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ABSTRACT: Thiol groups (−SH) offer versatile reactivity for functionalizing metal−
organic frameworks, and yet thiol-equipped MOF solids remain underexplored due to
synthetic challenges. Building on the recent breakthrough using benzyl mercaptan as
the sulfur source and AlCl3 for uncovering the thiol function, we report on the thiol-
equipped linker 3,3′-dimercaptobiphenyl-4,4′-dicarboxylic acid and its reaction with
Zr(IV) ions to form a UiO-67-type MOF solid with distinct functionalities. The thiol-
equipped UiO-67 scaffold shows substantial stability toward oxidation, e.g., it can be
treated with 30% H2O2 to afford oxidation of the thiol to the strongly acidic sulfonic
function while maintaining the ordered porous MOF structure. The thiol groups also effectively take up palladium(II) ions from
solutions to allow for comparative studies on catalytic activities and to help elucidate how the spatial configuration of the thiol
groups can be engineered to impact the performance of heterogeneous catalysis in the solid state. Comparative studies on the
stability in the solventless (activated) state also help to highlight the steric factor in stabilizing UiO-67-type frameworks.

■ INTRODUCTION
The combination of carboxyl with phenol1−3 or thiophenol4−13

units offers intriguing opportunities for constructing metal−
organic frameworks. For example, the DOBD ligand14 and
metal ions form the MOF-74 solids15 (H2DOBD = 2,5-
dihydroxybenzene-1,4-dicarboxylic acid, Figure 1) featuring

simultaneously phenol and carboxyl-metal coordination,
offering robust frameworks with open metal site func-
tions.16−18 Its rod packing motif also obviates interpenetration
to yield large-aperture networks.19 Additionally, the metal-
phenoxide bonds promotes interactions between metal centers
and organic π-systems and enables solid-state electronic and
electrocatalytic properties.20−22 Such electronic properties are
further highlighted in the DMBD-based frameworks

(H2DMBD: 2,6-dimercaptanbenzene-1,4-dicarboxylic acid),
wherein Mn or Fe-DMBD solids, as the sulfur analogs of
MOF-74, exhibit enhanced charge transport behaviors.23,24

Moreover, the softer sulfur groups (e.g., in H2DMBD) readily
allow the carboxyl groups to bond selectively with hard metal
centers such as Zr(IV), Al(III), and Cr(III), to create MOF
solids with highly tailorable free-standing thiol func-
tions.4−7,10−12 The harder phenol group (e.g., in H2DOBD),
by comparison, is more prone to bond to hard metal centers,
even though a few hydroxyl-equipped Zr-MOF solids with
free-standing OH functions are also known.1,25−27 In a wider
perspective, the modularity of MOF synthesis28,29 naturally
applies here to include the extended linker DOBPD
(dobpdc4−: 4,4′-dioxidobiphenyl-3,3′-dicarboxylate, Figure
1)30,31 and even longer linker systems19 for achieving larger-
pore features.
By contrast, the thiol counterparts remain scarce, as if the

modularity game were suddenly lost on the community. The
real challenge, however, lies in the lack of efficient, wide-scope
synthetic methods for thiol-equipped carboxyl linker mole-
cules. For example, synthesis of the thiol-equipped acid
molecule H2DMBPD, as the thiol analog of the increasingly
known H2DOBPD, has not been reported (even though the
sulfonate analog, prepared by a sulfonation-oxidation protocol,
was recently reported).32 The recent development of a thiol-
carboxyl linker synthesis7 is therefore important for the
systematic exploration of thiol-equipped MOF solids. We

Received: October 23, 2018

Figure 1. Six linear dicarboxyl aromatics equipped with hydroxyl or
sulfur functions.

Article

pubs.acs.org/ICCite This: Inorg. Chem. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.inorgchem.8b03000
Inorg. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
L

O
U

IS
IA

N
A

 A
T

 L
A

FA
Y

E
T

T
E

 o
n 

Ja
nu

ar
y 

7,
 2

01
9 

at
 1

7:
43

:1
2 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.8b03000
http://dx.doi.org/10.1021/acs.inorgchem.8b03000


here utilize this synthetic advance to bear on the simple yet
unexplored molecule H2DMBPD. In particular, we will
describe a Zr(IV)-based single crystal system Zr-DMBPD [or
UiO-67-(SH)2], isoreticular to the UiO-67 prototype, i.e., Zr-
BPD with fcc-arrayed Zr6O8 units,33 but functionalized with
well-defined, free-standing thiol arrays. Moreover, UiO-67-
(SH)2 also provides insights into the stability issue when
compared with the relatively delicate UiO-67 solid and the
very robust Zr-TMBPD crystal [UiO-67-(SCH3)4 (see Figure
1 for TMBPD]),34 by highlighting the steric origin of the
stability of the latter. We will also describe the catalytic activity
of Pd-loaded crystals of UiO-67-(SH)2 in comparison with the
reported system of Zr-DMTBD [UiO-68-(SH)2 (see Figure 1
for DMTBD]),6 as an effort to engineer the spatial
configuration of thiol arrays for modifying materials properties.

