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Synthesis and Reactivity of Zn–Biphenyl
Metal–Organic Frameworks, Introducing a
Diphenylphosphino Functional Group
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Abstract: Structural features, synthesis, and reactivity of Zn–biphenyl metal–organic frameworks with MOF-5
topology are presented to show the chemical flexibility of such materials and to demonstrate the challenges that
can be encountered and solved to avoid interpenetration. We introduce the synthesis of a Zn–biphenyl MOF with
diphenylphosphino functionalization and illustrate its structural and chemical properties.
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Introduction

Metal–organic frameworks (MOFs)
are coordination polymers (CPs) with a
defined geometry and the ability to be po-
rous.[1] They are made by multidentate or-
ganic linkers interconnected by inorganic
units, which can be metals or metal clus-
ters. Although their discovery dates back
to the nineteen-fifties, they underwent ex-
ponential growth after work during the late
nineties by Férey and Yaghi,[2] who intro-
duced MOFs that were highly porous and
stable upon solvent removal.MOFs feature
high porosity up to thousands of square
meters per gram, which is ideal for gas/liq-
uid storage and separation applications.[3]
Other applications, such as catalysis[4]
and medicinal chemistry[5] can be found,
although they are much less explored and
at an early stage of development. As dis-
cussed in many reviews and perspectives,
their porosity and the chemical and struc-
tural versatility is what makes them unique
materials.[6] On the one hand, the nature of
the building blocks allows access to an al-
most infinite number of possible structural
and chemical combinations. On the other
hand, the rigid and ordered structure of the
framework helps their growth as crystal-
line powders or single crystals to perform
unique characterization.

The most studied MOFs are those that

can be properly characterized and that are
sufficiently stable. A structure obtained
from single crystal X-ray diffraction data is
of great added value and provides a unique
opportunity to monitor single-crystal-to-
single-crystal (SCSC) transformation and
to elucidate the chemical behavior of the
material. Solving and refining data from
SC-XRD is far from trivial, though, and
the high disorder of the systems usually
hampers a precise determination of the
structure. In this contribution, we will dis-
cuss the synthesis and structural features
of Zn–biphenyl MOFs with MOF-5 topol-
ogy[7] to demonstrate the challenges that
are encountered and that must be solved to
properly characterize MOFs. We will ana-
lyze their structures and those of function-
alized derivatives, whose reactivity will be
presented. We will describe the advances
towards the synthesis and characterization
of a biphenyl Zn-MOFwith ordered diphe-
nylphosphino functionalization.

IRMOF-9 and IRMOF-10

MOFs with chelating carboxylate,
sulfate, and phosphate organic linkers are
the most studied because they generally
give neutral frameworks with relatively
high thermal stability.[6] If they are three-
dimensional (3D) frameworks, they may
also be stable upon removal of the guest
molecules, which makes them extremely
enticing for gas sorption/separation ap-
plications.[3] Most MOFs are still discov-
ered serendipitously, but design is feasible
and certainly easier when starting from a
known topology and when rigid organic
linkers and inorganic units are employed.
One of the most cited MOF publications
is on the highly porous MOF-5, which is
made by terephthalate linkers connected
by Zn

4
O clusters (Fig. 1a).[7] Being one

of the first relatively stable frameworks,
the cubic topology of MOF-5 attracted a
lot of attention towards research on new
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Fig 1. Schematic representation of IRMOF-3 (b) and IRMOF-10 (c) based on MOF-5 (a).
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with cell parameters a = 25.0111(9) Å,
b = 22.9843(9) Å, c = 17.2959(3) Å, β =
96.404(4)o and space group C2/m. The
distance between the two frameworks
was 11.6 Å as found in IRMOF-9-CHO.
Upon oxidation in an SCSC fashion,
IRMOF-9-(CH

2
SO

2
CH

3
) (monoclinic

with a = 25.1670(4) Å, b = 23.2000(3) Å,
c = 17.1020(3) Å, β = 93.561(1)o) was ob-
tained. The structure is very similar to that
of the starting material and the distance be-
tween the frameworks is also comparable.

