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Metal±organic frameworks containing channels or voids
have attracted current interest because of their functional
properties, which are similar to those of zeolites and clays.[1±4]

Although the porosity is one of the most studied properties of
metal±organic frameworks, there are very few studies on
dynamic porous coordination networks.[5] 2D-network mate-
rials have the potential to provide such dynamic porous
materials as they can adopt changes caused by external
stimuli, either within the layer or in between the layers. Here
we present one such unique and novel dynamic process in the
crystals of a 2D net containing square grids of dimension 20î
20 ä.

The crystal-to-crystal sliding of the 2D nets between two
packing modes A and B (Figure 1) is triggered by guest
exchange, and results in considerable increase in the dimen-
sions of channels. This crystal-to-crystal transformation was
evidenced by single crystal and powder X-ray diffraction
studies before and after the transformation. The single-crystal
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analysis of unit cell parameters at various time intervals
during the transformation suggested that the first step is the
exchange of guest molecules and the second step is the sliding
of the layers. Furthermore, the guest-exchanged crystal with
larger channel dimensions (packing mode B) is found to
absorb/desorb guest molecules, while such a property is
lacking in their parent crystals (packing mode A).

We have recently shown that the long ligand, 4,4’-bis(4-
pyridyl)biphenyl (1), forms [Ni(1)2(NO3)2¥4 (o-xylene)] (2)
upon reaction with Ni(NO3)2 in the presence of o-xylene.[4]

Complex 2 contains 2D layers that are formed by square grids
of dimension 20 î 20 ä.[6] These layers have a short interlayer
separation of 4.1 ä and can slide on each other as the binding
forces between the layers are only weak aromatic and C�
H¥¥¥O interactions that are reformed after the sliding is
completed.[7]

Interestingly, the crystals of 2 show a remarkable ability to
exchange the guest molecule o-xylene for mesitylene but not
for m-xylene, or 1,3- or 1,2-dimethoxybenzene. In a typical
reaction, the crystals of 2 were immersed in mesitylene for 6 h
and then the absorbed guest was extracted into diethyl ether
following addition of HCl to the dried crystals. The GC
analysis of the extracted layer showed only the presence of
mesitylene, which indicates the complete exchange of the o-
xylene guest. The chemical composition of the crystals in
which the o-xylene guest had been replaced with mesitylene
was [{Ni(1)2(NO3)2¥1.7 (mesitylene)}n] from elemental analy-
sis. Notably the crystalline nature was not destroyed during
the process and hence crystals suitable for an X-ray analysis
were obtained even after the guest exchange.

Surprisingly, the single-crystal X-ray analysis of the crystals
with mesitylene as the new guest (3) revealed that consid-
erable sliding of the layers on each other occurred such that
the dimension of the channels was bigger than that of 2
(Figure 2). For example, the nearest distance between Ni a-
toms of the adjacent layers in 2 is 11.46 ä whereas it is 8.06 ä
in 3. Assuming that one of the layers is fixed, the approximate
sliding distance of its neighboring layer can be calculated as
4.2 ä, based on the geometry of the Ni atoms. In 2 the layers
pack on each other such that they overlap in one direction and
are offset in the other direction, which results in the
approximate channel dimension of about 10 î 20 ä (packing

mode A). Unlike 2, the offset packing was not observed in 3 as
the layers slide on each other to give channel dimensions of
approximately 15 î 20 ä (packing mode B).

In both packing motifs, edge-to-face aromatic interactions
exist at the corner of the channels but not along the walls–the
shortest centroid-to-centroid distances of the C6 rings of 1 in
the neighboring layers are 4.869 and 4.819 ä for A and B,
respectively. There are more C�H¥¥¥O hydrogen bonds
between the nitrate ions and phenyl groups of adjacent layers
in mode B (six) than mode A (three). This disparity is because
in mode A only one of the C6 rings of 1 participate in C�H¥¥¥O
hydrogen bonds whereas in mode B both of the C6 rings
participate. The entire framework of 3, except one of the
phenylene rings of 1, had no disorder though the mesitylene
molecules were highly disordered. The electron density peaks
corresponding to the disordered mesitylene were distributed
throughout the channels. Analysis of the structure in detail
showed that the grids in 3 are somewhat contracted compared
to those in 2 : 19.79 î 19.96 ä in 3 and 19.91 î 19.96 ä in 2
(Figure 3). Furthermore, the unit-cell volume of 3 is 7% less
than that of 2.