■ EXPERIMENTAL SECTION
The general procedures (including details of single-crystal X-ray
diffraction data collection) are included in the Supporting
Information.
Synthesis of Dimethyl 3,3′-Bis(fluoro)biphenyl-p,p′-dicar-

boxylate (SM1). Into a two-necked, round-bottomed flask
containing a magnetic stirring bar, nickel(II) dichloride hexahydrate
(2.034 g, 8.58 mmol), and PPh3 (9.0 g, 34.3 mmol) on a nitrogen
manifold was cannulated deaerated DMF (81 mL; bubbled with N2
for 15 min). The mixture was then stirred to afford a deep blue
solution, into which Zn powder (0.561 g, 8.58 mmol) was added
under nitrogen protection. After heating at 50 °C for 1 h (with
stirring; to give a red mixture), methyl 4-bromo-2-fluorobenzoate (2.0
g, 8.582 mmol) was added, and the reaction mixture was kept at 50
°C in N2 atmosphere for another 6 h. After cooling to room
temperature (rt), methyl iodide (2.2 mL, 35.34 mmol) was injected,
and the resulting mixture was stirred for 2 h. The mixture was then
poured into distilled water (300 mL), and the precipitate was
collected by suction filtration, washed with distilled water (3 × 100
mL), redissolved in ethyl acetate (EA, 500 mL), dried over anhydrous
MgSO4, and purified by flash column chromatography (eluent: n-
hexane/DCM from 1 to 0.5) to yield a white solid (920 mg, 70%
based on methyl 4-bromo-2-fluorobenzoate). 1H NMR (400 MHz,
CDCl3): δ = 8.02 (t, J = 7.8 Hz, 2H), 7.43 (dd, J = 8.2, 1.7 Hz, 2H),
7.36 (dd, J = 11.6, 1.6 Hz, 2H), 3.95 (s, 6H). 19F NMR (376 MHz,
CDCl3): δ = −108.26 (s). 13C NMR (100 MHz, CDCl3) δ = 164.54
(d, J = 3.9 Hz), 163.57 (s), 160.98 (s), 144.97 (dd, J = 8.6, 1.8 Hz),
133.04 (d, J = 1.3 Hz), 122.68 (d, J = 3.6 Hz), 118.54 (d, J = 10.2
Hz), 115.84 (s), 115.60 (s), 52.59 (s). FT-IR (KBr pellet, v/cm−1):
1716 (s), 1620 (s), 1558 (m), 1439 (s), 1396 (s), 1311 (s), 1288 (s),
1254 (s), 1215 (m), 1192 (m), 1138 (s), 1107 (m), 1045 (w), 879
(w), 852 (w), 775 (m), 690 (w).
Synthesis of Dimethyl 3,3′-Bis(benzylthio)biphenyl-p,p′-

dicarboxylate (SM2). Into a two-necked, round-bottomed flask
containing a magnetic stirring bar, SM1 (1.0 g, 3.26 mmol), and
K2CO3 (3.16 g, 22.8 mmol) on a nitrogen manifold was cannulated
deaerated N-methyl-2-pyrrolidone (NMP, 27 mL; bubbled with N2
for 15 min), and stirring was started. Benzyl mercaptan (1.0 mL, 8.52
mmol) was added under N2 protection, and the reaction mixture was
stirred at 50 °C for 2 days. After cooling to rt, methyl iodide (1.0 mL,
16 mmol) was injected under N2 protection and stirred for 1 h. The
resulting mixture was then poured into distilled water (300 mL); 15
min later, the solid thereof was collected by suction filtration, washed
with distilled water (3 × 100 mL), and dried in the air stream to
afford S7 as a white solid (1.64 g, 97.4% yield based on SM1). 1H
NMR (400 MHz, CDCl3) δ = 7.74−7.68 (m, 2H), 7.36 (d, J = 1.7
Hz, 2H), 7.31 (d, J = 7.2 Hz, 4H), 7.22 (t, J = 7.3 Hz, 4H), 7.19−7.13
(m, 4H), 4.02 (s, 4H), 3.77 (s, 6H). 13C NMR (100 MHz, CDCl3) δ
= 166.59 (s), 143.75 (s), 142.75 (s), 135.99 (s), 131.85 (s), 129.02
(s), 128.73 (s), 127.51 (s), 126.93 (s), 124.79 (s), 123.07 (s), 52.25
(s), 37.29 (s). FT-IR (KBr pellet, v/cm−1): 2951 (m), 1713 (s), 1589
(m), 4868 (m), 1493 (m), 1470 (m), 1454 (m), 1439 (m), 1281 (s),

1257 (s), 1242 (s), 1192 (m), 1161 (m), 1115 (s), 1057 (s), 771 (m),
729 (m), 706 (m).

