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Size selective self-sorting in the coordination-driven self-assembly of two-dimensional (2-D) polygons and three-
dimensional (3-D) cages is presented. Two types of polygons (rectangular and triangular) of different size are
formed spontaneously from within mixtures of a molecular “clip” or a 60° organoplatinum acceptor with dipyridyl
linkers of different lengths via self-sorting. Furthermore, two different sized 3-D supramolecular cages are formed
upon mixing one ditopic organoplatinum acceptor and two different sized tritopic donors from the self-sorting process.
The formation of these polygons and cages is characterized using NMR spectroscopy and electrospray ionization
mass spectrometry (ESI-MS). In all cases, the self-sorting process is directed by the size of the donor building
blocks and a dynamic, thermodynamically driven self-correction process resulting in the formation of discrete products
from complex mixtures.

Introduction

Self-sorting, the mutual recognition of complementary
components within a mixture, is a critical phenomenon in
many biological systems. When specific information is
encoded within the structural aspects of molecular subunits,
multiple higher-order supramolecular structures can be
obtained from complex, multicomponent mixtures via self-
sorting processes.1 Through detailed investigations of the
self-sorting process, valuable insight into analogous biologi-
cal self-sorting processes may be obtained. Toward this aim,
certain pioneering synthetic self-sorting systems based upon
metal–ligand coordination bonding,2 hydrogen bonding,3

solvophobic effects,4 and dynamic covalent chemistry5 have
been developed during the past decade.

In the area of synthetic self-sorting systems driven by
metal–ligand coordination bonding, Lehn et al. have previ-
ously reported the spontaneous formation of discrete su-
pramolecular double helicates in one vessel as directed by
the number of binding sites in oligo-bipyridine strands and
by the preferred coordination geometry of metal ions.2a

Raymond et al. later observed self-sorting of supramolecular
triple helicates containing two metal centers based solely on

the lengths of rigid spacers separating two catecholate
ligands.2b Furthermore, self-sorting also can be directed by
chiral ligands2c and the counteraction of complexes.2g

However, in contrast to numerous literature reports concern-
ing the self-sorting of helicates, only sporadic studies have
been reported on the same process involving self-assembled
polygons and polyhedra, which comprise some of the most
prominent higher-order structures.6

Recently, our group has reported the self-sorting of
multiform two-dimensional (2-D) supramolecular polygons
via the reaction of a 4,4′-dipyridyl donor with three different
organoplatinum acceptors of varying bonding angles.7 As a
result of the structural rigidity and directionality of individual
building blocks, the formation of thermodynamically favored
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2-D polygons requires, according to the “directional bonding
model”,8 that individual components possessing the same
bonding angle undergo self-sorting during the self-assembly
process. These studies have been expanded to include three-
dimensional (3-D) structures, which generate a series of
discrete, highly symmetric 3-D cages in one vessel.9

As mentioned above, size, as one essential geometric and
directional factor governing self-assembly, has been suc-
cessfully explored in the self-sorting of helicates.2b Very few
examples, however, have been reported that involve size
selective self-sorting of building blocks during the assembly

of supramolecular polygons or polyhedra. Considering that
the final products generated from different sized subunits
have the same resultant shape, discriminative selection will
likely be more challenging when size is the only information
encoded within building blocks during the process of self-
sorting of discrete 2-D and 3-D assemblies.

The fundamental question of whether the size differences
stored in different molecular components will be able to
induce a self-sorting process to generate a highly ordered
system of multiple discrete superstructures in a complex
mixture is an important one. Herein, we have carried out a
study of the self-sorting process in 2-D and 3-D Pt(II)
superstructures by mixing different sized ditopic bispyridyl10

or tritopic trispyridyl donors11 with a molecular “clip”10 and
60° acceptor.12 Despite the possibility of forming myriad
oligomeric structures, discrete supramolecular polygons and
distorted triangle prisms are strongly preferred in the
mixtures, representative of a size selective self-sorting
process.