MOF structures. The rigid nature of both
the organic linker and the inorganic clus-
ter allowed conceptualisation of isore-
ticular framework structures for the first
time.[8] The idea is to introduce different
linkers with different functional groups
and to tune the sorption properties of the
materials by employing organic linkers
with similar geometry to that of the start-
ing MOF. For example, one can obtain an
amino-functionalized MOF-5 by using
aminoterephthalic acid in the solvothermal
synthesis (Fig. 1b). One can increase the
pore size by using longer organic linkers
such as biphenyldicarboxylate (Fig. 1c).

The first and pioneering paper about
isoreticularity presented two MOFs result-
ing from the biphenyldicarboxylate linker
and MOF-5 topology, which were called
IRMOF-9 and IRMOF-10 (Fig. 2).[8]
The first material was characterized by
single-crystal XRD and featured two inter-
penetrated chains with MOF-5 topology,
whereas the second was a non-interpene-
trated IRMOF. It was not possible to grow
single crystals of IRMOF-10 however, and
the structure was derived from powder dif-
fraction data. The first publication about
biphenyl MOFs already anticipated the
major challenges related to ZN-biphenyl
MOFs: the growth of single-crystals and
interpenetration.

The crystal structure of IRMOF-9
showed an orthorhombic unit cell with a
= 17.1469(8) Å, b = 23.3222(10) Å, c =
25.2552(12)Å, and space groupPnnm. The
distance between the two interpenetrated
networks (d

F-F
) is 10.6 Å. A structure from

single-crystal XRD of non-functionalized
IRMOF-10 is not yet available.

Functionalized IRMOF-9 and
IRMOF-10: Structures and Post-
Synthetic Modification Reactivity

Some years after the IRMOFs publica-
tion of Yaghi and coworkers,[8] an interest
towards Zn–biphenyl MOFs arose with the
aim to introduce functionalization not par-
ticipating in the framework structure that
could undergo post-synthetic modification
(PSM).[9]ThegroupofBurrowssynthesized
an aldehyde-tagged IRMOF-9 (IRMOF-9-
CHO, Scheme 1), which was used for the
condensation with dinitrophenylhydrazine
to give the corresponding hydrazone by
PSM.[10] Data from single-crystal XRD
showed that IRMOF-9-CHO adopted the
doubly-interpenetrated cubic network ob-
served previously for IRMOF-9. The high
rotational disorder of the phenyl rings in
the structure impeded the refinement of the
aldehyde group in the ortho position. The
structure of IRMOF-9-CHO is very simi-
lar to that of the non-functionalized ana-
logue, but there are some differences. The

aldehyde-functionalized MOF crystallizes
in a monoclinic unit cell with dimensions
a = 22.7990(19) Å, b = 25.218(3) Å, c =
17.1200 (17) Å and β = 98.207(4)°. The
distance between the two interpenetrated
frameworks is 11.6 Å, which corresponds
to an increase of about 1Å compared to the
corresponding non-tagged MOF.

Functionalization of the aldehyde-
tagged MOF with dinitrophenylhydra-
zine was performed in an SCSC fashion
(Scheme 1). This allowed single-crystal
XRD data of the hydrazone product
IRMOF-9-DPH to be measured. The unit
cell parameters substantially differed from
those of the starting material (monoclinic
with a = 24.3584(7) Å, b = 23.8485(7) Å,
c = 17.1987(5)Å, β = 93.465(2)o) although
the distance between the two interpenetrat-
ed frameworks remained comparable (d

F-F
= 11.5 Å). Interestingly, the phenyl rings
show only little disorder, allowing the re-
finement of the atoms in the post-function-
alized hydrazone tags to a certain extent.
The torsion angle between the phenyl rings
were on average lower than those observed
in IRMOF-9-CHO indicating a distortion
of the framework upon PSM reaction.

