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from mesogens into complicated, hierarchical structures 
with mobile and ordered states. [ 2 ]  Functional liquid-crystal 
assemblies are unique vehicles for the development of 
nano- and mesoscopic engineered materials with attrac-
tive properties, including information and mass transport, 
templates, catalysis, sensing, and electro-optical displays. [ 3 ]  
In order to enrich the functional capabilities of LCs and 
enable their applications in various fi elds, it is important 
to develop novel strategies to tune LC behaviors. In con-
trast to conventional covalent approaches to regulate LC 
materials that have a deleterious effect on their perfor-
mance and durability, supramolecular strategies encom-
passing dynamic and reversible interactions offer distinct 
advantages in the tuning of LC properties. [ 4 ]  Along these 
lines, supramolecular LC assemblies can be built upon spe-
cifi c noncovalent interactions, such as hydrogen bonds, 
ionic bonds, and charge-transfer interactions, ultimately 
resulting in dynamically functional materials. [ 5 ]  Among 
various supramolecular approaches, host–guest recogni-
tion has become particularly attractive due to its excellent 
stimuli-responsive nature. 

 Coordination-driven self-assembly is a powerful 
method to fabricate supramolecular coordination 
complexes (SCCs) via the spontaneous formation of 

 The host–guest complexation between a porphyrin-based 3D tetragonal prism ( H ) and electron-
rich pyrene is investigated. This host–guest molecular recognition is further utilized to suppress 
the liquid-crystalline behavior of a nematic molecule ( G ) containing cyanobiphenyl mesogens 
functionalized with a pyrenyl unit. Furthermore, coronene, 
with an increased number of π-electrons, is used as a competi-
tive guest to recover the liquid-crystalline behavior of  G . This 
supramolecular approach provides a glimpse of the new pos-
sibilities to modulate the structures of the mesophases.  
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  1.     Introduction 

 Self-organization has opened up new and exciting per-
spectives in the design and engineering of novel, control-
lable architectures on the nano- and mesoscopic length 
scales. [ 1 ]  Liquid-crystalline (LC) materials self-organize 

Macromol. Rapid Commun. 2016, 37, 1540−1547



Macromolecular
Rapid CommunicationsA Porphyrin-Based Discrete Tetragonal Prismatic Cage: Host–Guest Complexation . . .

www.mrc-journal.de

 

www.MaterialsViews.com 1541© 2016  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

metal–ligand bonds that result in a single thermody-
namically favored product. [ 6 ]  This increasingly popular 
methodology enables a combinatorial molecular library 
consisting of complementary, rationally designed organic 
ligands and metal containing precursors that may be 
combined to afford specifi c discrete assemblies. [ 7 ]  Well-
defi ned cavity-cored 2D metallacycles and 3D metalla-
cages have been prepared through coordination-driven 
self-assembly approaches. These scaffolds can be easily 
functionalized on their interior or exterior surfaces for 
applications including host–guest chemistry, molecular 
fl asks, catalysis, bioengineering, and amphiphilic self-
assembly. [ 8 ]  The use of metal–ligand bonding affords 
control over both directionality and stoichiometry due 
to the predictable and well-defi ned coordination geom-
etries of transition metal ions. The incorporation of 
SCCs into LC materials introduces the possibility of addi-
tional intermolecular interactions, such as metal–metal, 
metal–ligand, and host–guest interactions, resulting in a 
rich chemistry. [ 5c , 9 ]  For example, Donnio and co-workers 
reported the supramolecular organization of a new family 
of LC host–guest complexes based on an arene ruthenium 
metallacycle and LC dendrimers. [ 5c ]  By employing host–
guest recognition, interesting LC behaviors were achieved 
in their supramolecular systems. 

 Herein, a porphyrin-based 3D tetragonal prism ( H ) was 
obtained from the multicomponent coordination-driven 
self-assembly of two different donors ( 1  and  3 ) and  cis -
(PEt 3 ) 2 Pt(OTf) 2  ( 2 ) under stoichiometric control. These 
building blocks  1 ,  2 , and  3  act as the faces, vertices, and 
pillars of the metallacage, respectively. This tetragonal 
prismatic cage was then utilized as a host to complex 
with electron-rich pyrene ( P ) driven by face-to-face π···π 
stacking and orthogonal C  H···π interactions. Based on 
this host–guest recognition motif,  H  was employed to 
tune the LC behavior of a smectic molecule ( G ) containing 
cyanobiphenyl mesogens functionalized with a pyrenyl 
unit. The mesomorphism of  G  was suppressed in the pres-
ence of  H , because of the lack of π···π stacking interactions 
between the pyrenyl groups and additional electrostatic 
repulsions between the metallacages arising from the 
host–guest complexation. Moreover, the LC properties 
of  G  were recovered upon addition of coronene, due to a 
competitive complexation.  