Results and Discussion

When molecular clip 1 is mixed with two different sized
linear bipyridyl linkers 3 (0.72 nm) and 4 (1.65 nm) in a
2:1:1 ratio and heated at 60–65 °C for 45 h in an aqueous
acetone solution (v/v 1:1), two molecular rectangles RS and
RL

10 of different size are formed as the dominant products
(Scheme 1a). The self-sorting process was followed by 31P
and 1H multinuclear NMR spectroscopy as shown in Figures
1 and 2, respectively. After 1 h, the mixture changes from a
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Scheme 1. Graphical Representation of Self-Sorting in the Coordination-Driven Self-Assembly of (a) Supramolecular Rectanglesa and (b) Triangles b

a RS: small rectangle; RL: large rectangle. b TS: small triangle; TL: large triangle.
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suspension to a clear solution. The 31P {1H} NMR spectrum
of this reaction mixture shows intense peaks at 8.95 ppm
and 9.10 ppm with concomitant 195Pt satellites for RS and
RL, flanked by unassignable signals that are representative
of oligomeric byproducts. Likewise, peaks attributable to
rectangles RS and RL (e.g., δ ) 9.52 ppm, H9 in RS; δ )
9.45 ppm, H9 in RL) can be found in the 1H NMR spectrum
after 1 h of heating, though broad peaks and unassignable
signals belonging to oligomeric byproducts are also observed.
After 21 h, the broad byproduct peaks at 7.89 ppm, 8.22
ppm, 9.30 ppm, and 9.64 ppm have decreased significantly
while the intense peaks for RS and RL remain in the 1H NMR
spectrum, indicating that most oligomeric byproducts have
dynamically self-sorted to the desired products. After 45 h,
two sets of sharp signals (consistent with those previously

reported10 for RS and RL) remain in the NMR spectrum,
indicating the presence of two highly symmetric Pt(II)
supramolecular species obtained as the predominant products
in the solution.

The formation of the desired supramolecular rectangles
is further confirmed by ESI mass spectrometry as shown in
Figure 3. The ESI mass peaks corresponding to the consecu-
tive loss of nitrate anions from the small rectangle RS: m/z
) 1256.2 [M - 2NO3]2+ and m/z ) 816.8 [M - 3NO3]3+

are observed, as are those corresponding to the formation of
the large rectangle, RL, at m/z ) 1379.8 [M - 2NO3]2+ and
m/z ) 899.5 [M - 3NO3]3+. All of these peaks were
isotopically resolved and agree with their theoretical distribu-
tion, as shown in Figure 4.

The combined evidence from the 1H and 31P NMR
spectroscopy as well as ESI mass spectrometry clearly
indicate the formation of two discrete molecular rectangles
RS and RL, composed of four subunits each, from a complex
mixture according to a dynamic self-sorting process. To
further study such size selective self-sorting processes in the
self-assembly of 2-D Pt(II)-based supramolecular systems,
another self-sorting system was investigated by mixing 60°
di-Pt(II) acceptor 2 with linear linkers 3 and 4, with the
desired supramolecular triangles (TS, small triangle,12 and
TL, large triangle13) being composed of six subunits each as
shown in Scheme 1b.

Heating an aqueous acetone solution (v/v 1:1) containing
60° di-Pt(II) acceptor 2 and two dipyridyl linkers 3 and 4 in
a 2:1:1 ratio for 65 h results in the formation of two discrete
molecular triangles TS and TL as the main products. The
31P {1H} NMR (Supporting Information, Figure S1) of the
reaction mixture shows sharp peaks at 15.19 ppm (TS) and
15.27 ppm (TL). Two sets of signals corresponding to TS

and TL are clearly presented in the 1H NMR spectrum
(Supporting Information, Figure S2) as well. Signals indica-
tive of minor impurities can, however, be observed in the
NMR spectrum even after prolonged heating. ESI mass
spectrometry (see Supporting Information) provides further
evidence for the formation of the discrete two different sized
triangles. The ESI mass spectrum exhibits peaks at m/z )
1916.1 and m/z ) 927.1, corresponding to [M - 2NO3]2+

and [M - 4NO3]4+ for TS as well as peaks at m/z ) 2102.2
and m/z ) 1019.8, corresponding to [M - 2NO3]2+ and [M

(13) The supramolecular triangle TL has been characterized by 31P and 1H
multinuclear NMR spectroscopy and ESI mass spectrometry, which
are shown in Supporting Information.

Figure 1. 31P{1H} NMR spectra (Acetone-d6/D2O 1:1) recorded at 1, 7,
21, and 45 h time intervals during the formation of supramolecular rectangles
RS and RL.

Figure 2. Partial 1H NMR spectra (Acetone-d6/D2O 1:1) recorded at 1, 7,
21, and 45 h time intervals during the formation of supramolecular rectangles
RS and RL.

Figure 3. Full ESI mass spectrum (Acetone-d6/D2O 1:1) of the product
mixture containing supramolecular rectangles RS and RL.
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- 4NO3]4+ for TL. All peaks were isotopically resolved and
are in agreement with their theoretical distributions.