Synthesis of Dimethyl 3,3′-Bis(acetylthio)biphenyl-p,p′-
dicarboxylate (SM3). In a N2-filled glovebox, anhydrous AlCl3
(3.30 g, 24.8 mmol) and anhydrous toluene (41 mL) were added
to a two-necked, round-bottomed flask charged with SM2 (1.60 g,
3.11 mmol). The flask was then taken out of the glovebox and
connected to a nitrogen manifold. After stirring at rt for 2 h, the
mixture was chilled in an ice bath, and acetyl chloride (2.64 mL, 37
mmol) was injected under N2 protection. The ice bath was removed,
and the resulting mixture was stirred at rt for 1 h and then poured into
an ice−water bath (200 mL) and extracted with DCM (3 × 100 mL).
The combined organic layer was washed with distilled water (3 × 100
mL), dried over MgSO4, evaporated in vacuo, and then subjected to
flash column chromatography (eluent: n-hexane/DCM from 2 to 1)
to yield a white solid (772 mg, 59.3% based on SM2). 1H NMR (400
MHz, CDCl3) δ = 8.04 (d, J = 8.1 Hz, 2H), 7.80 (d, J = 1.8 Hz, 2H),
7.69 (dd, J = 8.1, 1.9 Hz, 2H), 3.91 (s, 6H), 2.47 (s, 6H). 13C NMR
(100 MHz, CDCl3) δ = 192.77 (s), 166.27 (s), 142.53 (s), 135.24 (s),
133.18 (s), 131.61 (s), 129.78 (s), 127.93 (s), 52.49 (s), 30.37 (s).
FT-IR (KBr pellet, v/cm−1): 2958 (w), 2924 (w), 1720 (s), 1693 (s),
1593 (m), 1473 (w), 1450 (w), 1427 (w), 1358 (w), 1288 (s), 1265
(s), 1188 (w), 1122 (s), 1053 (m), 949 (w), 879 (w), 829 (w), 768
(w), 694 (w), 629 (m).

Synthesis of 3,3′-Bis(mercapto)biphenyl-p,p′-dicarboxylic
Acid (H2DMBPD). SM3 (771 mg, 1.84 mmol) was placed in a
two-necked, round-bottomed flask fitted with a septum and charged
with a magnetic stirring bar. The flask was evacuated and refilled with
N2 3 times to afford N2 protection, and a deaerated KOH solution
(1.3 M, 28 mL in EtOH/H2O, v/v = 1:1; bubbled by N2 for 15 min)
was then added via cannula. After being heated at 90 °C for 36 h, the
reaction mixture was cooled to rt, and a deaerated HCl (10% in water,
16 mL; bubbled with N2 for 5 min) was injected. The precipitate
formed was filtered, washed extensively with deionized water, and
dried on a filter paper under suction with a nitrogen steam to afford
H2DMBPD as a pale yellow solid (542 mg, 96% based on SM3). 1H
NMR (400 MHz, DMSO-d6) δ = 8.02 (d, J = 8.2 Hz, 2H), 7.93 (d, J
= 1.7 Hz, 2H), 7.53 (dd, J = 8.2, 1.7 Hz, 2H). 13C NMR (100 MHz,
DMSO-d6) δ = 167.78 (s), 142.45 (s), 139.89 (s), 132.48 (s), 129.58
(s), 126.61 (s), 123.52 (s). FT-IR (KBr pellet, v/cm−1): 3063 (s),
2970 (s), 2870 (s), 2858 (s), 2654 (m), 2546 (m), 1678 (vs), 1593
(vs), 1554 (m), 1535 (m), 1500 (w), 1473 (m), 1419 (s), 1362 (m),
1311 (s), 1257 (vs), 1153 (m), 1061 (m), 922 (w), 876 (m), 833
(m), 810 (m), 771 (m). Chemical analysis of the product yielded the
following: Calcd [C (54.89%), H (3.29%)]. Found [C (53.79%), H
(3.27%)].

Preparation of UiO-67-(SH)2 Single Crystals. Into a 25 mL
Schlenk tube charged with H2DMBPD (30 mg, 0.0979 mmol) was
added N,N-diethylformamide (DEF, 1.1 mL) solution containing
ZrCl4 (22.8 mg, 0.0978 mmol) and benzoic acid (478 mg, 3.92
mmol). The tube was inserted into liquid N2 to freeze the mixture and
then evacuated in an oil pump vacuum. The tube was then screw-
capped, naturally warmed to rt, and then heated at 120 °C in an oven
for 24 h, followed by programmed cooling to rt over 12 h (at a rate of
7.9 °C h−1). The resulting light yellow crystals were washed with
DMF by decanting (5 × 3 mL) and then immersed in DMF for
storage. For weighing, the crystals were solvent-exchanged with
acetone (5 × 5 mL; over 10 min each time) and then dried in vacuo
(yield 23.6 mg).

