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ABSTRACT: The series of highly stable porous solids here Oy OH Oy OH Q. b
feature systematic, regiospecific sulfur substitutions on the organic F O SCHy  F O SCHy %
linkers for versatile functions. One major surprise lies in the F Een. S Fen I Toy. N
controllable sequential reactions between sodium thiomethoxide O : O : ¥ 2
(NaSMe) and octafluorobiphenyl-4,4"-dicarboxylic acid (H,bpde- ™S T F HCS" T F 7.y) g

8F; this was readily made without precious metal catalysts).

Namely, 3, 4, 6, and 8 methylthio-substitutions can be respectively . cs I sch, ncs __scH, ’ sRY ‘
achieved with regiospecificity (i.e., to produce the four molecules O O N S

o3
o3
I
o O
o O
-
b
s )
2 e
J'.Q. E A
he. g
Bo®,

H3CS™ Y “SCH; H3CS™ Y "SCH; e e
H,bpdc-3SSF, H,bpdc-4S4F, H,bpdc-6S2F, H,bpdc-8MS). A F SCH3 H3CS SCH3 Boiling-water Wy <1, porous
second surprise lies in their persistent formation of the UiO-67- u,cs SCH; stable Q} 2 crystals
type net with Zr(IV) ions, e.g, even in the case of the fully H :
sulfurated H,bpdc-8MS. In addition to the remarkable breadth of
functional control, all the Zr(IV)-based crystalline solids here are stable in boiling water (e.g,, for 24 h) and in air as solventless,
activated porous solids. Moreover, the thioether groups allow for convenient H,O, oxidation to fine-tune the hydrophilicity and
luminescence properties and improve proton conductivity.
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Variable pore size, variable chemical functionality, and Oy OH Oy OH Oy OH
reactivity in the crystalline medium remain major F O F F O S O SCHs
incentives in the pursuit of the diverse solids of metal—organic F F F F HCS F
frameworks (MOFs)."™"> The modular nature of MOF F O F F O SCH; - F O SCH,
structures was highlighted in the earlier silver-nitrile""*~"” F F HCS F HCS F
HO™S0 HO"S0 HO™S0

and Zn(II)-carboxylate networks” as well as the currently

thriving Zr(IV)-based system initiated by Lillerude."®™** In Hobpdc-8F Habpdc-3S5F Hobpdc-4S4F
these studies, the size and shape of the linker backbone are Ow_OH O _OH O _OH
systematically ;/fflzegd to effectively impact the net topology and H,0S SCH; HsCS SCH; HACS SCH,
pore features. On the other hand, the attachment of hcs O soh hcs C son O
secondary groups (e.g, side chains) opens up intriguing B SCH.  H.08 SCH.
horizons for novel functions and properties in the well-defined O O O

, By , X HaCS F HCS SCH; HyCS SCH,
porous medium of MOF crystals.” °> Besides topical areas

36-43 4—49 HO™SO HO™SO HO™SO

such as catalysis and environmental remediation,

H,bpdc-6S2F Habpdc-8MS H,TMBPD
side chain groups, by sheer volume, occupy the void space so
as to fine-tune the microporous features. To optimize the Figure 1. Molecule H,bpdc-8F and its methylthio derivatives Hybpdec-
performances of MOF solids, it is desirable to develop versatile 3SSF, H,bpdc-454F, H,bpdc-652F, H,bpdc-8MS, and the known

linker systems that can be conveniently modified in the H,TMBPD.

number and function of the secondary groups.

Just such a system is described here. Building on our
longstanding effort in utilizing thiolate anions as facile
nucleophiles for accessing functional building blocks for
framework materials,”"">* we set eyes on the perfluoronated
substrate H,bpdc-8F (octafluorobiphenyl-4,4’-dicarboxylic
acid; Figure 1): this molecule was earlier made by Miljanic
et al,> but Larionov et al. subsequently reported an easier
synthesis*® entailing no expensive transition metal catalysts. As
an initial test, we subjected the dimethyl ester of H,bpdc-8F to
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the simple sulfur nucleophile methylthiolate (Figure SI).
Surprisingly, the displacement of the fluoro groups by the
sulfur groups follows a controllable sequence that allows easy
isolation of each of the four isomers as shown in Figure 1 (i.e.,
the tri-, tetra-, hexa-, and octa-substituted products of H,bpdc-
3SSF, H,bpdc-4S4F, H,bpdc-6S2F, and H,bpdc-8MS).
Because of the increasing importance of the versatile sulfur
groups for functionalizing the MOF host,”” we are motivated
to communicate this synthetic discovery together with the
series of MOF products that also stand out for their remarkable
stability in water and air.