The collective experimental and analytical data clearly
indicate that the formation of different 2-D polygons of the
same shape but different size can be achieved from a complex
mixture via the self-sorting process. Beyond the 2-D
polygons, self-sorting of self-assembly of 3-D supramolecular
structures will likely be more challenging as the self-
assembly of discrete superstructures is always in competition
with oligomerization. Hence, it is even more interesting to
determine whether this strategy can be successfully employed
to prepare different sized 3-D structures with same shape
from multiple components in one pot. The investigation of
size selective self-sorting in the self-assembly of 3-D
structures was thus carried out by mixing molecular clip 1
with two tritopic donors 9 and 10 in a 6:2:2 ratio as shown
in Scheme 2. Analysis of the mixture using multinuclear
NMR 31P and 1H spectroscopy (Figures 5 and 6, respectively)
and ESI mass spectrometry (Figures 7 and 8) show that the
distorted triangular prisms DTPS (small distorted triangular
prism) and DTPL (large distorted triangular prism)11 were
formed as the predominant species in the aqueous acetone
solution (acetone-d6/D2O 1:1) after heating at 70 °C for 24 h.

The mixture changes from a suspension to a clear solution
after 1 h, though highly disordered 31P {1H} and 1H NMR
spectra are observed. After 3 h, initial formation of DTPS

and DTPL is clearly indicated by the 31P {1H} NMR
spectrum, where two peaks at 11.12 ppm and 10.16 ppm
with concomitant 195Pt satellites for DTPS and DTPL

appeared. There exist, however, multiple unassignable peaks,
such as those at 15.31 ppm, 9.85 ppm, and 8.87 ppm, that
are representative of oligomeric byproducts in the solution.
At the 3 h time interval, signals for DTPS and DTPL cannot
be identified in the 1H NMR spectrum because of the breadth
of peaks corresponding to the oligomeric byproducts. After
12 h, peaks attributable to discrete DTPS and DTPL can be
identified in both the 31P {1H} NMR spectrum and the 1H
NMR spectrum, as the intensities of peaks corresponding to

Figure 4. Calculated (top, red) and experimental (bottom, blue) ESI mass spectrum (Acetone-d6/D2O 1:1) of the product mixture containing supramolecular
rectangles RS (A and B) and RL (C and D).

Scheme 2. Graphical Representation of Self-Sorting in the
Coordination-Driven Self-Assembly of Supramolecular Distorted
Triangular Prisms 11-12

Figure 5. 31P{1H} NMR spectra (Acetone-d6/D2O 1:1) of recorded at 1,
3, 12, and 24 h time intervals during the formation of distorted triangle
prisms DTPS and DTPL.
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oligomeric byproducts are significantly decreased. After 24 h,
in the 31P {1H} and 1H NMR spectra, clearly identifiable
peaks as shown in Figures 5 and 6 reveal the formation of
two different sized discrete supramolecular 3-D cages DTPS

and DTPL as the major self-sorted species in the solution.
ESI mass spectrometry (Figure 7) confirms the formation

the different sized supramolecular 3-D cages DTPS and
DTPL in the mixture. The ESI mass peaks corresponding to
the consecutive loss of nitrate anions from the small cage
DTPS at m/z ) 1946.0 [M - 2NO3]2+ and m/z ) 1276.5
[M - 3NO3]3+ are observed, as are those corresponding to
the formation of the large cage DTPL at m/z ) 1474.5 [M
- 3NO3]2+and m/z ) 1090.4 [M - 4NO3]3+. All peaks were
isotopically resolved and agree with their theoretical distribu-
tion, shown in Figure 8.

During the self-sorting processes described above, the
difference in size of either ditopic donors 3 and 4 or tritopic
donors 9 and 10, in cooperation with other structural factors
such as the directionality and rigidity of all donors and
acceptors, directs the exclusive formation of the desired
discrete superstructures 5–8 and 11–12 from within complex
mixtures. Indeed, the thermodynamic stability of different
products plays a significant role in this size directing self-
sorting process.10 Closed systems are preferred enthalpically,
as they contain at least one more coordination bond than

related open analogues of the same size. Entropic driving
forces2b favor the formation of multiple, discrete rectangles
or triangles as the smallest close system over the formation
of oligomeric byproducts. Oligomeric, kinetic intermediate
products are formed early in the self-assembly process via
random combinations of building blocks. However, these
oligomeric structures can be self-sorted, leading to discrete,
stable supramolecular ensembles as the kinetically labile
Pt-N bond enables a dynamic self-correction process to take
place. Hence, this thermodynamically driven self-correction
results in the exclusive formation of multiple discrete
supramolecular entities from the early oligomeric byproducts
in the mixture, whereby size selective self-sorting is achieved.