Bulk Synthesis of Polycrystalline UiO-67-(SH)2 Sample. Into
a 10 mL glass ampule charged with H2DMBPD (120 mg, 0.39 mmol)
was added a DEF (7.0 mL) solution containing ZrCl4 (91.2 mg, 0.390
mmol) and benzoic acid (1.435 g, 11.75 mmol). The ampule was then
evacuated by in oil pump vacuum (with the content being frozen in
liquid nitrogen) and flame-sealed. The ampule was then naturally
warmed to rt, heated at 120 °C in an oven for 24 h, and program-
cooled back to rt over 12 h (at a rate of 7.9 °C h−1). The solid
product was washed with DMF (5 × 5 mL) and then stored in DMF.
For weighing, the solid was solvent-exchanged with acetone (5 × 5
mL; over 10 min each time) and then dried in vacuo to give a light
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yellow powder sample (153 mg, 73% based on ZrCl4, see below for
the composition of the as-made product). Elemental analyses found
[C (32.56%), H (4.19%), N (0.44%)]. This analysis closely matches
the formula Zr6O4(OH)4(DMBPD)6(C3H7NO)(H2O)35 (mw 3209),
calcd: [C (32.56%), H (4.05%), N (0.44)].
Activation of UiO-67-(SH)2. A thimble of folded filter paper

containing an acetone-washed UiO-67-(SH)2 crystalline sample (130
mg, dried under reduced pressure) was loaded into the main chamber
of a Soxhlet extractor. The Soxhlet extractor was then mounted onto a
250 mL round-bottomed flask containing methanol (150 mL) and
then equipped with a solvent condenser. After the solvent was heated
in a 100 °C oil bath for 4 days, the filter paper was then taken out, and
the solid was dried at 50 °C to afford the activated UiO-67-(SH)2
sample. Removal of the DMF and DEF guests was manifested by
elemental analysis, i.e., N content < 0.18%. The PXRD pattern of the
activated sample indicated a single crystalline phase consistent with
the as-made UiO-67-(SH)2 sample.
Pd(II) Uptake by UiO-67-(SH)2. An as-made sample of UiO-67-

(SH)2 (ca. 83 mg, stored in acetone) was solvent-exchanged with
acetonitrile (3 × 5 mL). Afterward, the acetonitrile-covered sample
(in 2 mL acetonitrile) was transferred using a glass dropper into a 100
mL round-bottomed flask containing an acetonitrile solution (60 mL)
of PdCl2(CH3CN)2 (400 mg). The flask was stoppered and heated at
70 °C for 1 day. After cooling to rt, the supernatant was decanted, and
the resulted blood-red solid was soaked in fresh acetonitrile (10 mL)
at 50 °C for 4 h. H2S bubbling is useful for revealing Pd residue,
which reacts with H2S to turn the supernatant from colorless to pale
yellow. The soaking step was repeated until the supernatant stays
colorless throughout the H2S test. After repeated washing, the
resultant crystals were stored in acetonitrile to give UiO-67-(SH)2-Pd.
ICP analysis of a digested sample of UiO-67-(SH)2-Pd indicated a Zr/
Pd atom ratio of 1:0.42 (S/Pd ratio of 4.7), equivalent to a Pd content
of 6.73 wt % (a higher loading of Pd was found difficult to achieve,
even with longer soaking in an excess of a saturated acetonitrile
solution of PdCl2). To improve Pd loading, it may be helpful to
conduct the MOF synthesis and solvent exchange with more rigorous
exclusion of air, so as to fully prevent the oxidation of the −SH
groups, e.g., oxidation that forms the less binding disulfide S−S bonds
(see Figure S3 for the Raman spectra in which the humps around 480
cm−1 suggest the presence of S−S bonds).
Pd(II) Uptake by UiO-68-(SH)2. A higher Pd loading of UiO-68-

(SH)2-Pd than that for UiO-67-(SH)2 was achieved using a reported
procedure.6 In a clear glass vial, a sample of UiO-68-(SH)2 (30 mg)
was placed in an acetonitrile solution (7.0 mL) containing excess
Pd(CH3CN)2Cl2 (123 mg) at rt. The color of the crystals changed
from light yellow to dark red immediately. After 12 h, the supernatant
was decanted and the crystals were soaked in hot acetonitrile (about
70 °C, 10 mL × 3 each time, the crystals were allowed to soak for 3 h
before the CH3CN was decanted) to remove any residual unbound
Pd(II) species. The soaking step was repeated until the supernatant
stays colorless using the above-mentioned H2S test. The obtained
deep red crystals were dried in air to give the UiO-68-(SH)2-Pd
sample [37.8 mg, 93.1%, based on UiO-68-(SH)2]. ICP analysis of a
digested sample of UiO-68-(SH)2-Pd indicated a Zr/Pd ratio of 1:0.7
(S/Pd ratio of 2.9) and a Pd content of 8.68 wt %.
For lower Pd loading into UiO-68-(SH)2, a PdCl2 solution of lower