H,bpdc-8F was synthesized using the inexpensive reagents
of SnCl,, zinc powder, and CuCl, in gram scale with no need
for chromatographic separation, while the degree of sulfuration
can be controlled by the reactants H,bpdc-8F/MeSNa ratio
and reaction time to systematically target each of the four
products (H,bpdc-3SSF, H,bpdc-4S4F, H,bpdc-6S2F, and
H,bpdc-8MS) as linkers for MOF assembly. The character-
ization of the linker products includes solution 'H, '°F and "*C
NMR as well as single-crystal X-ray diffraction (SCXRD)
studies. For example, the SCXRD structures of the MOF
crystals of Pb-bpdc-4S4F and Pb-bpdc-8MS (obtained by
solvothermally reacting in CH3;CN/H,0O mixed solvents
Pb(NO;), with H,bpdc-4S4F and H,bpdc-8MS, respectively)
unambiguously reveals the eight MeS substituents of bpdc-
8MS land the para-substitutions of bpdc-4S4F (Figures S37
and $38). Notice that Pb-bpdc-4S4F adopts the chiral space
group P2,2,2, due to the axial chirality of the biaryl linker
bpdc-4S4F. The main focus is, however, presently on the
Zr(IV)-based MOF products because of the distinct
modularity (i.e., consistently adopting the UiO-67-type
network; Figure 2) and the remarkable framework stability
achieved.

Crystalline solids of Zr-bpdc-3SSF, Zr-bpdc-4S4F, and Zr-
bpdc-6S2F were obtained by solvothermally reacting (in DMF
solvent) ZrCl, with H,bpdc-3SSF, H,bpdc-4S4F, and H,bpdc-
6S2F, respectively. The phase-pure, UiO-67-type MOF

Figure 2. An octahedral cage from the single crystal structure of the
Zr-bpdc-4S4F framework. The disorder of the linker molecule is not
shown. Zr coordination polyhedra are displayed in cyan. Atom colors:
red, O; yellow, S; gray, C; blue, F.

products were revealed in the powder X-ray diffraction
(PXRD) patterns (Figure 3). Among these, single crystals
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Figure 3. Powder X-ray diffraction patterns (Cu Ka, 4 = 1.5418 A) of
(a) a simulation from the single crystal structure of Zr-bpdc-4S4F
(single crystal data collected at 100 K); (b, e, h, k) the as-made
samples of Zr-bpdc-3SSF, Zr-bpdc-4S4F, Zr-bpdc-6S2F, and Zr-bpdc-
8MS, respectively; (c, f, i, 1) the activated samples (Soxhlet extraction
with methanol for 3 days) of Zr-bpdc-3SSF, Zr-bpdc-4S4F, Zr-bpdc-
6S2F, and Zr-bpdc-8MS, respectively; (d, g j, m) the boiling-water-
treated sample of Zr-bpdc-3SSF, Zr-bpdc-4S4F, Zr-bpdc-6S2F, and
Zr-bpdc-8MS, respectively.

suitable for X-ray studies were obtained for Zr-bpdc-4S4F,
which unveils its isoreticular relation to the UiO-67 prototype
(ie., Zr-BPD with fcc-arrayed ZrgOg units'®) but with well-
defined sulfur and fluoro functions (Figure 2). Elemental
results on the activated samples (e.g., from Soxhlet extraction
in methanol) can be fitted with the formulas of
Zrs0,(OH),(bpdc-3SSF) ;(HCOO), 3(H,0), for Zr-bpdc-
3SSF, Zrs0,(OH),(bpdc-4S4F),(HCOO),(H,0); for Zr-
bpdc-4S4F, Zr,O,(OH),(bpdc-6S2F);,(HCOO);, for Zr-
bpdc-6S2F, and Zrs0,(OH),(bpdc-
8MS);,(HCOO), ((CH;0H), ¢ for Zr-bpdc-8MS. The greater
ligand deficiency observed in Zr-bpdc-8MS can be attributed
to the bulkiness of the fully sulfurated bpdc-8MS linker (i.e., it
is sterically more demanding to fit this linker around the Zr—O
cluster).

The stability of the MOF materials is also demonstrated by
both PXRD and gas sorption studies. The activated samples of
Zr-bpdc-3SSF, Zr-bpdc-4S4F, Zr-bpdc-6S2F, and Zr-bpdc-
8MS all exhibit long-term stability, e.g., without significant
broadening of the PXRD peaks, when exposed to air in the
absence of solvents (Figure 3, patterns ¢, f, i, 1). The N,
sorption isotherms (77 K) feature dominant type-I character-
istics of microporous solids (Figure 4, panels a, ¢, e, g). The
BET surface areas are calculated to be 986 m*-g™" for Zr-bpdc-
3SSF, 835 m>g™" for Zr-bpdc-4S4F, 657 m*g ™" for Zr-bpdc-
6S2F, and 449 m*g~! for Zr-bpdc-8MS (see also Table S1).
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Figure 4. N, sorption isotherms at 77 K and BET plot (insets) for the
activated MOFs: (a) Zr-bpdc-3SSF, (c) Zr-bpdc-4S4F, (e) Zr-bpdc-
6S2F, and (g) Zr-bpdc-8MS and the boiling-water-treated samples of
(b) Zr-bpdc-3SSF, (d) Zr-bpdc-4S4F, (f) Zr-bpdc-6S2F, and (h) Zr-
bpdc-8MS.

