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 Hierarchically Tunable Helical Assembly of Achiral 
Porphyrin-Incorporated Alkoxysilane  
 Helical assembly is a common phenomenon in nature. The 
most well-known examples are double helices formed by DNA 
and  α -helical motives in proteins. These biopolymers adopt 
helical conformations due to molecular information present 
in their building blocks, i.e., the helices demonstrate distinct 
functions from individual components. [  1  ]  Drawing from nature, 
scientists have shown increasing interest into this synthetic 
strategy and have explored various helical assemblies at the 
nanoscale. [  2–6  ]  Assembly mainly produces fi rst-level helical 
structures based on chiral precursors. However, helical struc-
tures of various biomacromolecules, such as DNA, are cre-
ated through non-covalent interactions among achiral building 
blocks. In addition, helical superstructures may be further 
formed from the fi rst-level helices. A typical helical super-
structure based on self-assembly is the tobacco mosaic virus. [  7  ]  
Individual protein molecules of this virus spontaneously form 
a right-handed helix when mixed with viral DNA molecules. 
By deliberately designing building blocks and controlling the 
assembly process, it may be available to construct hierarchically 
biomimetic systems with helical superstructures and intriguing 
functionalities. 

 Due to their unique fl at and conjugated central tetrapyrrole 
macrocycle, porphyrin derivatives have been widely investigated 
as model molecules in self-assembly. [  8  ,  9  ]  For instance, porphyrin 
can be incorporated into an inorganic framework, such as silica, 
to produce hybrid materials, [  10  ,  11  ]  and various nanometer- and 
micrometer-sized superstructures have been described from 
porphyrin assemblies, including solid materials, spheres, rods, 
and fi bers. [  11–15  ]  Herein, we discover a novel assembly approach 
to construct hierarchically tunable helical superstructures 
based on an achiral porphyrin-incorporated alkoxysilane (PIA) 
in which four triethoxysilane groups are grafted to the central 
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macrocycle ( Scheme    1  ). The PIA superstructures can be tuned 
from fi lm, rice, spindle, ribbon, to fi ber in morphology and 
from non-helicity to helicity in structure, which spans nano- to 
macroscopic scales. These superstructures also exhibit excellent 
optoelectronic, electronic, and thermal properties. In addition, 
this construction may be also extended to other conjugated mol-
ecules, and represents a paradigm to design and build a family 
of functional materials.  

 PIA was synthesized from 4,4 ′ ,4 ′  ′ ,4 ′  ′  ′ -(21H,23H-porphine-
5,10,15,20-tetrayl) tetrakis (benzoic acid) and  γ -isocyanatopro
pyltriethoxysilane. Purifi ed PIA was then dissolved in tetrahy-
drofuran (THF) at a concentration of 10 mg mL  − 1 . Similar 
to other bridged silsesquioxianes, [  16  ,  17  ]  direct coating of PIA/
THF solution on glass substrates produced uniform thin 
fi lms after fast evaporation of solvents (typically several sec-
onds).  Figure    1  a shows a scanning electron microscopy (SEM) 
image of a fi lm with crystal-like structure. In order to slow 
and control evaporation speeds, PIA/THF solution was care-
fully dropped to an acidic aqueous solution (pH of approxi-
mately 4) to form two layers, with PIA solution being the top 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2906–2910