concentration and in smaller quantity (1.0 mL; 1000 ppm, cf 7200
ppm Pd in the above saturated solution) was used. An as-made
sample of UiO-68-(SH)2 (3 mg) was soaked in the solution at rt for
24 h. ICP analysis on the resulted sample finds an S/Pd atom ratio of
5.2, equivalent to a Pd content of 3.74 wt %. The UiO-68-(SH)2-Pd
crystals at this lower Pd loading are red, but not as dark as the above
higher-loading sample.
Suzuki−Miyaura Reaction by UiO-67-(SH)2-Pd. In open air

atmosphere , iodobenzene (176 mg, 0.86 mmol), (4-
(methoxycarbonyl)phenyl)boronic acid (220 mg, 1.22 mmol), and
trimethylamine (165.1 mg, 1.63 mmol) were loaded in a 7.5 mL clear
glass vial containing ethanol (3.0 mL). The UiO-67-(SH)2-Pd solid
catalyst (ca. 3.0 mg, S/Pd ratio of 4.7, Pd loading of 6.73%, ca. 1.9 ×
10−3 mmol Pd) was then loaded to the solution. The mixture was

stirred at 100 °C for 24 h, after which it was cooled back to rt and the
crystals was separated from the supernatant by centrifugation. The
crystalline solid was washed with DCM (3 × 5 mL), and the DCM
solutions and the supernatant were combined and then washed with
DI water (3 × 10 mL), dried over MgSO4, and evaporated in vacuo.
The obtained crude product was dissolved in CDCl3 for 1H NMR
analysis to quantify the conversion rate of the product (methyl [1,1′-
biphenyl]-4-carboxylate; using durene as an internal standard). The
conversion of iodobenzene to methyl [1,1′-biphenyl]-4-carboxylate at
100 °C for 24 h was found to be 22.9% (TON for the single run:
104).

Suzuki−Miyaura Reaction by UiO-68-(SH)2-Pd at Reported
2.9:1 S/Pd Ratio. In open air atmosphere, iodobenzene (166.5 mg,
0.816 mmol), (4-(methoxycarbonyl)phenyl)boronic acid (220.3 mg,
1.224 mmol), and triethylamine (165.1 mg, 1.632 mmol) were loaded
in a 7.5 mL clear glass vial containing ethanol (3.0 mL). The UiO-68-
(SH)2-Pd crystals (ca. 1.0 mg, S/Pd ratio of 2.9, Pd loading of 8.68%,
ca. 8.16 × 10−4 mmol Pd) were then added to the solution. The
mixture was stirred and heated at 80 °C for 8 h, after which it was
cooled back to rt and the catalyst separated from the supernatant by
centrifugation. The crystalline solid was washed with DCM (3 × 5
mL), and the DCM solutions and the supernatant were combined and
then washed with DI water (3 × 10 mL), dried over MgSO4, and
evaporated in vacuo. The obtained crude product was dissolved in
CDCl3 for

1H NMR analysis to quantify the conversion rate of the
product (methyl [1,1′-biphenyl]-4-carboxylate; using durene as the
internal standard). The conversion of iodobenzene to methyl [1,1′-
biphenyl]-4-carboxylate at 80 °C for 8 h was thus found to be 83.1%
(TON for the single run: 831).

Suzuki−Miyaura Reaction by UiO-68-(SH)2-Pd at 5.2:1 S/Pd
Ratio. In open air atmosphere, iodobenzene (177 mg, 0.868 mmol),
(4-(methoxycarbonyl)phenyl)boronic acid (220 mg, 1.22 mmol), and
triethylamine (165 mg, 1.63 mmol) were loaded in a 7.5 mL clear
glass vial containing ethanol (3.0 mL). The UiO-68-(SH)2-Pd crystals
(ca. 1.0 mg, S/Pd atom ratio of 5.2, Pd loading of 3.74%, ca. 3.51 ×
10−4 mmol Pd) were then added to the solution. The mixture was
stirred and heated at 80 °C for 8 h, after which it was cooled back to
rt and the catalyst separated from the supernatant by centrifugation.
The collected MOF catalyst was then washed with DCM (3 × 5 mL),
and the combined organic layer was evaporated in vacuo. The
obtained crude product was dissolved in CDCl3 for

1H NMR analysis
to quantify the conversion rate of the product (methyl [1,1′-
biphenyl]-4-carboxylate). The conversion of iodobenzene to methyl
[1,1′-biphenyl]-4-carboxylate at 80 °C for 8 h was thus found to be
63.2% (TON for the single run: 1563).