The steadily decreasing surface areas in this series are
consistent with the increasing degree of sulfuration and the
resultant bulkiness of the linkers taking up more of the pore
space. This trend also fits with the measured surface area and
pore volume (Sggr = 1877 m*/g and V.., = 0.85 cm® g™*) for
the unsubstituted UiO-67 prototype.>”

The MOF samples were also found to be remarkably stable
to aqueous environments. For example, even after being boiled
in water (100 °C) for 24 h, the PXRD peaks of all four samples
remain sharp and strong, being consistent with the native

crystalline phases (Figure 3, patterns d, g, j, m). Moreover, gas
sorption studies indicate that the boiling-water-treated samples
continue to feature type-I isotherms characteristic of micro-
porous solids (Figure 4, panels b, d, f, h), with the surface areas
largely maintained compared with before boiling water
treatment (e.g., <10% variation in surface areas): 936 m*-g™"
for Zr-bpdc-3SSF, 779 m*g™" for Zr-bpdc-4S4F, 648 m*-g™'
for Zr-bpdc-6S2F, and 335 m’g™' for Zr-bpdc-8MS.
Compared with more fragile unsubstituted UiO-67 solid
(e.g, crystallinity degrading upon solvent removal),”*™* the
air and water stability of this series of Zr-MOF solids, together
with the recent example of ZrTMBPD, with TMBPD being
3,3',5,5 -tetrakis(methylthio)biphenyl dicarboxylate (Figure
1),>* demonstrate the usefulness of sulfur functions (e.g, by
means of their steric shield around the metal cluster) for
accessing stable MOF materials.

Postsynthetic oxidation of the Zr-bpdc-4S4F crystals is also
informative. With the vigorous oxidizer of 30% H,O,, all four
thioether groups of the linker were converted into the sulfone
functions (as verified by the IR, 'H and '"F NMR spectra;
Figures S40—S42), without compromising the framework
lattice (e.g, PXRD in Figure S43). By comparison, thorough
conversion into sulfone was not feasible in ZrTMBPD: i.e,,
treatment by 5% H,O, led to a sulfone/sulfoxide mixture,
while more stringent oxidation (e.g., by 30% H,0,) degraded
the framework. The steric factor is obvious: in ZrTMBPD, all
the S groups are crowded around the Zr4 cluster, leaving less
room for the incoming O atoms; while such crowding is
lessened in Zr-bpdc-4S4F by the smaller F atoms ortho to the
carboxyl donors.

The sulfone-equipped crystal (denoted as Zr-bpdc-
4S0,Me4F) features greatly increased hydrophilicity with a
water contact angle of 64°, relative to 91° for Zr-bpdc-4S4F
(Figure S44). The enhanced hydrophilicity is also consistent
with the higher proton conductivities of Zr-bpdc-4SO,Me4F
(Figure S45), e.g., about 1.75 X 107* S-cm™" at 80 °C and 90%
relative humidity (pellet sample), representing a thousand-fold
increase from the sulfide precursor Zr-bpdc-4S4F (Figures $46
and S47). The fluorescence of the H,0, oxidation process is
monitored to reveal an interesting dynamic (Figure S). The Zr-
bpdc-4S4F solid features blue fluorescence in moderate
intensity with 4,,,, = 430 nm (4., = 360 nm); the intensity
initially goes down (4, little changed), reaching a minimum
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Figure 5. (a) Room temperature emission spectra (4., = 360 nm) and (b) the bar graph of intensity against reaction time for Zr-bpdc-4S4F reacted
with 30% H,0, (insets: photographs of the solid samples under 360 nm radiation).
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(about 1/3 of the original) at 1.0 h of reaction time, after
which the trend reverses to plateau (after 3 days) at twice the
intensity of Zr-bpdc-4S4F, with A,,,, also red-shifted (to about
450 nm) to feature the distinct green emission of Zr-bpdec-
4SO,Me4F. The original emission possibly arises from the
coupling of the sulfide S donors and the electron-accepting
biphenyl/carboxyl moieties; the initial oxidation of S (e.g., into
sulfoxide) diminishes its donor character, thus weakening the
luminescence. Further oxidation, however, generates multiple
electropositive sulfone groups (e.g., to couple with the fluoro
lone-pair electrons), which expand the conjugate system to
red-shift the emission and rigidify the linker backbone for
stronger luminescence.

Taken together, the significant synthetic progresses here
broadly span three areas: (1) targeted linker molecule synthesis
with precise control on the thioether numbers and positions
installed; (2) modular, persistent formation of the prototype
(Ui0-67) porous frameworks stable to boiling water and air;
(3) diverse postsynthetic modifications as illustrated by the
tunable oxidation of the sulfide groups (all the way into the
sulfone groups). Further exploration of the facile substitution
of the —F groups (e.g., by conjugated or chiral nucleophiles) is
warranted by the functional versatility of this platform of
porous solid synthesis based on polyfluoronated aromatic
substrates.
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