  2.     Experimental Section 

  2.1.     Materials and Methods 

  2.1.1.     General Methods 

 1-(3′-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, 
dimethyl 5-hydroxyisophthalate, 4-dimethylaminopyridine, and 
other reagents were commercially available and used as received. 

 1 H NMR and  13 C NMR spectra were recorded on a Bruker Avance 
III-400 spectrometry. Matrix-assisted laser desorption/ionization 
time-of-fl ight (MALDI-TOF) mass spectrometry was performed 
on an ultrafl eXtreme MALDI-TOF system. HRMS were obtained 
on a WATERS GCT Premier mass spectrometer. The melting 
points were collected on an SHPSIC WRS-2 automatic melting 
point apparatus. Differential scanning calorimetry experiments 
were conducted on a DSCQ1000 thermal analysis instrument 
under N 2  at a rate of 10 °C min −1 . Polarized optical microscopy 
observations at various thermal conditions were carried out on 
an Olympus microscope (BX51) equipped with a hot stage. The 
wavelength of X-ray was 1.24 Å, and the sample-to-detector dis-
tance was set as 1900 and 255 mm for small- (SAXS) and wide-
angle X-ray scattering (WAXS) measurement, respectively. 2D 
SAXS/WAXS patterns at various temperatures were recorded. 
The average exposure time was 50 s for each scan. Bull tendon 
and cerium oxide were used as standard material for calibrating 
the SAXS and WAXS scattering vector, respectively. The 2D SAXS/
WAXS patterns were converted into 1D SAXS/WAXS profi les 
using Fit2D software.  

  2.1.2.     Sample Preparation for Thermal Investigations 

  G  was dissolved in CH 2 Cl 2 . One drop of the sample solution was 
placed on a glass surface, the solvent was evaporated at room 
temperature, and the sample was dried under vacuum. Before 
thermal experiments were carried out, the samples were heated 
into the isotropic liquid under N 2  protection and annealed for 
15 min. Then the samples were cooled down very slowly to the 
room temperature. 

 For the host–guest complex  H ⊃ G , the building blocks ( H  and 
 G , molar ratio was 1:1) were added into CH 2 Cl 2  and stirred over-
night. One drop of the sample solution was placed on a glass 
surface, the solvent was evaporated at room temperature, and 
the sample was dried under vacuum. Before thermal experi-
ments were carried out, the samples were heated to 200 °C under 
N 2  protection and annealed for 15 min. Then the samples were 
cooled down very slowly to the room temperature. 

 For the ternary system, coronene (1.2 equiv.) was added into 
the CH 2 Cl 2  solution of  H ⊃ G  and stirred at room temperature 
overnight. The resultant solution was injected into acetonitrile 
and stirred for 2 h, the formed precipitation was fi ltered off. The 
precipitation was dissolved in CH 2 Cl 2  again, and the dissolution–
precipitation process repeated fi ve times. The obtained solid was 
dissolved in CH 2 Cl 2 . One drop of the sample solution was placed 
on a glass surface, the solvent was evaporated at room tempera-
ture and the sample was dried under vacuum. Before thermal 
experiments were carried out, the samples were heated into the 
isotropic liquid under N 2  protection and annealed for 15 min. 
Then the samples were cooled down very slowly to the room 
temperature.    

  3.     Results and Discussion 

 Prism  H  was prepared by mixing 90° Pt(II) acceptor  2 , car-
boxylate ligand  3 , and tetrapyridylporphyrin ( 1 ) in a ratio 
of 8:4:2. [ 10 ]  The host–guest complexation between  H  and 
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 P  was investigated by  1 H NMR spectroscopy. As shown in 
Figure  1 b, the signals related to the protons H 1 , H 2 , and H 3  
on  P  shifted upfi eld upon addition of  H  (Δ δ  = −0.058, −0.069, 
and −0.052 ppm for H 1 , H 2 , and H 3 , respectively), indicating 
that these protons are located within the cavity of  H  upon 
the formation of an inclusion complex between  H  and  P . 
Moreover, the signals corresponding to the protons on  H  
exhibited slight chemical shift changes due to host–guest 
interactions. [ 10 ]  2D nuclear Overhauser effect spectroscopy 
(NOESY) NMR spectroscopy, a useful tool to study the rela-
tive positions of the components in host–guest inclusion 
complexes, was utilized to investigate the complexation 
between  H  and  P . Nuclear Overhauser effect (NOE) correla-
tions were observed between the signals related to protons 
H 3  on  P  and protons (H b  and H c ) on  H  (Figure S12, Sup-
porting Information), suggesting that planar  P  was located 
within the cavity of  H . 