Postsynthetic Oxidation of UiO-67-(SH)2. In a 7.5 mL clear
glass vial, an as-made sample of UiO-67-(SH)2 (ca. 10 mg, stored in
DMF) was solvent-exchanged with acetone (3 × 3 mL) and then
water (3 × 3 mL) with over 10 min for each round of soaking.
Afterward, the water supernatant was decanted and a solution of 30%
H2O2 (aqueous, 1.0 mL) was added. The vial was then screw-capped
and the mixture was gently stirred at rt for 1 day. The supernatant was
decanted, and the solid was soaked in water (3 × 3 mL) and acetone
(3 × 3 mL) for over 10 min each round. The resulting solid, denoted
UiO-67-(SO3H)2, was then stored in acetone. Prior to IR and Raman
measurements, this sample of UiO-67-(SO3H)2 was dried in oil pump
vacuum for 6 h. However, this sample tends to gradually lose its
crystallinity over a few days when exposed to air. For better PXRD
characterization, the sample can be wetted by a small amount of DMF
to minimize exposure to air during the data collection. After PXRD,
the sample was washed with acetone (3 × 3 mL), dried in an oil pump
vacuum for 4 h to be measured by solution 1H NMR (solution
prepared by dissolving the resultant crystal sample in 4% NaF in
D2O).

■ RESULTS AND DISCUSSION

Efficient Linker Synthesis. The synthesis builds on a
recent synthetic advance7 using benzyl mercaptan as a masked
thiol agent that can be recovered by AlCl3 (Figure 2). One
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hurdle to exploring thiol-equipped MOF solids is the synthesis
of the organic linkers. For example, the thiol group can be
derived from the phenol group via the Newman−Kwart
rearrangement,35−37 but this usually involves harsh high-
temperature conditions, e.g., 200 °C; the lower-temperature
protocols, e.g., enabled by Pd or photocatalysts,38−40 remain to
be tested in linker synthesis. Serious drawbacks also exist in
reductive41−43 and nucleophilic44,45 dealkylation of thioethers,
as these treatments are often incompatible with the donor
groups, e.g., carboxyl, for MOF construction. The synthesis of
H2DMBPD serves to further showcase the recent advances in
accessing carboxyl-thiol linkers for MOF construction. As
shown in Figure 2, bis(fluoro)biphenyl diester SM1 was
obtained by a nickel-mediated homocoupling reaction;46−49

aromatic nucleophilic substitution on SM1 with benzyl
mercaptan then formed dithioether compound SM2 in an
excellent yield (97%). The debenzylation step involved first
stirring SM2 in dry toluene with AlCl3 and quenching with
acetyl chloride to form stable dithioester SM3, which is suited
for long-term storage and can be hydrolyzed to afford the
linker H2DMBPD on-demand.
Preparation and Characterization of MOF Solids. A

solvothermal reaction of H2DMBPD and ZrCl4 in DEF (N,N-
diethylformamide), with benzoic acid as the modulator and air
excluded to minimize thiol oxidation, yielded single crystals of
the framework ZrDMBPD, namely UiO-67-(SH)2 [composi-
t i o n o f a n a s - m a d e s a m p l e :
Zr6O4(OH)4(DMBPD)6(C3H7NO)(H2O)35, e.g., see also
Figures S1−S3 for the TGA plot, IR, and Raman spectra].
Simple calculation indicates that the H2O and DMF
(C3H7NO) guests in this formula can be amply contained in
the void space of the MOF solid (see the figure caption of
Figure S1 for details). Like the prototype UiO-67 (based on
4,4′-biphenyl dicarboxylate)33 and related UiO-67-type
structures,34,50 the X-ray crystal structure of UiO-67-(SH)2
was solved in the space group Fm3̅m (No. 225; see also Table
1), consisting of a face-centered cubic array of Zr6O4(OH)4
clusters bridged by the linear H2DMBPD linkers to generate
the fcu topology (see also Figure 3 for the porous
architecture). The porosity of UiO-67-(SH)2 was assessed by
BET measurement using N2 at 77 K. From the typical type-I
gas adsorption isotherms, the corresponding surface area
(SBET) was determined to be 792 m2/g (Figure S4), and the
micropore volume (Vmicro) was 0.363 cm3 g−1. Both the
measured surface area and pore volume of UiO-67-(SH)2 are
smaller than the values (SBET = 1877 m2/g and Vmicro = 0.85

cm3 g−1) reported for the unsubstituted UiO-67.51 Analysis
from the BET data indicated the pore diameter to be 8.52 Å
(Figure S4), being consistent with the single crystal structure
of UiO-67-(SH)2.
Powder X-ray diffraction (PXRD) of solid samples of UiO-

67-(SH)2 indicated substantial long-term stability, even in the
activated, solvent-free state. Specifically, the PXRD pattern of
as-made UiO-67-(SH)2 remains intact after staying in air for 5
days (Figure S5, cf. patterns b and d). The freshly activated
sample also exhibits similarly sharp PXRD peaks (Figure 4,
patterm c; or Figure S5, pattern e); Over an extended time
period (e.g., 2 years), the diffraction peaks were found to be
slightly broadened (Figure S5, pattern f), but these can all be
indexed onto the original lattice of the UiO-67-(SH)2
structure, indicating the retention of the host network. Even
better stability had been reported in another UiO-67-type
network [Zr-TMBPD, i.e., UiO-67-(SCH3)4; see Figure 1 for
the structure of linker TMBPD], with the PXRD peaks of its

Figure 2. Synthesis of molecule H2DMBPD.

