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ABSTRACT: Chlorine (Cl,) is a toxic and corrosive gas that is
both an essential reagent in industry and a potent chemical warfare
agent. Materials that can strongly bind Cl, at low pressures are
essential for industrial and civilian personal protective equipment
(PPE). Herein, we report the first examples of irreversible Cl,
capture via the dichlorination of alkene linkages in Zr-based metal—
organic frameworks. Frameworks constructed from fumarate (Zr-
fum) and stilbene (Zr-stilbene) linkers retain long-range order and
accessible porosity after alkene dichlorination. In addition, energy-
dispersive X-ray spectroscopy reveals an even distribution of Cl
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throughout both materials after Cl, capture. Cl, uptake experiments reveal high irreversible uptake of Cl, (>10 wt %) at low partial
pressures (<100 mbar), particularly in Zr-fum. In contrast, traditional porous carbons mostly display reversible Cl, capture,
representing a continued risk to users after exposure. Overall, our results support that alkene dichlorination represents a new
pathway for reactive Cl, capture, opening new opportunities for binding this gas irreversibly in PPE.

KEYWORDS: chlorination, metal—organic framework, chemisorption, personal protective equipment, porosity

B INTRODUCTION

Chlorine (Cl,) is an essential reagent in the polymer,
pharmaceutical, and agrochemical industries and is widely
employed for water sanitation as well." Unfortunately, Cl, is
also a corrosive and toxic gas that has been historically used as
a chemical warfare agent. Indeed, Cl, exposure can result in
immediate injury or death, and even brief exposure (1—3 ppm
in air under an hour) can be fatal.” Due to its ubiquity, Cl,
poses a serious hazard across many industries.’ Industrial Cl,
sequestration is typically carried out using aqueous caustic soap
solutions, which are not amenable to garment-based personal
protective equipment (PPE)."” Adding to its immediate threat
to human safety, Cl, also decomposes into ozone layer
degradants upon release into the environment.*”® As such,
there is an urgent need to develop new solid materials capable
of strongly binding Cl, before it can cause personal or
environmental harm.

Irreversible sequestration in porous solids would provide
improved protection from Cl, compared to reversible binding
via weak physisorption. However, the highly corrosive nature
of Cl, makes its selective capture a challenge.”” Porous
carbons have been previously employed to reversibly sequester
gaseous Cl,, but their lack of structural tunability makes the
introduction of irreversible Cly-reactive sites difficult.® Addi-
tionally, the dichlorination of olefin-containing polymers has
been employed to generate novel chlorinated polymers, but
there are few examples that do not suffer from degradation due
to over-chlorination.”'? Metal—organic frameworks (MOFs)
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are crystalline, porous materials assembled from organic linkers
and inorganic nodes that are amenable to applications relevant
to corrosive gas handling, including their storage, neutraliza-
tion, and sensing.”_lé Reactive capture in MOFs via post-
synthetic modification is an appealing means to employ MOFs
for low-pressure halogen binding.'”'® In addition, the rapid
diffusion of Cl, through MOF pores and accessibility to all of
the alkene linkages make them ideal candidates for irreversible
Cl, capture compared to non-porous polymers. However,
examples of MOFs that retain their crystallinity and accessible
porosity after direct exposure to elemental halogens, especially
Cl, and bromine (Br,), remain relatively rare."”'”~*> For
example, exposure of the MOF NH,-UiO-66 (UiO =
Universitetet i Oslo) to Cl, was previously reported to result
in a substantial loss in framework crystallinity due to
uncontrolled electrophilic aromatic substitution.'®'**°

We hypothesized that dichlorination of alkene linkages in
MOFs would represent a new, reactivity-based pathway for
irreversible Cl, capture in porous materials. Among MOFs,
those assembled from Zr(IV) secondary building units, known
as Zr-MOFs, demonstrate a high degree of chemical
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Scheme 1. Structures of the Frameworks Studied in This Work; Cl,—Zr-Fum (a) and Cl,—Zr-Stilbene (b) were Obtained
through Post-Synthetic Chlorination of the Starting Frameworks Zr-Fum and Zr-Stilbene, Respectively”
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“Gray, green, red, white, and sky-blue spheres correspond to carbon, chlorine, oxygen, hydrogen, and zirconium, respectively.

robustness, including toward corrosive gases.26_30 Indeed,
bromination and iodination of alkenes within Zr- and
analogous Hf-based MOFs have been previously demonstra-
ted'”'®*" and support the feasibility of halogen capture in
alkene-containing MOFs. However, given the significantly
higher reactivity of Cl, compared to Br, and iodine (I,), prior
to our work, it remained unclear whether MOFs could undergo
linker dichlorination without complete framework degradation.

