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Tunable Supramolecular Nanoarchitectures Constructed by
the Complexation of Diphenanthro-24-Crown-8/Cesium(I)
with Nickel(II) and Silver(I) Ions
Zhi-Yuan Zhang,[a] Yong Chen,[a] Yan Zhou,[a] and Yu Liu*[a, b]

Tunable supramolecular nanoarchitectures have received enor-
mous attention because of their potential in materials fabrica-
tion. Herein, a variety of morphologically intriguing nano-
architectures have been constructed from diphenanthro-24-
crown-8 ether (DPC) and metal ions. SEM and TEM showed that
the self-assembled nanofibers undergo a CsI-induced trans-
formation into regular nanoribbons, and further into nano-
spheres and nanoparticles by the complexation of NiII and AgI

ions because of the strong ion-dipole interaction. Moreover, the
X-ray crystal structure determination and powder X-diffraction
data further confirmed that these morphological transforma-
tions resulted from the different complexation between DPC
and metal ions. This result provides a new strategy for the
subtle manipulation of supramolecular assemblies.

Self-assembly is the compromise of various noncovalent
bonding interactions, such as ion-ion interactions, ion-dipole
interactions, hydrogen bonding, π-π interactions, Van der Waals
Forces and so on. When designing a supramolecular system, it
is crucial to take into account the interplay of all of these
interactions comprehensively. However, in most cases, the
inherent unmeasurable nature of the interactions makes the
construction and regulation of assembly an elusive goal. Some
excellent works have been reported in the past years.[1]

Recently, the modulation of assembled structures from one
morphology to another by redox,[2] heat[3] and light[4] was
achieved. We previously reported photocontrolled reversible
conversion of assemblies by the trans/cis isomerization of
azobenzene and a variety of tunable morphologically interest-
ing aggregates constructed by host–guest complexation.[5]

Motivated by our ongoing interest on the morphologically
conversion of nanosupramolecular assemblies and potential
application in material manufacturing, herein we report a
diphenanthro-24-crown-8 (DPC) which can be regulated from
nanofibers to regular nanoribbons and then to nanospheres

and nanoparticles by different metals (Scheme 1). A key to
achieve this multilevel manipulation was the accurate utilizing
of four different noncovalent forces provided by DPC and
ethanol: the π-π stacking of 1,10-phenanthroline group, the
ion-dipole interactions of crown ether motif with alkalis, the
coordination interactions of 1,10-phenanthroline with transition
metals and the H-bond between DPC and ethanol. The crystal
uncovered the multiple H-bonding between DPC and ethanol,
which were vital to the morphological transformation.

As π-stacking of phenanthroline derivatives and the binding
character of 24-crown-8 for Cs+ had been well established,[6] it
was possible for DPC to form nanostructures by self-assembly
and change its morphology by complexation with Cs+. As
anticipated, self-assembly DPC did yield fiber-like structures
after the evaporation of solvent (Scheme 1, Figure 1a,b). The
addition of CsCl produced large size nanoribbon DPC/Cs
(Scheme 1, Figure 1e,f). As a typical example, a mixture of DPC
(10 mM) and CsCl (10 mM) was allowed to stand at 25 °C in
ethanol (EtOH). 6 μL of the reaction mixture was subjected to
scanning electron microscopy (SEM) after air-dried. As shown in
Figure 1e,f, nanoribbons with a length of 50 to 400 μm and
width of 0.2 to 3 μm were observed. The size matched well with
transmission electron microscopy (TEM) images (Figure S1c,d).
TEM-element mapping pattern verified the uniform distribution
of Cs+ in nanoribbon. The clear border indicated that the Cs+

was participated in the construction of assembly but not
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Scheme 1. Schematic illustration of tunable nanostructures and SEM micro-
graphs of assemblies. (a) DPC (nanofibers), (b) DPC/Ni (nanospheres), (c)
DPC/Cs (nanoribbons) and (d) DPC/Ag (nanoparticles).
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absorbed in the surface (Figure 1g). The untapped coordination
ability of phenanthroline inspired us to explore more various
transformation of morphology. Interestingly, when titration DPC
with Ni(ClO4)2, aggregated nanospheres DPC/Ni appeared (Fig-
ure 1h,i and Figure S1e,f). The diameter of nanospheres was
ranging from 50 to 100 nm. TEM-element mapping pattern
clearly validated the existence of Ni2+ in the nanosphere
(Figure 1j). In the case of AgNO3, much smaller assembly DPC/
Ag in the morphology of nanoparticles appeared with the
diameter of 10 nm to 20 nm (Figure 1k,l and Figure S1g,h). The
strong elemental signal of Ag proved its involvement in the
assembly (Figure 1m).

