because the char-
acteristic peaks of MW were situated on the
slope of the scattering peak from PI. WAXS
results of PI-MW showed a slight unit cell
expansion of MW, similar to what had been
observed with the PMMA-MW composites.

Further characterization of the fibril forma-
tion capability by polymer unthreading in re-
sponse to mechanical force was performed by
WAXS studies on the plastically deformed
PI-MW films (see the supplementary materials,
section S9). The stretching process oriented
the composite in the force direction without
affecting the structure of the COF crystals.
Azimuthal integration at ¢ = 0.439 A™%, which
represents the intramolecular spacing of neat
PI(38), was conducted to show the orientation
of the polymer chains in each system. The
PI-MW composites (3 wt %) showed a higher
orientational order parameter P,, estimated
from the azimuthal integration (39), as indi-
cated by the increased intensity variation. We
concluded that the intramolecular distance
of the PI chains was more uniform in PI-MW
compared with PI, further supporting our
polymer-COF junction hypothesis.

To delineate the contribution of covalent
bond formation between the polymer and the
COFs, additional tensile tests were performed
(see the supplementary materials, section S10).
In these experiments, the PI-MW films were
prepared by the physical mixing of COFs into
poly(amic acid) solutions and by in situ poly-
merization using the surface-passivated COFs.
In both experiments, reactions between the
monomers and the surface functional groups
of the COFs were eliminated (see the supple-
mentary materials, section S11). The tensile
test results showed that the strength and
toughness of the PI-MW composites were still
effectively improved compared with pure PI
films. This provides evidence that topological,
noncovalent entanglements between the COF
crystals and polymer matrix played a greater
role than covalent bonding in improving the
mechanical properties of PI-MW composites.

Elucidation of polymer-COF junctions

To investigate the possibility of PI chains
threading through the pores of the COF, the
uptake of the monomers was investigated by
monomer inclusion studies (see the supple-
mentary materials, section S7). MW nanocrys-
tals were soaked in a solution of the molecule
of interest, such as PMDA or ODA, followed
by extensive washing steps to eliminate excess
monomers outside of the pores. The amount
of monomer inside the pores of the COFs was
quantified by digest NMR spectroscopy, in
which the COF material was broken down into
its building blocks by acid digestion before
NMR analysis. The digest NMR spectra of the
soaked and subsequently washed COFs showed
signals consistent with the monomers within
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the pores, further substantiating that the mo-
nomers could diffuse into the pores of MW.

Further insight into the nature of the
polymer-COF interactions was gained through
2D solid-state NMR using cross polarization-
based heteronuclear correlation (CP-HETCOR)
spectroscopy. This technique allowed us to
probe the intermolecular proximities between
the backbone of the COF and the polymer
threads of PMMA and PI. Previous studies
have shown different correlations between
surface interactions and polymer threading
in polymer-MOF systems (40). Here, we com-
pared PMMA-MW and PI-MW samples with
physical mixtures of the polymers and MW.
This technique requires sufficient resolution
in both the 'H and *C dimension, as well as
the presence of a unique correlation spot arising
from a heteronuclear pair between the polymer
and the COF. In the case of PMMA-COF com-
posites, the proton and carbon signals of the
methyl and methoxy groups in the PMMA
were easily distinguishable from the mostly
aromatic backbone of the COF. CP-HETCOR
experiments of PMMA-MW composites and
physical mixtures with long CP-transfer dura-
tions, also called contact times, of 40 ms showed
no correlation between carbon and proton sig-
nals of the COF and PMMA, thereby indicating
that the polymer was not in close proximity
to the woven nanocrystals (Fig. 4, A and B).
These results provide evidence for a polymer-
COF system that is dominated by surface in-
teractions, in which most of the polymer strands
did not interact substantially with the pores of
the COF.

Similar investigations of PI-MW composites
posed a greater challenge because both the
polymer and the COF overlapped in their 'H
and 'C NMR spectra. To overcome this, the
chemical backbone of the two components
was adjusted to generate a heteronuclear pair
between PI and MW with distinct 'H and **C
chemical shifts. To incorporate a well-resolved
'H signal, ODA was replaced by a common
monomer in polyimide synthesis, 4,4'-(propane-
2,2-diyl)dianiline. The methyl groups intro-
duced a proton signal with a chemical shift of
~1.5 ppm, which was distinct from the mostly
aromatic footprint of the PI-MW composites.
To improve both resolution and sensitivity in
the carbon dimension, the *C-enriched imine-
linked variant of the woven COF was used in
these studies, which ultimately led to a detectable
PI-MW correlation spot between the methyl
protons and the enriched imine carbon.

In contrast to PMMA-MW, the HETCOR
spectrum of PI-MW composites showed a clear
correlation spot for the heteronuclear pair of
the enriched imine carbon in the COF and the
methyl protons in the polymer at a relatively
short contact time of 5 ms (Fig. 4C). Shorter CP
contact times probe shorter distances, thereby
indicating intimate mixing between the polymer
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strands and the woven framework, which is in-
dicative of polymer threading. By comparison,
no such correlation spot was observed for the
physical mixture of preformed PI and MW,
even at substantially longer contact times of 20
ms (Fig. 4D).

Discussion

The results presented in this work demon-
strate that woven COF nanocrystals can inter-
act with polymers to generate mechanically
enhanced composites. Depending on the mech-
anical and chemical similarity of the COF
backbone and the polymer matrix, the inter-
actions may be limited to the interface or lead
to a threading of polymer strands through the
pores of the woven framework. Spectroscopy
studies substantiate the evidence for the for-
mation of polymer-COF junctions in PI-MW
composites, whereas interactions in PMMA-MW
are likely limited to interfacial entanglements.
This mechanistic difference in polymer-COF
interactions is supported by the extent of the
mechanical property enhancement between
PI and PMMA, as well as the morphology of the
unthreaded nanofibrils Apr_yw > Apvvia-mw)-
In contrast to other MOFs and COFs, the
woven backbone exhibits superior compat-
ibility with the polymer matrices, leading to
excellent filler distribution and good mecha-
nical performance.
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