Herein, we report the first examples of direct alkene
dichlorination in MOFs, specifically in the Zr-MOFs
Zrs0,(OH),(fum) (fum*~ = fumarate), known as MOF-801
or Zr-fum, and ZrsO,(OH),(SDC)¢ (SDC*™ = 4,4'-(ethene-
1,2-diyl)dibenzoate), also known as Zr-stilbene. Upon
exposure to Cl, gas, both MOFs retain crystallinity and
porosity while undergoing high degrees of linker dichlorina-
tion. Additionally, these MOFs irreversibly capture Cl, at low
pressures, making them potentially suitable for grafting to
fabric for PPE."® Overall, our findings add linker dichlorination
to the lexicon of strategies available for irreversible Cl, capture
in porous materials.
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B RESULTS AND DISCUSSION

We began our investigation into Cl, capture by alkene
dichlorination using Zr-fum as a representative alkene-
containing MOF (Scheme 1). This framework is constructed
from Zrg nodes bridged by fumarate (fum®”) linkers, resulting
in a microporous material with an overall face-centered cubic
fcu topology.” Like other Zr-based MOFs, the strong Zr—O
bonds in this framework lend it remarkable chemical stability
toward ambient air, water, and corrosive gases.zg’33 In addition,
Zr-fum possesses a high density of accessible alkene sites for
potential dichlorination. Combined with its scalable synthesis
from inexpensive, easily accessible materials, these properties
make Zr-fum a promising candidate for irreversible Cl,
capture. Following the literature procedure,”® Zr-fum was
synthesized on an ~18 g scale, as confirmed by powder X-ray
diffraction (PXRD) and surface area analysis (Figure 1a,b, see
Supporting Information Section 2 for details).

The ability of Zr-fum to irreversibly capture Cl, was assessed
by exposing the MOF to <100 mbar of Cl, diluted in N, for 16
h, producing what we refer to herein as Cl,—Zr-fum (see
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Figure 1. (a) PXRD patterns (1 = 1.5406 A) of Zr-fum (blue), Cl,—Zr-fum (red), 2 X Cl,—Zr-fum (purple), and 3 X Cl,—Zr-fum (maroon). The
simulated pattern based on the previously reported single-crystal X-ray diffraction structure of Zr-fum is included for reference. (b) 77 K N,
adsorption (filled) and desorption (open) isotherms of Zr-fum (blue), Cl,—Zr-fum (red), 2 X Cl,—Zr-fum (purple), and 3 X Cl,—Zr-fum
(maroon). (c) Digestion '"H NMR (400 MHz, DMSO-d,) spectra of Zr-fum (blue), Cl,—Zr-fum (red), 2 X Cl,—Zr-fum (purple), and 3 X CL,—Zr-
fum (maroon), with the orange highlighted region indicating the gradual appearance of two new diastereomeric aliphatic C—H protons as more of
the starting fumarate linker is chlorinated. (d) Cl EDS maps of Zr-fum (top left), CL,—Zr-fum (top right), 2 X CL,—Zr-fum (bottom left), and 3 X

ClL—Zr-fum (bottom right).

Supporting Information Section 3 for details). Remarkably,
even after direct exposure to Cl, gas, the MOF retained modest
crystallinity as measured by PXRD without the appearance of
any new reflections (Figure la, Supporting Information Figure
S11). This is comparable to NH,-UiO-66, which was
previously reported to lose significant crystallinity under
similar conditions."” Scanning electron microscopy (SEM)
analysis of Cl,—Zr-fum revealed a lack of well-defined surface
morphology compared to the starting spherical-shaped Zr-fum
crystallites (Supporting Information Figures S7 and S17),
consistent with the partial loss of long-range order after Cl,
exposure. Nonetheless, after activation under high vacuum to
remove any physisorbed Cl, gas, 77 K N, sorption analysis
revealed that Cl,—Zr-fum is still permanently porous, with a
Brunauer—Emmett—Teller (BET) surface area of 276 + 1 m?/
g (Figure 1b, Supporting Information Figure S13). This
significant reduction in surface area compared to the starting
framework (BET surface area of 970 + 2 m*/g) coupled with
the retention of crystallinity by PXRD is consistent with the
reactive capture of Cl, via addition across the alkene double
bonds, along with some partial degradation.