The binding modes between DPC and three metals were
investigated by UV/Vis, fluorescence, 1H NMR and mass
spectrometry. Neither absorption nor fluorescence spectra
displayed any change upon the titration of CsCl which indicated
that the Cs+ did not bind with the phenanthroline moieties and
possibly located in the crown ether group (Figure 2a,b). This
anticipation was confirmed by 1H NMR. The protons of
phenanthroline at 7.7, 8.7 and 9.0 ppm exhibited no change but
crown ether protons at 3.7, 3.9 and 4.4 ppm shifted slightly
upon the addition of CsCl (Figure S2). This is reasonable as
crown ether have a remarkable binding ability for alkali metal
ions and the cavity radius and donor group orientation in 24-
crown-8 is most favourable for Cs+.[7] Matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry (MALDI-
TOF-MS) confirmed the 1 :1 complex DPC/Cs+ (m/z 785.164,
calcd value 785.159 for [M]+, Figure S3). However, the absorp-
tion band centred at 232 nm and 272 nm decreased dramati-
cally upon titration with Ni(ClO4)2 which indicated the binding
of phenanthroline with metals.[8] The immensely attenuation of
fluorescence intensity at 450 nm further confirmed the binding

of phenanthroline with Ni2+ (Figure 2d). The binding constant
(KS) was determined as 1.80×108 M� 1 (Figure S6a,b). Besides,
the complete disappearance of phenanthroline and crown ether
protons indicated the formation of DPC/Ni complex which had
poor solubility (Figure S2). As the ligancy of Ni2+ was change-
able,[9] we validated complex stoichiometry by Job’s plot
(Figure S4). The dependence of the absorbance at 262 nm
toward Ni2+ concentration determined complex stoichiometry
as 1 :1 or n :n, considering the 1H NMR data discussed above,
n :n was more reasonable. In the case of AgNO3, the absorption
band centred at 232 nm and 272 nm were sharply weaken by
AgNO3 (Figure 2e). The emission also quenched which could be
attributed to the heavy atom effect of Ag+ (Figure 2f). The
binding constant (KS) was determined as 7.87×106 M� 1 (Fig-
ure S6c,d).[10] 1H NMR gave weaken and broaden signal (Fig-
ure S2). All these data indicated that DPC bound with Ag+ in
the phenanthroline motif. Job’s plot confirmed complex
stoichiometry as 1 :1 or n :n (Figure S5). As 2 :1 coordination
mode of phenanthroline derivatives with Ni2+ and Ag+ has
been well established,[11,12] we proposed that every two
phenanthroline motifs of DPC coordinated with one Ni2+ or
Ag+. Therefore, liner oligomer formed and further entangled
into nanospheres (DPC/Ni) or nanoparticles (DPC/Ag) (Fig-
ure 3d). A reasonable assembly mode was illustrated in Fig-
ure 3d. The DPC/Cs adopted the V-shaped stacking, while Cs+

located on the cavity of crown ether. For DPC/Ni, the Ni2+

connected DPC to form a linear structure which further
enwound into large nanosphere. This mode was also applicable
to DPC/Ag.

Inspired by above transformation of morphology and the
different anchoring points of DPC, we hypothesized that further
manipulation was probably available if Ni2+ or Ag+ were
introduced to the DPC/Cs system. The disappearance and
broadening of 1H NMR signal proved the formation of DPC/Ni
or DPC/Ag upon the addition of Ni(ClO4)2 or AgNO3 to DPC/Cs
system (Figure S7). The detailed morphological conversion was
recorded by TEM (Figure S9). In the case of Ni2+, one
equivalents of Ni(ClO4)2 was added to the DPC/Cs system
(10 mM), after shaking for 1 minute, 6 μL of the reaction mixture
was subjected to TEM after air-dried. Interestingly, nanospheres
same as DPC/Ni were observed and the conversion process
were captured by TEM. In Figure S9, the remained ribbon-like
DPC/Cs assembly were surrounded by the newly formed
spherical■ok?■ assembly DPC/Ni. The spherical■ok?■
nanostructures mainly formed in the border of nanoribbon and
the centre of which was halted on the way of transformation by
the evaporation of solvent. In the remote region, dispersive
spheres in the same size and morphology with DPC/Ni assembly
were completely transformed (Figure S9d). All these images
promoted us to propose that the attacking of Ni2+ to nano-
ribbons most probably started from the external by the strong
ion-dipole force between phenanthroline and Ni2+. The short
reaction time (1 min) and fast evaporation of solvent ensured
the capturing of the conversion. Enough time made the
nanoribbons transformed into nanospheres completely (Fig-
ure S8). TEM-element mapping pattern validated the existence
of Ni2+ and Cs+ in the nanospheres which indicated that the