The sliding of the 2D net was also monitored by X-ray
powder diffraction pattern (XRPD) of the crystals. The
conversion of crystal 2 into 3 by the guest exchange resulted in
considerable change in the diffraction pattern. Further, the
reexchange of mesitylene in 3 with o-xylene suggested that
mode Awas regenerated in a high percentage (see Supporting
Information).[8]

To establish the mechanism for guest exchange and sliding
of the layers, the reaction was monitored over time by single
crystal diffraction, that is, the unit-cell parameters were
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Figure 1. Schematic representation of the sliding of 2D square grids: a) top
and b) side views. Channels across the layers are smaller in mode A than in
mode B.

Figure 2. Packing of 2D layers in a) 2 (mode A) and b) 3 (mode B).
Alternate layers colored in magenta and green. Notice the differences in
channel dimensions.

Figure 3. 2D square grid layers exhibited in a) 2 and b) 3. The disorder in
one of the C6 rings of ligand 1 in the crystals of 3 is not shown.



determined at various time intervals, with the crystal of 2 in a
glass capillary filled with mesitylene. Interestingly the results
indicate no change in cell parameters (similar to 2) up to 6 h,
which is the time required for exchange of guest molecules as
indicated by GC analysis. From 6 h to 9 h the crystal was not
indexed but still showed diffraction. At 10 h the indexing was
restarted to give cell parameters similar to those of 3. The
crystal was monitored again at 22 h and it was indexed with
more reflections than at 10 h, which gave cell parameters
similar to those of 3. These results clearly indicate that the
transformation indeed occurred crystal to crystal; the first
step is guest exchange and the second step is the sliding of the
layers.

The changes in terms of single crystal diffraction were
illustrated in one of the frames recorded at various time
intervals (Figure 4). Up to 3.5 h the diffraction pattern was
constant but from 3.5 h the pattern changed slowly. The spots

shown in diamonds disappeared and those shown in triangles
divided into two and finally merged. The spot shown in a
pentagon intensified as the time progressed and its position
remained constant throughout the reaction. Some new peaks
also appeared as the time progressed.

The role of mesitylene seems to be important in this
transformation as a similar transformation or guest exchange
was not observed when the crystals of 2 were immersed for
even longer in the other guest solvents such as benzene, m-
xylene, or 1,2- or 1,3-dimethoxybenzene. In the hope of
growing crystals of 3 directly, the complexation of ligand 1
with Ni(NO3)2 was carried out in the presence of mesitylene.
However this reaction resulted in fourfold, perpendicularly
interpenetrated square-grid networks instead of an open
framework structure.[9]

Unlike 2, which exhibited selectivity in guest exchange, 3
can exchange mesitylene for many liquid aromatic guest
molecules without destroying or altering the crystal nature.[10]

The unit-cell parameters after the exchange of mesitylene
with guests such as nitrobenzene and o-xylene were found to
be the same as those of 3. Guest absorption reactions were
carried out on 3 after removing the mesitylene by heating it to
100 8C at 5 mmHg for 6 h. The crystals from which the

mesitylene was removed were also in packing mode B.
Interestingly, the immersion of these crystals in aromatic
guest solvents lead to absorption of the guests while retaining
their crystalline nature; this was verified by GC, elemental
analysis, and XRPD.[11]

Experimental Section

Synthesis of 3 : The crystals of 2 were immersed in mesitylene for a day and
then the complete exchange of o-xylene for mesitylene was verified by GC
analysis. The unit-cell parameters for some of these crystals were measured
with single crystal diffraction and all of them were found to have similar cell
parameters to those of 3.