To interrogate whether linker dichlorination occurs in the
MOF upon exposure to Cl,, Cl,—Zr-fum was characterized by
'H NMR after acidic digestion, combustion elemental analysis,
and energy-dispersive X-ray spectroscopy (EDS) (Figure 1c,d).
After digestion, '"H NMR revealed the presence of a new
resonance at § 4.77 ppm in Cl,—Zr-fum that is absent in Zr-
fum, which is assigned to a proton adjacent to the newly
formed C—Cl bond (Figure 1c, Supporting Information Figure
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S15). Assuming chloronium ion formation is favored, we assign
this species as the anti-diastereomer (see below for discussion).
However, the starting fumarate linker was also observed (&
6.47 ppm). Integrating these two peaks afforded a 1:0.57 ratio
of the starting linker to the dichlorinated linker, indicating that
approximately 36% of the fumarate linkers reacted with Cl,.
Given the small pores of Zr-fum (5—7 A),* it is unsurprising
that incomplete linker dichlorination occurs under these
conditions. Importantly, EDS confirmed the permanent
presence of Cl in Cl,—Zr-fum (Figure 1d, Supporting
Information Figure S19) that is absent in Zr-fum (Figure 1d,
Supporting Information Figure S9). However, an over-
abundance of Cl in Cl,—Zr-fum was detected by EDS (21.8
atomic %) compared to the theoretical value, assuming ~36%
linker dichlorination (10.2 atomic %, Supporting Information
Table S3). As EDS is a surface-sensitive technique, this finding
implies that the reaction of linkers with Cl, likely occurs mostly
on the surface of MOF crystallites, hindering further reaction
within the pores. Consistently, combustion analysis provided a
closer match between the experimental (15.1 wt %) and
theoretical (10.1 wt %) % Cl values in Cl,—Zr-fum
(Supporting Information Table S4). Overall, these data
unequivocally support that the fumarate linkers of Zr-fum
can be dichlorinated directly using CI,.

We hypothesized that repeatedly exposing Cl,—Zr-fum to
Cl, should lead to increased linker dichlorination. After a
second and third exposure to Cl,, the resulting frameworks,
herein referred to as 2 X Cl,—Zr-fum and 3 X Cl,—Zr-fum,
respectively, both exhibited dramatic reductions in crystallinity

https://doi.org/10.1021/acsami.2c17966
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Figure 2. (a) PXRD patterns (4 = 1.5406 A) of Zr-stilbene (blue) and Cl,—Zr-stilbene (red). The simulated pattern based on the previously
reported single-crystal X-ray diffraction structure of Zr-stilbene is included for reference. (b) 77 K N, adsorption (filled) and desorption (open)
isotherms of Zr-stilbene (blue) and Cl,—Zr-stilbene (red). (c) Digestion 'H NMR (400 MHz, DMSO-d;) spectra of Zr-stilbene (blue) and Cl,—
Zr-stilbene (red), with the orange highlighted region indicating the appearance of two new diastereomeric aliphatic C—H protons in the latter
material. (d) SEM images and the corresponding Cl EDS maps of Cl,—Zr-stilbene (top) and Zr-stilbene (bottom).