Figure 1. (a, b, e, f, h, I, k, l) SEM images, (g, j, m) element mapping pattern
and (c, d) LCSM micrographs of air-dried EtOH/water dispersions of (a, b, c)
DPC, (d, e, f, g) DPC/Cs, (h, i, j) DPC/Ni, and (k, l, m) DPC/Ag ([DPC]= [CsCl]=
[Ni(ClO4)2]= [AgNO3]=10 mM in EtOH).
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transformation was originated from the bonding of Ni2+ (Fig-
ure S10). For Ag+, we chose CsNO3 but not original CsCl as to
avoid the mischief of Cl� to Ag+. There was no doubt that the
replacement of counter ion nearly had no effect on the
assembly as the complex had same morphology and character-
istic reflection of powder X-ray diffraction (XRD) with that of
CsCl (Figures S11 and S12). The titration of AgNO3 resulted in
the gradually decrease of DPC/Cs and the formation of nano-
particles (Figure S13). The completely transformation resulted in
the formation of the nanoparticles (Figure S13). The ribbon in
the widths of 480 nm was transforming into nanoparticles
(Figure S14a), the conversion occurred at both the end and the
middle part of the nanoribbon (Figure S14c). These figures
revealed that the Ag+ possibly adopted the same offensive
pattern as Ni2+. TEM-element mapping pattern proved the
existence of Ag+ and Cs+ in the nanoparticles (Figure S15).

Thus, the second level manipulation triumphantly accomplished
by the morphological transformation from nanoribbons to
nanospheres and nanoparticles.

Due to the fluorescence characteristics and large size of
these assemblies, we further studied the assemblies and multi-
level morphological manipulation by Laser Confocal Scanning
Microscope (LCSM). The fluorescence reserved for DPC and
DPC/Cs and disappeared for DPC/Ni and DPC/Ag after the
vaporing of solvent, which fitted well with the photophysical
properties in solution (Figure 1c,d and Figure S16). When Ni
(ClO4)2 or AgNO3 was added to DPC/Cs system, the fluorescence
absolutely disappeared (Figures S17 and S18).

The assembly mode of DPC and DPC/Cs were still
unaddressed so far, fortunately, the single crystal of DPC and
XRD provided detailed information (Figure 3a,b). The CCDC
number is 1884016. DPC crystal belonging to the monoclinic

Figure 2. (a, c, e) UV/Vis spectra of DPC upon titration with metals and (inset) absorption changes at certain wavelengths upon titration with (a) CsCl, (c) Ni
(ClO4)2, (e) AgNO3 ([DPC]= 0.01 mM in ethanol, [CsCl]= [Ni(ClO4)2]= [AgNO3] changed from 0 to 0.02 mM); (b, d, f) fluorescence spectra of DPC upon titration
with metals and (inset) fluorescence intensity changes at 480 nm upon titration with (b) CsCl, (d) Ni(ClO4)2, (f) AgNO3 ([DPC]=0.01 mM in ethanol, CsCl, Ni
(ClO4)2, AgNO3 mole ratio to constituent DPC changed from 0 to 400% ).
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space group C 2/c had cell parameters of a=26.85 Å, b=

4.40 Å, c=31.73 Å, α=90.00°, β=96.71° and γ=90.00° (Ta-
ble S1). Interestingly, the ethanol interplayed with DPC by
multiple H-bond, the distances of C� H···O were 2.702, 2.783 and
2.796 Å. Moreover, the interaction of O� H···N had a short
distances of 2.153 and 2.657 Å. Besides, there were C� H···O
interactions and π-π stacking between DPC with the distances
of 2.641 and 3.311 Å, respectively (Figure 3a). All of the above
interactions ensured the formation of nanofibers and nano-
ribbons. In Figure 3b, adjacent DPC molecules arranged along
the b-axis of the crystal to form single array, two such single
arrays with same oriented molecules composed double array
with a herringbone-like arrangement. XRD patterns further
revealed the structures (Figure 3c). The characteristic reflection
of DPC at 2θ=5.9°, d=14.9 Å (002), 2θ=11.9°, d=7.4 Å (004)
and 2θ=21.2°, d=4.2 Å (600) assigned to the distances of
ethanol and phenanthroline moiety which fitted well with
crystal-based simulated XRD pattern (Figure 3a,c). Interestingly,
the DPC/Cs possessed a similar characteristic reflection, with
d=15.0 Å (002), d=7.5 Å (004) and d=4.1 Å (600). This hinted
the similar structural mode with DPC, the larger distances
indicated that the addition of CsCl altered the stacking of
phenanthroline. This surprising result indicated that the π-
stacking of phenanthroline moieties and H-bond between DPC
and ethanol were important for the assembly of DPC and DPC/
Cs. The binding of phenanthroline to Ni2+ and Ag+ broke the
H-bond, resulted in the formation of amorphous structure of
nanospheres and nanoparticles (Figure 3c). A reasonable assem-
bly mode was illustrated in Figure 3d. However, the H-bonds

between DPC and ethanol were absent in solution although it
existed in solid (Figure S19).