    Scheme  1 .     Chemical structure of porphyrin-incorporated alkoxysilane 
(PIA).  
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    Figure  1 .     SEM images of PIA superstructures with different morphologies: a) fi lm, b) rice, c) spindle, d) ribbon, and, e) fi ber.  
layer. Evaporation speeds of solvents were tuned by varying 
the vapor pressure above PIA solution at room temperature. 
Interestingly, PIA molecules assembled into nanometer-
sized rice-shaped aggregates, micrometer-sized spindle-
shaped aggregates, macroscopic ribbons, and macroscopic 
helical fi bers with decreasing evaporation speeds from about 
20 min to over 10 h, 4 − 6 d, and 3-4 weeks, respectively. 
Figure  1 b shows rice-shaped aggregates with average diameter 
of approximately 400 nm and length of approximately 800 nm. 
Figure  1 c shows spindle-shaped aggregates with diameter 
between 550 and 700 nm and length between 4.3 and 5.6  μ m. 
Figure  1 d shows ribbons with width of approximately 20  μ m 
and length up to millimeter-scale. Figure  1 e shows helical 
fi bers with diameter of tens of micrometers and length up to 
centimeter-scale. Although fi lm and ribbon have been widely 
explored in the self-assembly of conjugated organic building 
blocks, including porphyrin derivatives, the other morpholo-
gies have been rarely observed. In addition, simultaneous 
control of assemblies with such a wide variety of tunable mor-
phologies – from fi lm to rice, spindle, ribbon, and fi ber, and 
sizes from nanometer to micrometer, millimeter, and centim-
eter – has not been realized previously.  

 Structures of assemblies with different morphologies were 
analyzed by X-ray diffraction (XRD), atomic force microscopy 
(AFM), transmission electron microscopy (TEM), and circular 
dichroism (CD). A lamellar mesostructure with  d -spacing of 
2.10 nm (corresponding to the diagonal length of a PIA mol-
ecule) was mainly found for thin fi lms, while a closely packed 
hexagonal mesostructure with similar  d -spacing was observed 
for the other morphologies, such as fi ber ( Figure    2  ). Figure  2 a 
shows representative small-angle XRD patterns of the above 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 2906–2910
two organizations, with two peaks of (100) and (300) observed 
for lamellar mesostructure and three peaks of (100), (110), and 
(300) for hexagonal mesostructure. The lamellar and hexagonal 
mesostructures was further confi rmed by high-resolution TEM 
(Figure  2 b) and AFM (Figure  2 c), respectively.  

 Generally, porphyrin derivatives with chiral side-chains are 
designed to stack helically into nano-columns or fi bers during 
molecular assembly. [  13  ]  In the case of achiral side-chains, cer-
tain helical stacking has been recently realized through external 
inductions, such as directional stirring and use of a chiral 
polymer template. [  18  ,  19  ]  Here we are interested in the possi-
bility of achieving helical assembly of achiral molecules without 
external induction. The helical stacking or assembly is typically 
analyzed by circular dichroism (CD) characterization, and PIA 
fi lm was fi rst carefully investigated by CD. No CD signals were 
detected for PIA solutions in a wide variety of concentrations, 
and no CD signals were found in PIA fi lm either (Figure  2 e). 
It seems that PIA molecules randomly stack, similar to typical 
achiral conjugated organic building blocks such as perylen-
ediimide-incorporated alkoxysilane, without external induc-
tions. [  20  ]  Unexpectedly, helical stacking of PIA molecules was 
clearly observed in the fi lm morphology under high-resolution 
TEM. Figure  2 d shows the side-view of two stacks with a helical 
angle of approximately 40 ° . Although these two stacks are right-
handed, the probability of forming right- and left-handed struc-
tures should be the same. [  21–24  ]  Therefore, only racemic stacks 
are produced macroscopically, which explains the phenomena 
that both PIA solution and fi lm are CD-silent. 