by PXRD (Figure la, Supporting Information Figures S20 and
$29). A concomitant decrease in BET surface areas upon
repeated Cl, exposure was also observed from 276 + 1 m?/g in
Cl,—Zr-fum to 186 + 3 m?*/g in 2 X Cl,—Zr-fum and 87 + 1
m?/g in 3 X Cl,—Zr-fum (Figure 1b, Supporting Information
Figure S22). Consistently, repeated Cl, exposure led to an
increase in the CL,—fum:fum ratio by '"H NMR after digestion
from 0.57:1 in Cl,—Zr-fum to 1.06:1 in 2 X Cl,—Zr-fum to
4.18:1 in 3 X Cl,—Zr-fum (Figure lc, Supporting Information
Figures S25 and S26). A new resonance at § 5.00 ppm
emerged in the digestion NMR spectra of 2 X Cl,—Zr-fum and
3 X Cl,—Zr-fum as well. We assign this resonance to the syn-
diastereoisomer resulting from competing syn-dichlorination of
the fumarate linker through a carbocation intermediate.**™°
This assignment is corroborated by the '"H—"*C HSQC NMR
spectrum of 3 X Cl,—Zr-fum, which clearly shows three
distinct species in the digestion mixture: two distinct
dichlorinated diastereomeric linkers as well as the starting
fumarate linker (Supporting Information Figure $28).

Taking into account the contribution of both the syn- and
anti-diastereomers to the total chlorinated linker content, the
chlorination percent calculated from NMR rose from
approximately 36% in Cl,—Zr-fum to 53% in 2 X Cl,—Zr-
fum to 85% in 3 X Cl,—Zr-fum. While Cl was evenly
distributed in both materials by elemental EDS mapping
(Figure 1d, Supporting Information Figures S31 and $33), the
calculated atomic % of Cl by EDS was lower than the
theoretical atomic % for both samples (Supporting Informa-
tion Tables SS and S6), highlighting the unreliable nature of
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this technique for non-surface elemental quantification. Again,
combustion elemental analysis proved to be more reliable, as
the observed Cl wt % for 3 X ClL—Zr-fum (18.4%) is
comparable to the theoretical value (21.0%, Supporting
Information Table S7). Due to the near-amorphous and
non-porous nature of 3 X Cl,—Zr-fum, it is likely that complete
chlorination of the fumarate linkers in this material is not
possible as a result of pore clogging upon dichlorination.
Consistently, attempts to chlorinate the related framework Zr-
mes, which has even smaller pores than Zr-fum, led to
incomplete linker dichlorination as well (see Supporting
Information Section 7 for details).

In order to achieve full linker dichlorination in a Zr-MOF,
we turned to Zr-stilbene, an isoreticularly expanded analogue
of Zr-fum with ~15 A pores (Scheme 1).*” This framework
has been previously shown to undergo post-synthetic
bromination with Br, in complete conversion.'” We hypothe-
sized that the inherent stability and larger pores of Zr-stilbene
would enable its reaction with Cl, to cleanly furnish the fully
chlorinated framework, referred to herein as Cl,—Zr-stilbene.
The synthesis of Zr-stilbene following the previously reported
procedure™ yielded this framework on ~0.5 g scale, as
confirmed by PXRD and surface area analysis (Figure 2a,b, see
Supporting Information Section 4 for details). In contrast to
Zr-fum, Zr-stilbene was obtained as well-defined octahedral
crystallites approximately 20 pum across (Supporting Informa-
tion Figure S41). The pore size distribution analysis of Zr-
stilbene assuming a slit-pore geometry confirmed that it
possesses accessible pores approximately 15 A in diameter,
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large enough to facilitate diffusion of Cl, through the
framework even after partial linker dichlorination (Supporting
Information Figure S38).

Utilizing the same reaction setup employed for the
dichlorination of Zr-fum, Zr-stilbene was exposed to ~100
mbar of Cl, diluted in N, for 16 h (see Supporting Information
Section S for details). Although a significant decrease in
crystallinity was observed, Cl,—Zr-stilbene still retained
modest crystallinity by PXRD (Figure 2a, Supporting
Information Figure S44). In particular, no new reflections
corresponding to impurities were observed. SEM analysis of
Cl,—Zr-stilbene revealed that the inherent octahedral
morphology of the parent Zr-stilbene crystallites was
maintained even after prolonged Cl, exposure (Figure 2d,
Supporting Information Figures S41 and S51). The observed
decrease in crystallinity coupled with the retention of
morphology by SEM indicates that some of the loss in long-
range order in Cl,—Zr-stilbene may be due to the increased
flexibility of newly formed sp*-hybridized carbons in the
framework backbone.>**° Like Zr-fum, Zr-stilbene exhibited a
reduction in porosity after Cl, exposure, with the 77 K N, BET
surface area dropping from 2910 + 37 m’/g in the parent
framework to 1549 + 4 m*/g in Cl,—Zr-stilbene (Figure 2b,
Supporting Information Figure S$46). Pore size distribution
analysis confirmed that the pores of Cl,—Zr-stilbene are
slightly smaller in diameter on average (13 A) than those of Zr-
stilbene (15 A), consistent with the introduction of large Cl
atoms within the pores (Supporting Information Figure $48).