Electrochemistry is a useful tool for monitoring
supramolecular self-aggregates.[13] To investigate the electro-
chemical property of assemblies, we recorded the cyclic
voltammograms (CVs) in an ethanol/acetonitrile solution con-
taining NBu4PF6 (Figure 4a). The electrochemical curve showed

a reduction wave at E=1.29 V (18.78 μA) and oxidation wave at
E= � 0.87 V (17.00 μA) for DPC. DPC/Cs displayed similar
reduction wave at E=1.27 V (29.27 μA) and oxidation wave at
E= � 0.91 V (� 38.52 μA), with additional reduction wave at E=

0.79 V (12.67 μA). However, DPC/Ni gave a lower reduction
wave at E=0.46 V (8.89 μA) and higher oxidation wave at E=

� 0.84 V (� 33.46 μA). The DPC/Ni showed a reduction wave at

Figure 3. (a, b) X-ray single-crystal diffraction of DPC (the ethanol was in cyan), (c) XRD patterns of the DPC/Ag, DPC/Ni, DPC/Cs, DPC, simulated XRD of DPC
based on crystal (from top to down), and (d) schematic of proposed assembly mode.

Figure 4. (a) Cyclic voltammograms of assemblies in ethanol/acetonitrile
solution containing 0.10 M NBu4PF6 (Sweep rate is 100 mVs� 1 at 25 °C); (b) I–
V curves of DPC and DPC/Cs.
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E=0.68 V (10.78 μA) and oxidation wave at E= � 0.85 V
(� 18.74 μA) and E=0.70 V (� 8.62 μA). Obviously, the electro-
chemical property of assemblies had been altered by metals.
The large size of DPC crystal and DPC/Cs nanoribbon spurred us
to explore their conducting behaviour. DPC crystal wire was
fixed on the two-terminal microscale gold electrode on glass
base. The measured I–V characteristics of individual DPC at
room temperature was displayed in Figure 4b. The nonlinear
relationship suggested that the I–V behaviour of DPC obeys
Ohm’s law only at low applied voltage, and an intimately ohmic
contact existed between the electrodes and crystal.[14] For DPC/
Cs system, only 0.020 and 0.036 pA of current were detected at
0.8 and 1.6 V separately, while the current was 4.98 and 8.45 pA
for DPC system. This could be attributed to the greater distance
of phenanthroline in DPC/Cs system which lowered mobility of
electron and hole.[15] The measurement of conducting behav-
iour for DPC/Ni and DPC/Ag was unavailable because their size
(nanoscale) far below the requirement of 10 μm.

In conclusion, the diphenanthroline crown ether could self-
assemble into nanofibers, then transformed into nanoribbons,
nanospheres and nanoparticles by the complexation of Cs+, Ni2
+ and Ag+. Crystal structure revealed the existence of π-
stacking and H-bond between DPC and ethanol in solid. The
strong ion-dipole interaction of Ni2+ or Ag+ with phenanthro-
line unit ensured the further tune. Moreover, the electro-
chemical property of assemblies had been altered by metals.
Besides, the tiny extending of molecular distances in assembly
resulted in significantly decreasing of conducting capability.
This multilevel morphological manipulation enriched the meth-
ods to control and regulate the supramolecular assembly which
had a potential application in material manufacturing.

CCDC 1884016 (DPC) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.
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Tunable nanoarchitectures have
been constructed from diphenan-
thro-24-crown-8 ether (DPC) and
metal ions. Multiple H-bonds
between DPC and ethanol were
found to be vital for assembly and
manipulation. Complexation with NiII

and AgI ions alters the electrochemi-
cal properties of the assemblies.

Z.-Y. Zhang, Dr. Y. Chen, Dr. Y. Zhou,
Prof. Dr. Y. Liu*
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Tunable Supramolecular Nanoarchi-
tectures Constructed by the Com-
plexation of Diphenanthro-24-
Crown-8/Cesium(I) with Nickel(II)
and Silver(I) Ions

#Supramolecular #nanoarchitectures made up of diphenanthro-24-crown-8/cesium(I) with nickel(II)
and silver(I) ions, Yu Liu et al. #NankaiUniversity
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