 The helical stacking of PIA molecules was also found in 
rice, spindle, ribbon, and fi ber-shaped assemblies under high-
resolution TEM. Figure S1 (Supporting Information) shows a 
2907wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  2 .     Structure characterizations of PIA assemblies: a) XRD patterns of fi lm and fi ber, with  d -spacings of 2.10 and 2.16 nm, respectively, b) high-
resolution TEM image showing a lamellar mesostructure of a fi lm, c) AFM image showing a hexagonal mesostructure of a fi ber, d) high-resolution TEM 
side-view image of PIA stacks showing a helical angle of approximately 40 °  in a fi ber, e) CD spectrum of a fi lm, and, f) CD spectrum of a fi ber.  
representative TEM image similar to those for the fi lm. Wide-
angle XRD had been also widely used to investigate the stacking 
format of porphyrin derivatives. [  25  ,  26  ]  Different from the non-
helical stacking with an average interplannar distance of 
0.42 nm, [  26  ]  Figure S2 shows a typical wide-angle XRD pattern 
for the PIA fi ber with an interplanar distance of 0.74 nm, which 
also confi rms the helical stacking of PIA molecules. [  25  ]  Figure  2 f 
further shows a typical CD spectrum with a negative peak at a 
shorter wavelength and a positive peak at a longer wavelength, 
which indicates a dominating anti-clockwise chirality. [  27  ]  Since 
right- and left-handed nano-stacks of PIA molecules are formed 
with the same probability, the CD signals must be produced by 
their hexagonal winding along a preferred direction. Generally, 
helical symmetry is broken by external inductions, including 
chemical reaction, directional stirring, and polarized light irra-
diation for achiral building blocks. [  22  ,  23  ]  Here no external induc-
tions were introduced, so this chirality may be due to sponta-
neous symmetry breaking at the air/solution interface. [  22–24  ]  On 
the other hand, a weaker positive peak at the shorter wavelength 
and a weaker negative peak at the longer wavelength were also 
observed in the CD spectrum for the fi ber (Figure S3), which 
indicates the formation of a clockwise chirality, albeit domi-
nated by the anti-clockwise chirality. 

 The helical stacking of achiral PIA nanodisks and further 
organization of the resulting nano-stacks are schematically 
shown in  Figure    3  . Atoms in the porphyrin macrocycle stay 
in the same plane, with phenyl rings perpendicular to the por-
phyrin plane (Figure  3 a). [  18  ]  Here planar porphyrin macrocy-
cles favor formation of molecular stacks, while four branches 
with perpendicular phenyl rings lead to rotation of PIA mol-
ecules for a helical organization (Figure  3 b). [  21  ]  Primary driving 
forces include  π – π  interactions among porphyrin macrocycles, 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
hydrogen bonding among amide moieties (–CONH–), and van 
der Waals forces among side-chains. [  25  ]  The rotary directions 
of nano-stacks are determined by the stacking direction of the 
second PIA molecule relative to the fi rst one, i.e., a clockwise 
stacking produces left-hand helices, while an anti-clockwise 
stacking produces right-hand helices. Based on the molecular 
structure of PIA, we obtain the diameter of nano-stacks to be 
approximately 2 nm, which is consistent with XRD results, as 
well as AFM and TEM images (Figure  2 ). In the case of a fi lm, 
these nano-stacks formed a lamellar structure as a fast evapo-
ration of solvent did not allow for their optimal arrangement. 
For rice, spindle, ribbon, and fi ber with decreasing evaporation 
speeds, UV-vis spectroscopy and Fourier transform infrared 
(FTIR) spectroscopy were used to trace the stacking of PIA 
molecules.  

 UV-vis spectroscopy was performed to compare the optoelec-
tronic properties of PIA assemblies with different morphologies 
and structures (Figure S4). PIA/THF solution shows a sharp 
absorption peak at 418 nm for the Soret band and four absorp-
tion peaks at 513, 548, 591, and 648 nm for the Q bands. [  25  ,  28  ]  
After formation of assemblies with morphologies from fi lm, 
rice, spindle, ribbon, to fi ber, both the Soret and Q bands 
exhibit red shifts with increasing peak intensities. For instance, 
the peak of the Soret band shifts to 444 nm and four peaks for 
the Q bands shift to 521, 556, 595, and 649 nm in fi lm, respec-
tively; the peak of the Soret band and four peaks of the Q bands 
further shift to 445 nm and 542, 562, 600, and 653 nm in fi ber, 
respectively. It is well known that these red shifts are associ-
ated with more effi cient stacking of PIA molecules and more 
ordered packing of PIA nano-fi bers. [  16  ,  29  ]  