Oneyear later, thesamegrouppublished
a series of sulfide-tagged MOFs isoreticu-
lar to IRMOF-9, which were post-synthet-
ically oxidized to the sulfoxide with di-
methyldioxirane (Fig. 3).[11] Single-crystal
diffraction data were obtained for IRMOF-
9-(CH

2
SCH

3
), IRMOF-9-(CH

2
SO

2
CH

3
),

and IRMOF-9-(CH
2
SCH

3
)
2
. The unit cell

of IRMOF-9-(CH
2
SCH

3
) was monoclinic

Fig. 2. Comparison of the schematic crystal structures of IRMOF-9 (left) and IRMOF-10 (right).
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P-functionalized MOF, which we call
LSK-3, featuring IRMOF-9 topology and
Lewis-basic sites that perform phosphine
organocatalysis.[15] The synthesis of the
MOF was performed with mixed linkers
from phosphine 1, [1,1'-biphenyl]-4,4'-
dicarboxylic acid (2), and Zn(NO

3
)
2
·4H

2
O

in dimethylformamide (DMF) under
solvothermal conditions (Scheme 5a).
Single-crystal X-ray crystallography re-
vealed that such crystals featured a dou-
bly interpenetrated cubic framework
(Scheme 5c) with Zn

4
O inorganic units

linked by biphenyl linkers (with or with-
out P-functionalization), consistent with a
framework with IRMOF-9 topology. LSK-
3 crystallizes in the tetragonal space group
P4

2
/ncm with the lattice parameters a =

17.2209(11) Å and c = 34.229(2) Å. The
distance between the two interpenetrated
networks (d

F-F
) was 12.9 Å, which is the

largest among IRMOF-9 derivatives. A
large d

F-F
is needed to accommodate the di-

phenylphosphino groups. ICP analysis of
the material gave a P:Zn ratio of 0.24, and

IRMOF-9-(CH
2
SCH

3
)
2
was different from

all previous isoreticular IRMOF-9 struc-
tures. It crystallizes in the trigonal space
group R-3m with the cell parameters a =
23.8212(3) Å and c = 30.3938(1) Å. The
two interpenetrated networks are only 8.6
Å apart, much closer than in any other in-
terpenetrated MOF observed so far.

All Zn–biphenylMOFs reported before
2010 were interpenetrated and therefore
isostructural to IRMOF-9. A single-crystal
X-ray structure analysis of a non-interpen-
etrated IRMOF-10 derivative was not re-
ported until the breakthrough of the group
of Telfer, which showed how interpenetra-
tion can be effectively suppressed by using
thermolabile protecting groups in the syn-
thesis of amino-MOFs.[12] Interestingly,
when using the linker aminobiphenyldi-
carboxylic acid in the MOF synthesis,
no amino MOF could be produced. If a
N-Boc protected linker was employed, a
non-interpenetrated framework isostruc-
tural to IRMOF-10 with cubic unit cell was
obtained (a = 17.1728 (3) Å, space group
P-43m). IRMOF-10-NHBoc was convert-
ed to the corresponding IRMOF-10-NH

2
in a SCSC fashion by treatment at above
150 °C in DMF (Scheme 2). The cubic unit
cell of IRMOF-10-NH

2
resembled that of

the reactant with a = 17.2184(6) Å and
space group P-43m.

A similar strategy allowed the same
group to introduce enantiomerically pure
functionalization by using a N-Boc pro-
tected proline to yield the non-interpen-
etrated IRMOF-10 structures (Scheme
3).[13] The Boc group in IRMOF-10-Pro-
Boc was cleaved in a SCSC transforma-
tion by treatment at 165 °C in DMF to give
IRMOF-10-Pro.Again single-crystal XRD
revealed for both structures cubic unit cells
with P-43m space group in analogy to the
previous one.