Table 1. Crystal Data and Structure Refinement Parameters
for UiO-67-(SH)2

compound UiO-67-(SH)2
chemical formula C84H52O37.55S12Zr6
formula weight 2594.09
temperature (°C) −173
size (mm3) 0.15 0.15 0.07
space group Fm3̅m
a, b, c (Å) 26.8367(4)
α, β, γ (deg) 90
V (Å3) 19328.0(9)
Z 4
ρcalcd (g/cm

3) 0.891
F(000) 5154
GOF 1.137
R1 [I > 2σ(I)]a 0.0572
wR2 [I > 2σ(I)]b 0.1774
CCDC number 1873767

aR1 = ∑||Fo| − |Fc||/∑(|Fo|).
bwR2 = {∑[w(Fo

2 − Fc
2)2]/

∑[w(Fo
2)2]}1/2.

Figure 3. Octahedral cage from the single crystal structure of the
UiO-67-(SH)2 framework. The bluish purple benzene unit illustrates
the disorder. Zr coordination polyhedra are displayed in green.
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activated sample remaining consistently sharp after long-term
storage in air, e.g., for over 2 years.34 The superior stability of
the UiO-67-(SCH3)4 solid is apparently derived from the four
methylthio (−SCH3) groups on the TMBPD linker. These
thioether groups symmetrically flank the carboxyl links to
provide strong structural rigidity and steric shielding, e.g.,
against encroaching water molecules, around the Zr−O cluster
node. By comparison, the thiol groups in UiO-67-(SH)2 are
smaller in both size and number, leaving the Zr−O cluster
more prone to disruption by water guests. One should also
note that the thiol groups can be oxidized in air to form
disulfide links across the molecular struts, and thus to help
strengthen the framework. The current observation, however,
suggests the steric effect from dense thioether arrays of UiO-
67-(SCH3)4 to be more effective in stabilizing the UiO-67-type
network.
Pd Uptake and Catalytic Studies. Comparison can also

be made with yet another reported sulfur-equipped MOF [i.e.,
UiO-68-(SH)2],

6 with regards to the catalytic activity of Pd
species anchored by the strongly binding thiol groups. One key
feature of the UiO-68-(SH)2-Pd system lies in the longer
DMTBD linker and its centrally positioned thiol groups, which
serve to space the S···S distances to be over 5.24 Å in the rigid
framework, limiting the Pd(II) center to bond with only one
single thiol unit, and leaving the coordination sphere open for
catalysis (see also Figure S8). Specifically, the UiO-68-(SH)2-
Pd crystals with a 2.9:1 S/Pd atom ratio (reported earlier)6

readily catalyze the Suzuki coupling (SMR) for iodo substrates
with over 80% conversion rate (TON above 800) in multiple
cycles without observed leaching of Pd species. The catalytic
activity remains strong at lower Pd loadings of UiO-68-(SH)2-
Pd: For example, at 5.2:1 S/Pd atom ratio (3.74% Pd by
weight), with the same temperature/reaction time (80 °C/8.0
h) and similar substrates concentrations, a conversion rate of
63% can be achieved (TON: 1563, see also Table 2), as
indicated by solution NMR measurement (Figure S9).
In UiO-67-(SH)2-Pd, however, the thiol groups are closer to

one another, with the variable (via rotation of the phenyl units)
S···S distances reaching all the way down to the bonding

distance (2.0 Å); as a result, the Pd center can be more
extensively bonded to the thiol groups and more severely
sealed off to suppress catalytic activity. Indeed, under similar
conditions, e.g., the same temperature of 80 °C and similar
substrate concentrations, a polycrystalline powder sample of
UiO-67-(SH)2-Pd (at 4.7:1 S/Pd atom ratio) exhibits no
catalytic activity for the Suzuki coupling (SMR), with no
product detected even after 24 h. The catalysis, however, can
be effected at a higher temperature of 100 °C, with a
conversion rate of 23% and a turnover number of 104 observed
(see Table 2 and Figure S10 for the associated NMR
spectrum). As the pore opening (about 12 Å) of the UiO-
67-(SH)2 net exceeds the diameter of the substrates (about 5.8
Å), mass transport limitation, i.e., blocked diffusion, can be
excluded as being key for the subdued catalytic activity of UiO-
67-(SH)2-Pd; instead, the more effective blocking of the Pd
centers by the closely arrayed thiol groups in UiO-67-(SH)2-
Pd appears to offer a better rationalization.
The above comparative studies (see also Table 2) on the