In conclusion, we have demonstrated that ditopic orga-
noplatinum acceptors 1 or 2, when mixed with two different
sized dipyridyl linkers 3 and 4 or tritopic donors 9 and 10,
undergo a self-sorting process that results in the formation
of discrete 2-D or 3-D superstructures. The observed self-
sorting systems rely on the thermodynamic preferences
(enthalpic and entropic) of the supramolecular ensembles,
whereby the size of the linkers can direct the self-selection.
These results also help provide an enhanced understanding
of the control variables that regulate the self-sorting process
and have implications in the related processes that govern
the assembly of more complex biological structures in nature.

Experimental Section

Methods and Materials. Building Blocks 1,10 2,12 4,10 9,11 and
1011 were prepared according to literature procedures. Deuterated
solvents were purchased from Cambridge Isotope Laboratory
(Andover, MA). NMR spectra were recorded on a Varian Unity
300 spectrometer. The 1H NMR chemical shifts are reported relative
to residual solvent signals, and 31P NMR resonances are referenced
to an external unlocked sample of 85% H3PO4 (δ 0.0). Mass spectra
for RS, RL, TS, TL, DTPS, and DTPL were recorded on a Micromass
Quattro II triple-quadrupole mass spectrometer using electrospray
ionization with a MassLynx operating system.

Self-Sorting of Rectangles. Molecular “Clip” 1 (4.44 mg,
0.00382 mmol), 4,4′-dipyridyl 3 (0.30 mg, 0.0019 mmol), and 1,4-
bis(4-pyridylethynyl)benzene 4 (0.53 mg, 0.0019 mmol) were
placed in a 2-dram vial, following by adding 0.8 mL of a mixture
of solvent (Acetone-d6 /D2O 1:1), which was then sealed with Teflon
tape and immersed in an oil bath at 60–65 °C for 45 h. The yellow
orange solution was periodically transferred to an NMR tube for
analysis. After two sets of signals corresponding to RS and RL were
clearly present in the NMR spectra with no further changes, the
reaction mixture was characterized by ESI/MS. 1H NMR (Acetone-
d6 /D2O: 1/1, 300 MHz). For RS: δ 9.53 (s, 2H, H9), 9.21 (d, 3J )
5.8 Hz, 4H, HR-Py), 9.18 (d, 3J ) 5.4 Hz, 2H, HR′-Py), 8.71 (d, 3J )
5.4 Hz, 4H, H�-Py), 8.53 (d, 3J ) 5.4 Hz, 4H, H�′-Py), 8.37 (s, 2H,
H10), 7.71 (d, 3J ) 10.5 Hz, 4H, H4,5), 7.62 (m, 4H, H2,7), 7.14 (t,
3J ) 7.2 Hz, 4H, H3,6), 1.45 (m, 48H, PCH2CH3), 0.84 (m, 72H,
PCH2CH3). For RL: δ 9.45 (s, 2H, H9), 9.03 (d, 4H, 3J ) 5.1 Hz,
HR-Py), 8.95 (d, 4H, 3J ) 5.4 Hz, HR′-Py), 8.36 (s, 2H, H10), 8.03
(m, 8H, H�-Py), 7.74 (s, 8H, Hphenylene), 7.71 (d, 4H, 3J ) 10.5 Hz,
H4, 5), 7.64 (m, 4H, H2,7), 7.14 (t, 3J ) 7.2 Hz, 4H, H3,6), 1.45 (m,
48H, PCH2CH3), 0.84 (m, 72H, PCH2CH3). 31P {1H} NMR
(Acetone-d6 /D2O: 1/1, 121.4 MHz). For RS: δ 8.95 (195Pt satellites,
1JPt-P ) 2671 Hz). For RL: δ 9.10 (195Pt satellites, 1JPt-P ) 2671
Hz).

Figure 6. Partial 1H NMR spectra (Acetone-d6/D2O 1:1) recorded at 1, 3,
12, and 24 h time intervals during the formation of distorted triangle prisms
DTPS and DTPL.