 Silane groups are designed to be chemically bonded to four 
grafts in porphyrin molecules, and they can easily go on, via 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2906–2910
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    Figure  3 .     Schematic illustration of PIA assembling processes: a) struc-
ture of a PIA molecule after hydrolysis, b) side view of a helical PIA stack, 
c) top view of a hexagonal arrangement of PIA stacks, and, d) PIA nano-
stacks wind clockwise to form left-hand helical nanostructure or super-
structure. For visual clarity, hydrogen atoms are omitted in (b and c), and 
the nano-stacks in (d) are drawn with different shading.  
hydrolysis and condensation reactions, to produce highly 
stable and robust silica network. [  25  ,  30  ]  The above reactions were 
confi rmed by FTIR spectroscopy. As shown in Figure S5, the 
characteristic peaks of Si–OEt at 1102 and 1077 cm  − 1  disap-
pear, while a broad Si–O–Si stretching at 1058 cm  − 1  appears, 
suggesting the formation of covalently bonded silica/por-
phyrin nanocomposites. [  11  ,  31  ]  In addition, these porphyrin/
silica hybrid materials also showed excellent thermal stability. 
For instance, the decomposition temperature was improved to 
800  ° C in air, much higher than the 500  ° C of pure powder of 
4,4 ′ ,4 ′  ′ ,4 ′  ′  ′ -(21H,23H-porphine-5,10,15,20-tetrayl) tetrakis (ben-
zoic acid; see Figure S6). [  13  ]  Furthermore, due to conjugated 
macrocycles, porphyrin/silica hybrid materials were further car-
bonized typically at 750  ° C in argon, as confi rmed by Raman 
spectroscopy. Figure S7a compares Raman spectra of a ribbon 
before and after carbonization. Two characteristic peaks at 
1593 cm  − 1  for the G band and 1348 cm  − 1  for the D band are 
observed to show the graphitic structure in the carbonized 
ribbon, [  32  ,  33  ]  while the peaks corresponding to the PIA ribbon 
prior to carbonization disappear. The inserted optical images 
in Figure S7a show the ribbon before and after carbonization, 
which indicates that both the morphology and the size of the 
ribbon have been well retained. Nitrogen was doped into carbon 
lattices after carbonization. [  19  ]  
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 2906–2910
 Based on the UV-vis spectroscopy and FTIR spectroscopy, 
we can conclude that, in the cases of rice, spindle, ribbon, and 
fi ber, obtained with decreasing evaporation speed, nano-stacks 
have increasing time to wind closely and hexagonally into more-
ordered structures through cooperative interactions among PIA 
side-chains (Figure  3 c). Helical winding and hexagonal organi-
zation of PIA nano-stacks with decreasing evaporation speed 
also favors formation of aggregates with increasing aspect ratios 
and more highly ordered structures. In the case of rice, spindle, 
and ribbon, with relatively rapid evaporations, PIA nano-stacks 
hexagonally wind into helical nanostructure but cannot grow 
into a macroscopically helical superstructure. [  28  ,  31  ]  For much 
slower evaporation, which allows for an optimal arrangement, 
helical nanostructures continue growing into larger helical 
superstructures, i.e., macroscopic fi bers (Figure  3 d). 

 Considering the highly stacked structure of porphyrin moie-
ties, we also investigated the electronic properties of the nano-
composite. The as-synthesized nanocomposite typically showed 
an electrical conductivity on the level of 10  − 7  S cm  − 1  at room 
temperature. The electrical conductivity can be improved by 
three orders of magnitude after complexation of metal ions into 
the center of conjugated porphyrin macrocycles. For instance, 
the nanocomposite complexed with zinc ions exhibited a con-
ductivity of 5  ×  10  − 4  S cm  − 1 . 

 Nitrogen-doped carbon nanomaterials represent a family of 
metal-free catalysts in fuel cells. [  34–37  ]  They have been reported 
to exhibit excellent electrocatalytic activity for oxygen-reduction 
reactions because of their unique electronic properties, derived 
from the conjugation between nitrogen lone-pair electrons and 
the graphene system. Here we measured the electrochemical 
performance of carbonized ribbons through an electrochem-
ical work station using a rotating-disk electrode. Carbonized 
ribbons were fi rst pasted onto the rotating disk electrode, and 
cyclic voltammogram curves were then obtained in 0.1  M  KOH 
solution saturated with O 2  at a scan rate of 100 mV s  − 1  and an 
electrode rotation rate of 100 rpm. The current density easily 
achieved 1.60 mA cm  − 2  at –0.47 V (Figure S7b), compared with 
1.1 mA cm  − 2  at –0.2 V for a platinum/carbon electrode under 
the same conditions. [  37  ]  Obviously, carbonized assemblies 
exhibit a good electrocatalytic activity for oxygen reduction. 