catalytic activities of UiO-68-(SH)2-Pd and UiO-67-(SH)2-Pd
samples illustrate how the spatial configuration of the thiol
arrays can be crystal-engineered to flexibly control the
bonding/coordination sphere around the Pd metal center, in
order to fine-tune its chemical reactivity in a heterogeneous
process afforded by the functionalized MOF matrix. Further
study may reveal how controlled poisoning of the Pd centers
(thus afforded by the thiol arrays) might be relevant for
improving catalytic selectivity, e.g., in the hydrogenation of
various organic functional groups.

Postsynthetic Oxidation. The redox-active nature of the
thiol group provides a convenient entry into versatile
functionalizations of the open network, including disulfide,5

sulfenyl iodide10,11 and sulfonic acid formation.52 In particular,
the simple and clean H2O2 oxidation to form sulfonic groups is
of practical interest, because of the flexible configurations, e.g.,
dense arrays, that can be achieved for the resultant sulfonic
groups and their uses for proton conductivity13 and acid
catalysis.52 The present thiol-equipped UiO-67-type solid, i.e.,
Zr-DMBPD, proves especially stable to H2O2 oxidation, with
its PXRD peaks (Figure 4, pattern d, or Figure S6, pattern c)
remaining sharp and well-defined even after being treated with
a strong (30% w/w) H2O2 solution at rt for 24 h. Analyses by
FT-IR (Figure S2) and solution 1H NMR (Figure S7) on the
resultant solid sample indicate complete conversion of the thiol
groups to the sulfonic acid (−SO3H) function. Whereas the
fluorescence of the pristine UiO-67-(SH)2 sample is weak and
hardly visible to the eye, the oxidized sample becomes
distinctly fluorescent, e.g., Figures S6, and features an intense

Figure 4. Powder X-ray diffraction patterns (Cu Kα, λ= 1.5418 Å):
(a) Calculated from the single crystal structure of UiO-67-(SH)2
(single crystal data collected at 100 K); (b) an as-made sample of
UiO-67-(SH)2 (the sample was covered by a DMF droplet); (c) an
activated sample of UiO-67-(SH)2 (Soxhlet extraction with methanol
for 4 days and dried under a reduced pressure); (d) a sample of UiO-
67-(SO3H)2 (the sample was covered by a DMF droplet); (e) a
sample of UiO-67-(SH)2 after heating in an acetonitrile solution of
PdCl2(CH3CN)2 at 70 °C for 1 day (the sample was covered by a
DMF droplet).

Table 2. Catalytic Performances of Two Thiol-Tagged UiO
Solids for a Suzuki−Miyaura Reaction

entry catalyst
temperature

(°C)
time
(h)

conversion
(%) TONa

1 UiO-68-(SH)2-Pd
b 80 8 83.1 831

2 UiO-68-(SH)2-Pd
c 80 8 63.2 1563

3 UiO-67-(SH)2-Pd
d 80 24 0 0

4 UiO-67-(SH)2-Pd 100 24 22.9 104
aTON (turnover number) defined as the molar ratio between the
product and Pd. b8.68% Pd; 2.9:1 S/Pd ratio. c3.74% Pd; 5.2:1 S/Pd
ratio. d6.73% Pd; 4.7:1 S/Pd ratio.
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emission at 443 nm in the solid-state emission spectrum
(Figure S11). The turn-on fluorescence response of the UiO-
67-(SH)2 solid is of potential use for H2O2 sensing, e.g., UiO-
67-(SH)2 nanoparticles dispersed in physiological media may
act as bioprobes for H2O2 monitoring.

■ SUMMARY
Taken together, the catalytic and stability studies on thiol-
equipped porous framework of Zr-DMBPD, in comparison
with two previous sulfur-functionalized isoreticular analogs
[UiO-67-(SCH3)4 and UiO-68-(SH)2], served to unveil the
important roles of the steric and spatial configurations of the
sulfur functions. To wit, higher stability to solvent loss can be
effected by doubling the number of the sulfur groups around
the Zr cluster node for more effective steric shielding; and
closer distances among the thiol groups (affixed to the rigid
host scaffold) result in stronger, chelating bonding to the Pd
center, consequently sealing off its open coordination sphere
and diminishing the catalytic activity. The possibility to achieve
such structure−property correlation in these organic-contain-
ing solid frameworks clearly originates from the effective
molecular synthetic methodology, e.g., for systematically
accessing building blocks equipped with variable motifs of
the sulfur functions. Molecular design and synthesis have
proven crucial for in-depth studies of framework materials and
will continue to do so in the future.
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