Elemental analysis: 2 : [(Ni(1)2(NO3)2)¥3.5 (o-xylene)], 0.5 equivalents of
guest escaped at RT: calcd (%) C 73.85, H 5.77, N 7.18; found C 73.53, H
5.72, N 7.11; 3 : [(Ni(1)2(NO3)2)¥1.7 (mesitylene)]: calcd (%) C 70.96, H 5.26,
N 8.37; found C 70.50, H 5.25, N 8.37.

Crystal data for 2 : Monoclinic, C2/c, a¼ 27.187(3), b¼ 19.963(2), c¼
12.685(4) ä, b¼ 106.923(2)8, V¼ 6585.9(12) ä3, Z¼ 4, Dc¼ 1.235 gcm�3,
5932 unique reflections out of 7770 with I> 2s, 1.29< q< 27.988, final
R factors R1¼ 0.067, wR2¼ 0.205. Crystal data for 3 : Monoclinic, P2/c, a¼
13.071(3), b¼ 19.853(4), c¼ 12.082(3) ä, b¼ 103.149(4)8, V¼
3053.1(11) ä3, Z¼ 2, 4527 unique reflections out of 7099 with I> 2s,
1.90< q< 27.948, final R factors R1¼ 0.087, wR2¼ 0.2219. One of the
C6 rings of 1 was disordered; this was modeled and refined. Also the peaks
corresponding to mesitylene were located and refined isotropically. The
data for both 2 and 3 for were measured on a Siemens SMART/CCD
diffractometer (MoKa radiation l¼ 0.71073 ä) at 193 K. An empirical
absorption correction was applied using SADABS program. Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were fixed at
calculated positions and refined using a riding model. CCDC-141218 (2),
and CCDC-187955 (3) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (þ 44)1223-336-
033; or deposit@ccdc.cam.ac.uk).
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Figure 4. Diffraction patterns for transformation at various time intervals
after immersion of crystal of 2 in mesitylene: a) The full frame after
15 mins. The region shown in a square box in a) after b) 4.30 h; c) 6 h;
d) 8 h; e) 10 h. For comparison, the spots are marked with polygons (see
text).



Amplified DNA Detection by
Electrogenerated Biochemiluminescence and
by the Catalyzed Precipitation of an Insoluble
Product on Electrodes in the Presence of the
Doxorubicin Intercalator**

Fernando Patolsky, Eugenii Katz, and
Itamar Willner*

The amplified sensing of nucleic acids on surfaces attracts
research efforts directed to the development of DNA chips for
gene analysis, the detection of genetic disorders, tissue
matching, forensic applications, and molecular computa-
tion.[1,2] Amplified electrochemical DNA detection was re-
ported by the labeling of nucleic acids with a redox enzyme
and amplifying the formation of the double-stranded system
on the electrode surface by the activation of a secondary
bioelectrocatalyzed process.[3] A further approach involves
the generation, on the electrode surface, of a redox-active
replica for the analyzed DNA by using polymerase, and the
application of the redox replica as a mediator for the
activation of bioelectrocatalyzed transformations.[4] A differ-
ent approach for the amplified detection of DNA includes the
labeling of the analyzed DNA, for example, with a biotin
label, that allows the secondary association of an enzyme
conjugate (e.g. avidin±alkaline phosphatase or avidin±horse-
radish peroxidase) that stimulates the biocatalyzed precipita-

tion of an insoluble product on the electrodes.[5,6] Faradaic
impedance spectroscopy, which probes the interfacial elec-
tron-transfer resistance at the electrode supports, or micro-
gravimetric quartz-crystal-microbalance (QCM) measure-
ments were used as transduction methods for the accumu-
lation of the insoluble products on the respective surfaces, as a
result of the primary DNA-recognition events. Alternative
methods to amplify DNA-recognition processes include the
use of particulate labels, such as liposomes,[7] Au nanoparti-
cles,[8] or CdS nanoparticles[9] as amplifying agents, and the
electrochemical, microgravimetric QCM assay, and photo-
electrochemical transduction of the DNA detection.