 In summary, we have developed a general assembly approach 
to construct hierarchically tunable helical superstructures by 
using achiral bridged silsesquioxane incorporated with conju-
gated macrocycle. The resulting superstructures can be con-
trolled over a wide range of morphologies and tuned from non-
helical to helical structures at multiscale by simply varying the 
evaporation speed to control the assembly dynamics. Due to 
the combined advantages of conjugated macrocycle and grafted 
silsesquioxane groups, these superstructures exhibit excellent 
optoelectronic, electrical, and thermal properties.  

 Experimental Section 
  Synthesis of Porphyrin-Incorporated Alkoxysilane : 4,4 ′ ,4 ′  ′ ,4 ′  ′  ′ -(21H,23H-

porphine-5,10,15,20-tetrayl) tetrakis (benzoic acid) (0.1 mmol) and  γ -is
ocyanatopropyltriethoxysilane (0.4 mmol) were added to tetrahydrofuran 
(10 mL) in a multinecked fl ask. The fl ask was repeatedly evacuated and 
fl ushed with nitrogen gas. The mixture was stirred for several minutes 
under nitrogen atmosphere, and then refl uxed at 80  ° C in an oil bath 
2909wileyonlinelibrary.combH & Co. KGaA, Weinheim
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overnight. The reaction was stopped by cooling mixture solution to 
room temperature. The fi nal product was washed with petroleum ether 
to remove excess  γ -isocyanatopropyltriethoxysilane. The two precursors, 
4,4 ′ ,4 ′  ′ ,4 ′  ′  ′ -(21H,23H-porphine-5,10,15,20-tetrayl) tetrakis (benzoic acid) 
and  γ -isocyanatopropyltriethoxysilane, were ordered from Sigma Aldrich 
and used as received. 

  Assembly of PIA Molecules : The purifi ed PIA was dissolved in THF with 
concentration of 10 mg mL  − 1 . After ultrasonic treatment for 10 min, the 
solution (10 mL) was fi ltered with nylon membrane (pore diameter of 
0.22  μ m), followed by addition of approximately 20  μ L of 0.1  M  HCl. For 
the preparation of fi lm, the fi nal solution was directly coated on glass 
substrates followed by evaporation of solvents at room temperature. For 
the preparation of rice, spindle, ribbon, and fi ber, the fi nal solution was 
slowly dropped to the top of water (pH of approximately 4) in a vial with 
a volume of 20 mL. Typically, the volumes of water and the solution were 
4 and 10 mL, respectively, and a clear interface was observed between 
fi nal solution and water. Evaporation of solvents was performed at room 
temperature, and evaporation speeds were controlled by varying vapor 
pressure in the vial. 

  Characterization : Assembly morphologies were characterized by 
fl uorescence microscopy (Olympus BX51) and scanning electron 
microscopy (S-4800, operated at 1 kV), Assembly structures were 
analyzed by X-ray diffraction (XRD, D8 ADVANCE and DAVINCI.DESIGN, 
Ni-fi ltered Cu K α  radiation at   λ    =  0.15418 nm, operated at 40 kV and 
40 mA), transmission electron microscopy (JEOL 2010 operated at 120 kV), 
atomic force microscopy (Q-Scope 250 Quesant), and circular dichroism 
(CD) spectra (JASCO J-715 spectrapolarmeter). UV-visible spectra were 
recorded using a Shimadz U-3150 spectrophotometer. FTIR spectra were 
recorded using a Shimadz IRPrestige-21 spectrometer. The electrical 
conductivity was obtained from a Solartron 1260 gain phase analyzer in 
the frequency range 10 to 1  ×  10 7  Hz.   
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