To support the successful dichlorination of the alkene
linkers in Cl,—Zr-stilbene, 'H NMR analysis of the acid-
digested MOF was carried out (Figure 2c, Supporting
Information Figure $S49). As expected, complete consumption
of the starting alkene linker was observed, as confirmed by the
disappearance of the alkene proton chemical shift at 6 7.39
ppm. Two sets of new resonances, corresponding to
dichlorinated diastereomers, were observed approximately in
a 1:1 ratio. The presence of two diastereomers was confirmed
by 'H-"3C HSQC NMR spectroscopy (Supporting Informa-
tion Figure S$53), which revealed that each of the two singlets
at § 5.86 and & 5.88 ppm in the 'H NMR spectrum couple to
two different '*C resonances at § 64 and 5 66 ppm, as expected
for chlorinated benzylic '*C centers. This finding suggests that
the dichlorination of Zr-stilbene was surprisingly non-stereo-
specific, yielding approximately equal amounts of the syn- and
anti-dichlorinated diastereomers. Given that the alkene in Zr-
stilbene is flanked by two aromatic rings, the gas—solid phase
dichlorination reaction likely proceeds via a resonance-
stabilized carbocation intermediate and not via a chloronium
ion."" The divergent stereoselectivity observed for the
dichlorination of Zr-fum (Figure 1c) and Zr-stilbene (Figure
2c) arises from the different nature of the alkenes in these
materials: the electron-withdrawing carboxylate groups in Zr-
fum likely disfavor carbocation formation, favoring dichlorina-
tion via a chloronium ion, whereas the aryl groups in Zr-
stilbene facilitate carbocation formation, leading to erosion in
diastereoselectivity.

Similar to Cl,—Zr-fum, the EDS analysis of Cl,—Zr-stilbene
revealed an even distribution of Cl throughout the crystalline
lattice (Figure 2d, Supporting Information Figure S56); these
Cl atoms are not observed in the parent Zr-stilbene (Figure 2d,
Supporting Information Figure $S43). In addition, combustion
elemental analysis revealed that the experimental Cl wt % of
Cl,—Zr-stilbene (15.3 wt %) is in remarkably good agreement

with the theoretical value assuming 100% chlorination (15.7 wt
%), confirming that clean alkene dichlorination occurs in this
MOF (Supporting Information Table S11). It should be noted
that "H NMR analysis also confirmed that Zr-stilbene did not
undergo electrophilic aromatic substitution, indicating a high
level of chemoselectivity for alkene dichlorination in this
material.**

The results discussed above confirm that Zr-fum and Zr-
stilbene were cleanly dichlorinated in the presence of Cl, gas
while partially retaining their crystallinity and porosity.
Building upon these findings, we evaluated their ability to
rapidly and irreversibly capture Cl, at low partial pressures
relevant to PPE.” Unfortunately, volumetric Cl, sorption
isotherms would be uninformative due to the irreversible
nature of Cl, uptake in these materials.”” Therefore,
gravimetric Cl, uptake measurements were carried out using
a custom-built, stainless-steel manifold connected to a Cl,
cylinder and a low-pressure manometer, which allowed for the
delivery of progressively increasing volumes of Cl, to both
MOFs (see Supporting Information Section 6 for details).
After being exposed to Cl, for 20 min, both MOFs were
degassed and re-weighed, allowing for the calculation of their
irreversible gravimetric Cl, uptakes at each pressure of Cl, after
short exposure times. The results of these experiments are
included in Figure 3.
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Figure 3. Irreversible Cl, uptake at different Cl, pressures for the
MOFs Zr-fum (blue), Zr-stilbene (red), UiO-66 (light blue), and the
mesoporous carbon CMK-3 (black). Each data point corresponds to
Cl, uptake after 20 min of exposure at the indicated pressure.