  The host–guest complexation between  H  and  P  was fur-
ther supported by electrospray ionization time-of-fl ight 
mass spectrometry (ESI-TOF-MS). As shown in Figure  2 d–f, 
the isotopically resolved peaks corresponding to  H ⊃ P  
with the loss of OTf −  anions were found at  m / z  1535.6 
[ H ⊃ P  − 4OTf] 4+ , 1582.9 [ H ⊃ P  − 3OTf + K] 4+ , and 2097.5 
[ H ⊃ P  − 3OTf] 5+ . All of these peaks were isotopically resolved 
and agreed very well with their calculated theoretical 

distributions, which confi rm the for-
mation of a 1:1 host–guest complex 
between  H  and  P . These results are con-
sistent with those obtained from NMR 
titration experiments (Figure S13–S15, 
Supporting Information). To estimate the 
association constant for the complexa-
tion between  H  and  P ,  1 H NMR titrations 
were conducted (Figure S13, Supporting 
Information). A mole ratio plot based on 
the titration experiments demonstrated 
that the complexation of  H  with  P  had 
a 1:1 stoichiometry (Figure S15, Sup-
porting Information). The association 
constant ( K  a ) was calculated to be 78.6 ± 
8.1  M  −1  as determined from a nonlinear 
curve-fi tting (Figure S14, Supporting 
Information). 

  With this new recognition motif 
between  H  and  P  established, the cage 
was then investigated for its effects on 
the LC behavior of  G  functionalized with 
a pyrenyl unit. Diffusion ordered NMR 
spectroscopy (DOSY) experiments were 
performed to verify the complexation 
between  H  and  G  (Figure S19–S22, Sup-
porting Information). The measured 
weight average diffusion coeffi cients ( D ) 
of  H  and  G  were found to be 3.63 × 10 −10  

and 4.16 × 10 −10  m 2  s −1 , respectively. However, a decrease 
of  D  was observed for each component of the system 
when they were mixed together in solution ( D  = 1.80 × 
10 −10  m 2  s −1 ), implying that the proposed  H ⊃ G  complex 
was larger than its precursors. 

 The LC behavior and thermal properties of  G  were 
investigated by polarized optical microscopy (POM) 
and differential scanning calorimetry (DSC). Three DSC 
thermograms were collected (heating, cooling, second 
heating) after the sample was annealed at 200 °C so as 
to eliminate any thermal history (Figure S23, Supporting 
Information). The glass transition ( T  g ) and isotropiza-
tion temperature ( T  i ) of  G  were determined to be 23 and 
107 °C, respectively, revealing a relatively wide tempera-
ture range smectic A (SmA) LC mesophase. Furthermore, 
the supercooling of the sample was measured to be 11 °C 
(Figure S23, Supporting Information). Interestingly, a dis-
appearance of the melting peaks from the second heating 
scan was detected, mainly due to the extremely slow 
crystallization of  G  as evidenced by the lack of a crystal-
lization peak during cooling scans (Figure S23, Supporting 
Information). The mesophase was identifi ed by POM from 
the formation of a typical focal-conic fan texture (100 °C, 
Figure  4 a), indicative of untilted lamellae. When the tem-
perature was increased to 180 °C, which was higher than 
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 Figure 1.    a) Chemical structures and cartoon representations of the building blocks ( 1 , 
 2 ,  3 ,  P , and  G ). b) Schematic representation of the host–guest complexation between  H  
and  P .
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the  T  i , the focal-conic fan textures disappeared com-
pletely as the packing of the cyanobiphenyl mesogenic 
moieties changed from an anisotropic state to an iso-
tropic state. In addition, the LC behavior of  G  was recov-
ered after decreasing the temperature to 80 °C, which was 
lower than the  T  i . It should be noted that coexistence of 
crystalline and LC states was observed in the POM image 
when the temperature was 40 °C (Figure  4 a), which was 
consistent with the result obtained from DSC (the fi rst 
heating scan, Figure S23, Supporting Information). The 
formation of a crystalline phase may be associated with 
the long annealing time of  G  during preparation process. 