Telfer’s group published an analo-
gous synthesis of a non-interpenetrated
IRMOF-10structurewithphenoltagsbyex-
ploiting a photolabile protecting group.[14]
If no protecting group was used and the
phenol or methoxy ligands were employed
as organic building blocks for the synthe-
sis of the Zn-MOFs, the interpenetrated
IRMOF-9 structure was observed. Single
crystals were obtained for the IRMOF-9-
OMe structure, which featured a tetrago-
nal unit cell with a = 17.2215(4) Å, c =
17.1168(12) Å, space group P-42

1
m, and

d
F-F

of 12.8 Å. On the other hand, the
phenol-protected organic linker yielded
the non-interpenetrated IRMOF-10-NBz
structure, with the usual cubic cell, a =
17.2108(17), and space group P-43m. The
phenol tags were revealed by treatment
with 355 nm laser light while stirring in
DMF to give IRMOF-10-OH (Scheme 4).
Again the non-interpenetrated cubic struc-
ture was maintained.

By looking at the structures above one
can conclude that interpenetration is a ma-
jor challenge that can be avoided, but it is
hard to predict how and when. Telfer sug-
gested that steric hindering groups such as
the Boc and NBz groups hamper catena-
tion. In a non-interpenetrated structure the
torsion angle between the biphenyl rings
is observed to be exactly 90°, which is not
the case in almost all IRMOF-9 structures.
However such a condition is not sufficient
as seen in IRMOF-9-OMe, which features
90° torsion angles and is interpenetrated.
Steric hindering groups have therefore a
twofold aim: i) to force the torsion angle of
the phenyls to 90° and ii) to occupy space
to hamper aggregation of the second net-
work inside the framework.

LSK-3: IRMOF-9 with
Diphenylphosphino Groups

Our group synthesized a ratio-
nally designed, crystalline, and porous

IRMOF-10-NHBoc IRMOF-10-NH2

Scheme 2. Synthesis
of IRMOF-10-NH2

from IRMOF-10-
NHBoc. Adapted with
permission from ref.
[12]. Copyright 2010
Wiley.
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1H NMR spectroscopy, after digestion of a
single crystal of LSK-3 in DCl/d6-DMSO,
revealed that the ratio of the two linkers
1 and 2 in the MOF to be 0.5. This com-
bined information confirmed the expected
[Zn

4
O(2)

2
(1)] stoichiometry of LSK-3, in

agreement with single crystal X-ray data
and with previously reported IRMOF-9
and IRMOF-10 structures.

Interestingly, the diphenylphosphine-
groups are located exclusively on the link-
ers oriented in the a-b plane (Scheme 5b
and Fig. 4). This is a unique example of a
MOF in which mixed linkers of the same
type and size are in preferential directions
of the unit cell. Such structural unique-
ness of LSK-3 might open perspectives
in the synthesis of new ordered multi-
functionalized MOFs for application in
multi-functional catalysis. The screening
of the ratio between the two linkers in the
solvothermal synthesis of LSK-3 showed
that a 1:2 ratio lower than 0.5 (down to 0.2)
yielded a solid crystalline phase with pow-
der XRD pattern comparable to that cal-
culated from the single crystal XRD (see
below). A phase isostructural to IRMOF-9
with diphenylphosphino groups randomly
and homogeneously distributed within the
framework, was produced by using a 1:2
ratio lower than 0.2, as detected by single
crystal X-ray diffraction and 31P MAS
NMR spectroscopy.[16]