Dosing with increasing pressures of Cl, led Zr-fum to
saturate near 400 mbar and Zr-stilbene to saturate near 700
mbar. The resulting increase in mass for Zr-fum (22 wt %) is
higher than the theoretical capacity (20 wt %) assuming ~85%
linker dichlorination, as observed at lower Cl, partial pressures.
Zr-stilbene also exhibited an increase in mass (24 wt %) that is
higher than the expected change (16 wt %) assuming 100%
linker dichlorination. Given that linker-based over-chlorination
was not detected by '"H NMR in other measurements, the
apparent over-chlorination of Zr-fum and Zr-stilbene at higher
Cl, pressures is likely due to the additional non-specific uptake
at the Zr nodes or on the glass surface of the capillaries.
Notably, the uptake of Cl, in Zr-fum was also relatively rapid,
as a high uptake (13.4 wt %) was observed after dosing the
MOF with 1 bar of Cl, for only S min (Supporting Information
Figures S58—S59).

In order to support that significant irreversible uptake only
occurs in materials containing reactive alkene linkages, the
mesoporous carbon CMK-3 and the terephthalate-based MOF
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Ui0-66*" (which lacks alkene sites in the linker) were
subjected to Cl, at different pressures. Both materials gained
<4 wt % under 998 mbar Cl,, significantly less than the
maximum irreversible uptake of Zr-fum and Zr-stilbene.
Consistently, UiO-66 was previously reported to irreversibly
gain 1-2 wt % under 1000 mbar Cl, due to non-specific
chlorination.”” The non-negligible irreversible Cl, uptake of
these materials at higher Cl, pressures supports that the higher-
than-expected uptake of Zr-fum and Zr-stilbene is likely due to
non-specific chlorination as well. These findings support that
strong, irreversible Cl, capture is unique to porous materials
containing alkene linkages.

Critically, both Zr-fum and Zr-stilbene irreversibly captured
Cl, even at lower partial pressures, with Zr-fum, in particular,
capturing 9.6 wt % (1.4 mmol/g) of Cl, at 169 mbar and Zr-
stilbene capturing 6.5 wt % (0.9 mmol/g) of Cl, at the same
pressure. We hypothesize that the superior gravimetric uptake
of Zr-fum compared to Zr-stilbene at lower Cl, pressures is
due to its lower molecular weight and smaller crystallites.
While the molar capacities of the two MOFs should be nearly
identical, the lower molecular weight of Zr-fum should lead to
higher gravimetric uptake at the same Cl, loading. As
evidenced by SEM (Supporting Information Figures S7 and
S41), the obtained crystallites of Zr-stilbene are also much
larger than those of Zr-fum. Despite its larger pores, the larger
crystallite size of Zr-stilbene should slow down Cl, diffusion to
non-surface alkene sites, ultimately leading to a lower observed
uptake capacity at low pressures and short Cl, exposure times
compared to Zr-fum.

B CONCLUSIONS

Industrial Cl, leaks have continued to cause fatalities and
injuries to civilians even as recently as 2022."> Part of the
ongoing safety challenge is the scarcity of materials that are
able to capture oxidizing and corrosive Cl, gas. Herein, we
have demonstrated that the MOFs Zr-fum and Zr-stilbene
enable irreversible Cl, capture via dichlorination of their
alkene-containing linkers, furnishing the new chlorinated
frameworks Cl,—Zr-fum and Cl,—Zr-stilbene, respectively. By
digestion '"H NMR analysis, up to 85% of Zr-fum could be
converted to Cl,—Zr-fum, while Zr-stilbene could be
quantitatively converted to Cl,—Zr-stilbene. A high level of
chemoselectivity for alkene dichlorination was observed in
both materials. In addition, low-pressure Cl, dosing experi-
ments reveal that these materials are capable of Cl, capture at
low pressures (<200 mbar) and reach saturation at pressures
under 1000 mbar. Both of these materials irreversibly capture
Cl, significantly better than unfunctionalized UiO-66 and a
representative mesoporous carbon. Considering that Zr-MOFs
have been widely appended to fabrics already,”*” both Zr-fum
and Zr-stilbene could function as protective Cl, sponges in
next-generation PPE. Beyond their application for Cl, capture,
the linker dichlorination reactions reported herein enable the
installation of sp*-hydridized carbons within MOFs, which is
difficult to achieve but can improve the MOF’s mechanical
properties.48
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