 The arrangement of the mesogenic molecules was 
studied by temperature-dependent SAXS/WAXS analyses 
(Figure  3 a,b). As shown in Figure  3 a, crystalline diffrac-
tion refl ections were monitored in the low-angle and 

large-angle regions at low temperature 
(40 °C), indicating partial crystalline 
character of the samples, which was 
consistent with the result obtained 
from POM (40 °C, Figure  4 a) and DSC 
(Figure S23, Supporting Information). 
When the temperature increased to 
100 °C, two sharp maxima in the low-
angle region were detected. For the 
two low-angle maxima, their reciprocal 
spacing ratio is 1:2 corresponding to the 
fi rst (001) and second (002) order refl ec-
tions from the smectic layers, charac-
teristic of a classical smectic A phase. [ 4c ]  
The periodicity ( d ) was deduced to be 
5.7 nm by  d  = 2 π / q . It should be noted 
that the intensity of peak (001) was 
almost identical to that of (002), sug-
gesting that there was a central layer of 
electron-rich containing units, between 
the two mesogenic sublayers. This 
central layer was likely formed by the 
pyrene rings and the phenyl rings of the 
hydroxyisophthalic units, which was 
commonly observed with mesomorphic 
compounds built with polar mesogens, 
such as cyanobiphenyls. [ 13b ]  At this tem-
perature (100 °C), the crystalline planes 
disappeared due to the melting of the 
crystals of  G  (Figure  3 b). Additionally, 
the classical wide-angle broad scat-
tering with a maximum at ≈4.2–5.0 
Å resulting from the overlapping 
distances between molten aliphatic 
chains, aromatic rings, and mesogens, 
respectively, were also observed, even 
when the temperature reached 180 °C 
(Figure  3 b). [ 5c ]  Based on previous reports 

of LC compounds fabricated from similar cyanobiphenyl 
mesogenic moieties and the corresponding SAXS/WAXS 
investigations, [ 4c ]  a possible model for the supramolecular 
organization of  G  within the smectic A phase is proposed 
(Figure  4 e).  G , containing two cyanobiphenyl mesogenic 
units, is statistically oriented upward and downward with 
the pyrene units in the middle. This alternating struc-
ture creates a modulation of the electron density with 
a period equal to half the full layer thickness. When the 
temperature was further increased to 180 °C, higher than 
the  T  i , the two sharp refl ections observed at small angles 
disappeared, confi rming a transition from the LC state to 
an isotropic liquid. Reversibly, the fi rst and second-order 
refl ections reappeared upon decreasing the temperature 
to 80 °C, in line with the POM investigations. It should be 
emphasized that the refl ections in the low-angle region 
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 Figure 2.     1 H NMR spectra (400 MHz, CD 2 Cl 2 , room temperature): a)  P  (6.00 × 10 −3   M ), 
b)  P  (6.00 × 10 −3   M ) and  H  (2.00 × 10 −3   M ), and c)  H  (2.00 × 10 −3   M ). Experimental (red) and 
calculated (blue) ESI-TOF-MS spectra of  H ⊃ P : d) [ H ⊃ P  − 4OTf] 4+ , e) [ H ⊃ P  − 3OTf + K] 4+ , 
and f) [ H ⊃ P  − 3OTf] 3+ .
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were a little broader when the sample 
was cooled to 80 °C. The reason was that 
the arrangement of  G  could not recover 
to the highly ordered layered structure 
at this temperature in a short time, 
which was confi rmed by DSC studies 
showing a relative wide exothermic 
peak around 96 °C in the cooling run. 

   More interestingly, the LC behavior 
of  G  disappeared upon addition of  H . 
As shown in Figure S23 (Supporting 
Information), the isotropization tem-
perature of  G  in the presence of  H  
vanished during the heating–cooling 
cycle. In sharp contrast to the result 
of free  G , no refl ections were detected 
in the temperature-dependent small-
angle range for  H ⊃ G  (Figure  3 c), con-
fi rming that the layered structure of 
the mesophase transformed into a 
disordered isotropic state due to the 
host–guest complexation between  H  
and the pyrenyl group grafted onto  G  
(Figure  4 d). The reason for this trans-
formation is that the tetragonal pris-
matic cages are much larger than the 
mean size of the mesogenic moieties, 
resulting in the suppression of meso-
morphism. The electrostatic repulsion 
arising from the metallacages was not 
conducive to an ordered packing of 
 H ⊃ G , which might be another factor 
governing the disappearance of LC 
behavior. Moreover, the lack of π···π 
stacking interactions between the pyr-
enyl groups arising from the forma-
tion of  H ⊃ G  was responsible for the 
suppression of mesomorphism. This 
phenomenon was also confi rmed by 
temperature-dependent POM investi-
gations. In contrast to the POM observations for free  G , 
only small spots were observed and no changes were 
found during the cooling or heating processes for  H ⊃ G  
(Figure  4 b), originating from the host–guest complexes. 
WAXS patterns recorded at 40 and 100 °C revealed that 
new and complicated wide-angle signals were moni-
tored upon host–guest complexation, which were dif-
ferent from those of free  H  and free  G . However, it was 
impossible to extract precise arrangement of the host–
guest complexes in this binary supramolecular system. 
As shown in Figure  3 d, there existed several refl ections 
in the large-angle region for free  H , indicating that the 
rigid metallacage possessed crystallinity. Spots were 
observed in temperature-dependent POM images even 