An in-depth analysis of the Connolly
surface of LSK-3[17] revealed that, if diphe-
nylphosphino moieties are not taken into
account, two-dimensional (2D) channels
with rectangular and perpendicular pore
openings of 6.1 Å × 8.4 Å (channel 2 in
Fig. 5) and 6.9Å × 8.4Å (channel 1 in Fig.
5) are present. Such channels are consti-
tuted by cavities that might contain up to
two diphenylphosphino moieties (depicted
in blue in Fig. 5), which are interconnected
by two types of cavities of 5.9 Å × 6.1 Å
× 8.4 Å and 6.7 Å × 6.9 Å × 8.4 Å that
do not contain phosphorus (depicted in
yellow in Fig. 5). In the presence of di-
phenylphosphino groups, the blue cavities
reduce their open space, and four different
pores, whose shape depends on the num-
ber and location in space of the phosphine
sites, can be distinguished. Cavities of type
A with no diphenylphosphino groups can
be fittedwith a parallelepiped of 6.1Å× 6.9
Å × 8.4Å with volume 350Å3. One diphe-
nylphosphino group decreases the volume
of the cavity to 270 Å3. Although only one
position of the diphenylphosphino moiety
is shown in Fig. 5, three alternative orien-
tations (upper-right-front, lower-left-back,
upper-right-back) are possible as evident
by the crystal structure and by the symme-
try of the system. Two diphenylphosphino
groups in the same cage can be adjacent
and form cavities of type C with volume
of 208 Å3 or can be on opposite sides and

produce cavities of type D with volume
of 192 Å3. Once again, only one of the
two possible orientations is shown in the
figure for clarity. Nitrogen physisorption
measurements at 77 K of the MOF acti-
vated with supercritical CO

2
[18] showed a

type-1 isotherm with BET surface area of
900 m2/g and t-plot pore volume of 0.25
cm3/g, in agreement with Connolly surface
calculations.

Conclusions

Zn–biphenyl MOFs with MOF-5 to-
pology are materials with big pores that
are relatively easy to synthesize. Their syn-
thesis presents major challenges to avoid
interpenetration, which can be controlled
by introducing bulky protecting groups
that force the biphenyl torsion angle to 90°
and avoid aggregation of a second inter-
woven chain during synthesis. IRMOF-9
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Scheme 5. a) Synthesis of LSK-3. b) Schematic representation of LSK-3. Only one of the two
interpenetrated frameworks is shown for clarity. For a crystal structure from X-ray diffraction data
see Fig. 4. c) Schematic structure of the two interpenetrated frameworks, one cube represents the
same structure as in b).

Fig. 4. A view of the interpenetrated framework of LSK-3 (left, diphenyl-groups, solvent and split
atom positions are omitted for clarity) and a view along the [110]-direction (right) showing a pos-
sible arrangement of the disordered diphenyl-phosphine group within the channels of the crystal
structure.
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and IRMOF-10 and their isoreticular de-
rivatives are promising materials useful
for application in separation technology
and catalysis. Materials with free phos-
phine moieties such as LSK-3 will open
new perspectives in catalysis due to their
Lewis basicity and possibility to coordi-
nate transition metals together with their
open channel structure.

Experimental Part

Synthesis of LSK-3
[1,1'-Biphenyl]-4,4'-dicarboxylic acid

(2, 0.059 g, 0.24 mmol) and 1 (0.052 g,
0.12 mmol)[19] were placed into a 20 mL
scintillation vial. The vial was flushed with
Ar and a solution of Zn(NO

3
)
2
(0.286 g,

1.51 mmol) in 15 mL degassed DMF was
added. The vial was tightly closed and the
suspension was heated in an oven at 85 °C
for 72 h. Single crystals of 0.5–2.0mm size
were measured directly after synthesis. For
long term storage and application in catal-
ysis, the solvent was decanted, the crystals
were washed with 3 × 5mL degassed DMF
and 5 mL degassed chloroform was added.
Chloroform was exchanged 3 times over
three days and the crystals were stored in
degassed toluene. 1H NMR spectroscopy
of the material digested in DCl/d6-DMSO
showed a ratio 1:2 of 0.5. BET surface
area = 900 m2/g. t-plot pore volume = 0.25
cm3/g. 31PMAS-NMR (162MHz) δ (ppm):
–14.8 (s)

X-ray Crystal Structure Analysis of
LSK-3

Single crystals of LSK-3
(C

54
H

33
O

13
Zn

4
P) were selected under a mi-

croscope using polarized light. Since the
crystals decompose very quickly on loss
of solvent, they were examined while still
covered by mother liquor. A suitable crys-
tal was selected andmounted on the tip of a
Mark-tube using perfluorinated polyether
oil, quickly transferred into the cold nitro-
gen beam and shock frozen to 230 K. The
data collection was performed on a Bruker
SMART Platform diffractometer equipped
with a CCD-Detector.