Electrogenerated chemiluminescence is a rapidly progress-
ing method to image biosensing events on surfaces.[10, 11]

Studies pioneered by Bard and colleagues have employed
RuII±polypyridine complexes that bind to a double-stranded
(ds) DNA for the electroluminescent imaging of DNA on
electrode surfaces.[12] However, the partial binding of
[Ru(bpy)3]2þ (bpy¼ 2,2’-bipyridine) complexes to single-
stranded DNA introduces significant background electro-
luminescence that prohibits the detection of low hybridization
yields of DNA. The covalent labeling of nucleic acids with a
RuII±trisbipyridine complex has been suggested as a possible
route to resolve this difficulty.[13] Herein we report two
alternative methods for the amplified detection of DNA by
using the doxorubicin intercalator as a dsDNA surface-
confined label for the electrogeneration of H2O2. The
generated H2O2 is then used to image the DNA by:
1) stimulated biochemiluminescence, and 2) stimulated bio-
catalyzed precipitation of an insoluble product on electrodes.

Figure 1 depicts the configuration of the DNA detection
system. The thiolated nucleic acid 1 is assembled on an Au-
electrode and the surface coverage derived from the micro-
gravimetric (QCM) analysis[7c] is 2 î 10�11 molcm�2. Then the
1-functionalized gold surface is treated with 1-mercaptohex-
anol to block pinholes in the DNA-monolayer assembly
associated with the electrode. The resulting monolayer-
functionalized electrode is then treated with the complemen-
tary analyte-DNA 2, to yield the dsDNA assembly on the
electrode surface. The resulting system is further treated with
doxorubicin (3), which is a specific intercalator in double-
stranded CG base-pair-containing DNA sequences.[14] The
intercalator-stimulated amplified analysis of the nucleic acid 2
is outlined in Figure 2. Electrochemical reduction of the
intercalated 3 leads to the electrocatalyzed reduction of O2 to
H2O2. The electrogenerated H2O2 in the presence of luminol
and horseradish peroxidase (HRP) leads to the formation of
3-aminophthalate and biochemiluminescence (l¼ 425 nm)[10]

which indicates the DNA hybridization process (Figure 2A).
Alternatively, the electrogenerated H2O2 mediates in the
presence of HRP the oxidation of 4-chloronaphthol (4) to the
insoluble product 5, which precipitates on the electrode.[15]

Precipitation of 5 on the electrode insulates the electrode
surface and increases its interfacial electron-transfer resist-
ance. The changes in the interfacial electron-transfer resis-
tances can then be followed in the presence of an electrolyte-
soluble redox probe, by using Faradaic impedance spectro-
scopy. The stimulated light emission, or the biocatalyzed
precipitation of 5 occurs only if the dsDNA structure with the
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[6] The dimensions of the grid are defined as the distances between the
metal atoms separated by 1.

[7] The interlayer separation is defined as the distance of the Ni atoms to
the plane of the neighboring layer.

[8] The diffraction pattern of 3 does not exactly match with the pattern
that is calculated from its single-crystal data. This mismatch in X-ray
powder diffraction patterns could be caused by incomplete conversion
from mode A into mode B and hence 3 may also contain some
impurity in the form of mode A packing.

[9] Crystallographic information for interpenetrated network: This
structure was solved in two space groups: I41/a, a¼ b¼ 19.276(3);
c¼ 28.942(9) ä; a¼b¼ g¼ 908 and C2/c, a¼ 27.257(5); b¼ 28.942(9);
c¼ 19.275(4) ä; b¼ 134.992(4)8. The solvent molecules are highly
disordered.

[10] Styrene, nitrobenzene, and cyanobenzene were also found to ex-
change o-xylene in 2 in the same way as mesitylene.

[11] Preliminary results on 3, from which the mesitylene was removed,
indicate that it shows sorption properties with gaseous benzene.
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