Figure 7. Full ESI mass spectrum (Acetone-d6/D2O 1:1) of product mixture
containing distorted triangular prisms DTPS and DTPL.
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Self-Sorting of Triangles. A 60° organoplatinum acceptor 2
(4.44 mg, 0.00382 mmol), 4,4′-dipyridyl 3 (0.30 mg, 0.0019 mmol),
and 1,4-Bis(4-pyridylethynyl)benzene 4 (0.53 mg, 0.0019 mmol)
were placed in a 2-dram vial, following by adding 1.4 mL of a
mixture of solvent (Acetone-d6 /D2O 1:1), which was then sealed
with Teflon tape and immersed in an oil bath at 60–65 °C for 65 h.
After two sets of signals corresponding to TS and TL were clearly
present in the NMR with no further changes, the reaction mixture
was characterized by ESI/MS. 1H NMR (Acetone-d6 /D2O: 1/1,
300 MHz). For TS: δ 9.11 (d, 3J ) 5.7 Hz, 6H, HR-Py), 9.06 (d, 3J
) 5.7 Hz, 6H, HR′-Py), 8.62 (s, 6H, H4,5), 8.32 (d, 3J ) 6.3 Hz, 6H,
H�-Py), 8.29 (d, 3J ) 6.0 Hz, 6H, H�′-Py), 7.65 (d, 3J ) 8.4 Hz, 6H,
H2,7), 7.54 (m, 12H, H1,8,9,10), 1.30 (m, 72H, PCH2CH3), 1.07 (m,
108H, PCH2CH3). For TL: δ 8.87 (m, 12H, HR-Py), 8.54 (s, 6H,
H4,5), 7.80 (d, 12H, 3J ) 6.6 Hz, H�-Py), 7.71 (s, 12H, Hphenylene),
7.65 (d, 3J ) 8.4 Hz, 6H, H2,7), 7.54 (m, 12H, H1,8,9,10), 1.30 (m,
72H, PCH2CH3), 1.07 (m, 108H, PCH2CH3). 31P {1H} NMR
(Acetone-d6 /D2O: 1/1, 121.4 MHz). For TS: δ 15.19 (195Pt satellites,
1JPt-P ) 2639 Hz). For TL: δ 15.27 (195Pt satellites, 1JPt-P ) 2654
Hz).

Self-Sorting of Distorted Triangle Prisms. Molecular “Clip”
1 (7.92 mg, 0.00681 mmol), tritopic tectons 5 (0.59 mg, 0.0022
mmol), and 6 (1.29 mg, 0.00230 mmol) were placed in a 2-dram
vial, following by adding 0.8 mL of a mixture of solvent (Acetone-
d6 /D2O 1:1), which was then sealed with Teflon tape and immersed
in an oil bath at 65–70 °C for 24 h. The yellow orange solution
was periodically transferred to an NMR tube for analysis. After

two sets of signals corresponding to DTPS and DTPL were clearly
present in the NMR spectra with no further changes, the reaction
mixture was characterized by ESI/MS. 1H NMR (Acetone-d6 /D2O:
1/1 300 MHz). For DTPS: δ 9.14 (d, 6H, 3J ) 6.3 Hz, HR-Py), 8.98
(m, 9H, HR′-Py,9), 8.36 (s, 3H, H10), 8.25 (d, 6H, 3J ) 4.2 Hz, H�-

Py), 7.72 (m, 12H, H�′-Py, H4, 5), 7.68 (d, 6H, 3J ) 9.9 Hz, H2,7),
7.14 (m, 6H, H3,6), 1.40 (m, 72H, PCH2CH3), 0.82 (m, 108H,
PCH2CH3). For DTPL: δ 9.32 (s, 3H, H9), 9.01 (d, 6H, 3J ) 5.1
Hz, HR-Py), 8.91 (d, 6H, 3J ) 4.8 Hz, HR′-Py), 8.36 (s, 3H, H10),
8.00 (d, 6H, 3J ) 6.0 Hz, H�-Py), 7.95 (d, 6H, 3J ) 6.0 Hz, H�-Py),
7.73 (m, 12H, H4,5,2,7), 7.57 (d, 12H, 3J ) 8.4 Hz, H3,5-phenylene),
7.17 (d, 12H, 3J ) 8.1 Hz, H2,6-phenylene), 7.14 (m, 6H, H3,6), 1.40
(m, 72H, PCH2CH3), 0.82 (m, 108H, PCH2CH3). 31P {1H} NMR
(Acetone-d6 /D2O: 1/1 121.4 MHz) DTPS: δ 11.12 (195Pt satellites,
1JPt-P ) 2639 Hz). For DTPL: δ 10.16 (195Pt satellites, 1JPt-P )
2654 Hz).
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Figure 8. Calculated (top, red) and experimental (bottom, blue) ESI mass spectrum (Acetone-d6/D2O 1:1) of product mixture containing distorted triangular
prisms DTPS and DTPL.
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