Temperature-dependent diffraction ex-
periments show that below 195 K a revers-
ible phase transition occurs, characterized
by the smearing of high angle reflections
along the crystallographic c-axis and a
strong decrease of the maximum diffrac-
tion angle (d

min.
rises from about 1Å to on-

ly about 1.3 Å). Therefore the crystal was
kept at 230 K during data collection. The
diffraction pattern shows besides sharp re-
flections up to a maximum of about 2θ =
45o, areas with strong diffuse intensities,
indicating disorder in the crystal structure.
It is a frequent observation that the qual-
ity of the diffraction patterns of MOFs de-
creases while cooling (see for example ref.
[14]). The melting point of DMF is with
212 K close to the observed transition at
195 K. Accordingly a possible reason for
this behavior might be the freezing of the
disordered DMF in the cavities. This may
lead to distortions of the frameworks and
therefore to an increased disorder.

The analysis of the systematic absences
leads to the space group P4

2
/ncm. Using

Olex2,[20] the structure was solved with the
XS[21] structure solution program using
Direct Methods and refined with the XL[22]

refinement package using Least Squares
minimization.

As already indicated by the occur-
rence of diffuse intensities in the diffrac-
tion pattern, the crystal structure turns
out to be heavily disordered. The disorder
was described as split positions when-
ever possible. Therefore, isotropic dis-
placement parameters were applied for
all C and most O atoms. The Zn-, P- and
some O-atom positions were described
by anisotropic displacement parameters.
H-atoms were placed at calculated posi-
tions and included in the refinement using
the riding model. The occupancy factor of
the P(Ph)

2
-substituent was fixed to ¼, ac-

cording to the ratio of spacer-molecules in
the material. The resulting displacement
parameters were reasonable for this occu-
pancy. Solvent molecules are heavily dis-
ordered and were described as partially oc-
cupied C-atoms. In total about 57 C-atom
equivalents were found in the unit cell,
corresponding to about 8 DMF-molecules
per unit cell and 2 per formula unit. In the
voids of the structure weak residual elec-
tron density originating from disordered
solvent molecules remains. The refine-
ment converges to an R1-value (based on
F) of 12.7%. In the voids of the structure
many weak residual electron density peaks
originating from disordered solvent mol-
ecules could be detected. To account for
this effect the program SQUEEZE[23] was
employed. The refinement converges then
at a final R1-value of 10.2%.

Crystal Data
The crystal composition refined was

C
68.3025

H
33
O

13
Zn

4
P, which corresponds to a

framework consisting of Zn
4
O, two unsub-

stituted biphenyl-linkers and one Ph
2
P sub-

stituted linker and about 2.15 DMF mol-
ecules in the cavities.M =1354.03, tetrago-
nal, a = 17.2209(11) Å, c = 34.229(2) Å,
V = 10150.8(11) Å3, T = 230.15, space
groupP4

2
/ncm (no. 138),Z=4,µ(MoKα) =

0.988, 66340 reflections measured, 3852
unique (R

int
= 0.0668) which were used in

all calculations. The final wR
2
was 0.3524

(all data) and R
1
was 0.1269 (>2sigma(I)).

The R
1
was 0.1021 (>2sigma(I)) if the

SQUEEZEprogramwasapplied.[23]CCDC
928710 contains the supplementary crys-
tallographic data for this paper. These data
can be obtained free of charge from The
Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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sent the two interpenetrated networks of the material.
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