the temperature was increased to 220 °C (Figure  4 d). 
From comparison of Figure  4 b,d, we found that the mor-
phologies and sizes of the spots were quite different, 
further demonstrating that the spots in Figure  4 b gener-
ated from  H ⊃ G . Some information about the thermosta-
bility of the metallacage was acquired from WAXS pro-
fi les and thermal gravimetric analysis (TGA). Figure  3 d 
revealed that the refl ections in the large-angle regions 
vanished at 250 °C and never recovered to their original 
state, ascribed to the decomposition of the compounds. 
Furthermore, TGA of  H  indicated that decomposition 
took place when the temperature increased to 250 °C 
(Figure S24, Supporting Information), which was also in 
accordance with the WAXS result. 
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 Figure 3.    a) Lorenz-corrected SAXS and b) WAXS profi les of  G  at indicated temperatures. 
c) Lorenz-corrected SAXS profi les of  H ⊃ G  at indicated temperatures. d) WAXS profi les of 
 H  at room temperature and  H ⊃ G  at indicated temperatures.
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 Arguably the most striking feature of supramolecular 
chemistry is that noncovalent interactions are dynamic 
and reversible, endowing supramolecular systems with 
excellent stimuli-responsive characteristics. [ 11 ]  From 
computational simulations of  H , we established that 
the width of  H  was about 13.7 Å (Figure S25, Supporting 
Information), which was larger than the radius of coro-
nene (11.9 Å in van der Waals radii, Figure S26, Sup-
porting Information). As such, it was envisioned that 
metallacage  H  could be used as a host for coronene. Com-
pared with pyrene, the larger polycyclic aromatic coro-
nene molecule has an increased number of π-electrons 

and thus could form a more stable host–guest complex 
with  H  due to its stronger face-to-face π···π stacking and 
orthogonal C  H···π interactions. [ 12 ]  The association con-
stant between  H  and coronene in dichloromethane- d  2  
was determined to be 278 ± 22  M  −1  (Figure S16–S18, Sup-
porting Information), which was about three times that 
of  H ⊃ P . Therefore, coronene could act as a competitive 
guest to recover the LC behavior of this system, arising 
from the disassociation of the host–guest complexa-
tion between  H  and  G . The resultant  H ⊃coronene could 
be eliminated from this ternary system due to the dis-
crepancy in solubility between  H ⊃coronene and  G  in 

Macromol. Rapid Commun. 2016,  37,  1540−1547

 Figure 4.    Thermal POM images of a)  G , b)  H ⊃ G , and c)  H ⊃ G  in the presence of coronene at different temperatures. The scale bar is 50 μm. 
Cartoon representation of the supramolecular method tuning the LC behaviors of  G  through host–guest complexation.
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acetonitrile. POM observations confi rmed the recovery 
of the LC behavior of  G . Focal-conic fan textures observed 
at 100 °C and almost disappeared at 180 °C (Figure  4 c). 
These temperature-dependent changes were revers-
ible, and the focal-conic fan textures reappeared when 
the mixture was cooled to 80 °C. It should be noted that 
spherical spots existed even when the temperature was 
higher than the  T  i  of  G , which was ascribed to the poor 
solubility of the remaining  H ⊃coronene that resulted in 
phase separation or crystallization.  

  4.     Conclusion 

 In summary, we have investigated the host–guest rec-
ognition chemistry between a porphyrin-based discrete 
platinum(II) metallacage ( H ) and π-electron-rich guests 
(pyrene and coronene). The recognition between  H  and  P  
was utilized to suppress the mesomorphism of  G . These 
effects were attributed to the large size of the hosts 
along with the lack of π···π stacking interactions between 
the pyrenyl groups and the introduction of electrostatic 
repulsion between the complexed metallacages. The 
system demonstrated the dynamic and reversible nature 
of noncovalent interactions upon the addition of coro-
nene as a competitive guest that interrupted the host–
guest interactions between  H  and  G . Once  G  was freed, 
it re-established its LC behavior. This supramolecular 
strategy to tunable LC materials offers a new method 
to modulate the structures of mesophases, which can 
be applied in various fi elds, including optoelectronics, 
liquid-crystalline polymers, electro-optical displays, and 
sensors. [ 13 ]   
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