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ABSTRACT: Crystalline nanostructures with octahedral morphology have been prepared by self-assembling of cationic
porphyrin (H6TPyP)

4+·4Cl− produced through chemical reaction route in aqueous solution depending on the synergistic
interactions among hydrogen-bonding, π−π stacking, and ion pairing. Unexpectedly, the gradual decrease in pH by the slow
evaporation of solvent in the nano-octahedron aqueous suspension obtained in situ led to the selective etching of the original
nanocrystal and the isolation of (H6TPyP)

4+·4Cl− bulk single crystals in the last stage. More interestingly, the increase in pH by
adding water again into this bulk single-crystal-containing system led to the regeneration of nano-octahedrons, indicating the
reversible transformation between porphyrin nano-octahedrons and bulk single crystals triggered by pH. Mechanistic
investigations through powder and single-crystal X-ray diffraction analyses together with the electron microscopic, in particular,
HRTEM, clearly reveal that the unique surface effect and anisotropic character of the nanomaterials differing from the bulk
organic materials are responsible for such pH-sensitive reversible transformation of the two crystalline materials by controlling
the dissolution or aggregation of (H6TPyP)

4+·4Cl−, which actually induces the reversible formation and breaking of the
(pyridine)N+−H···Cl−···H−O(H2O)···H−N+(pyridine) hydrogen bonds among cationic porphyrin building blocks at different
pH. This result, to control the crystallinity and the unprecedented reversible transformation between nanocrystal and bulk single
crystals just by tuning the pH of the synthesis process, as well as the use of the peculiar nanoeffect such as surface effect to adjust
the self-assembling process, provides useful a tool for the controllable synthesis of crystalline materials and is expected to be
helpful for further research and application of organic nanomaterials.

■ INTRODUCTION

Because of their potential applications in catalysis, optical
device, storage, field-effect transistor and photovoltaics self-
assembling of functional organic molecules into well-defined
nanostructures ranging from nanospheres, nanotubes, to
nanofibers has been the focus of material science and
technology.1−3 In particular, the nanocrystals have gotten
much more attention due to their long-range order of
molecular arrangement.4−8 Various noncovalent interactions
including π−π interaction, van der Waals, hydrogen bonding,
hydrophilic/hydrophobic, electrostatic, and metal−ligand co-
ordination act as the driving force in the self-assembling
process,9−11,14−23 among which the hydrogen bonding is

particularly interesting because of its reversibility in response
to the external stimulus such as pH and heating,12,13 but until
now, research on the stimulus-responding reversible structure
transformation of nanomaterials based on hydrogen-bonding
interaction is still rare,12,13 although it is very interesting and
challenging in nanoscience and nanotechnology.
As part of our continuous efforts toward the fabrication of

ordered porphyrin-involved nanostructures with potential
application in organic field effect transistor (OFET) devi-
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ces,14−23 facile procedure toward crystalline nanostructures of
H2TPyP derivative was explored, leading to the easy
preparation of crystalline nano-octahedrons through the self-
assembly of cationic porphyrin (H6TPyP)

4+·4Cl− produced
through a chemical route in aqueous solution depending on the
synergistic interactions among hydrogen-bonding, π−π stack-
ing, and ion-pairing, in which the separated nucleating and
growth process in the chemical reaction route as well the
proper pH contribute to the crystallization of the nanocrystals.
Most importantly, because of the reversible formation and
break of the (pyridine)N+−H···Cl−···H−O(H2O)···H−
N+(pyridine) hydrogen bonds involved among cationic
porphyrin building blocks in response to the pH, the as-
prepared uniformed nano-octahedrons selectively etched into
hollow nano-octahedrons with the decrease in pH owing to the
evaporation of solvent and bulk single crystals were obtained in
the last stage. More interestingly, readdition of water into the
suspension containing bulk single crystals resulted in the
nanocrystals with octahedral morphology again. Mechanism
investigation shows that surface effect and anisotropic character
of the nanomaterials play a key role in such process. To the best
of our knowledge, there is no report of such pH-triggered
reversible transformation between these two organic crystalline
materials prior to this work.

■ EXPERIMENTAL SECTION

Materials and Characterization. The tetrakis(4-pyridyl)-
porphyrin (H2TPyP) was purchased from J&K Scientific. All
other reagents and solvents were of reagent grade and used as
received. Electronic absorption spectra were recorded on a
Hitachi U-4100 spectrophotometer. Powder X-ray diffraction
(PXRD) data were collected on a Shimadzu XRD-6000
diffractometer using Cu-Ka radiation (l = 1.54056 Å) at
room temperature. TEM images were measured on a JEOL
JEM-2100 electron microscope operated at 200 kV. SEM
images were obtained using a JEOL JEM-6510A scanning
electron microscopy. For TEM and SEM imaging, a drop of
freshly prepared sample solution was cast onto a carbon copper
grid. For SEM imaging, gold (1 to 2 nm) was sputtered onto
the grids to prevent charging effects and to improve the image
clarity.
Preparation of (H6TPyP)

4+·4Cl− Nanocrystals and
Single Crystals. Typically, H2TPyP (6 mg) was dissolved in
hydrochloric acid (5 mL, 12 M), heated to 120 °C to dry, and
kept at this temperature for a further 15 min. After being cooled
to room temperature, 20 mL of water was added to redissolve
the green solid, resulting in a red solution, which soon turned
into a cloudy brown suspension system, centrifugation of which

provided corresponding (H6TPyP)
4+·4Cl− nano-octahedron

with the edge length of ca. 250 nm. Keeping the nano-
octahedron suspension system in water obtained in situ in air
for several days ranging from 1 to 2 weeks after the evaporation
of solvent led to the isolation of purple quadrangular
(H6TPyP)

4+·4Cl− single crystals. Adding water again to the
above water-evaporated system led to a cloudy brown
suspension system containing (H6TPyP)

4+·4Cl− octahedral
nanocrystals immediately again.
To further confirm the growth mechanism of single crystals

of (H6TPyP)
4+·4Cl−, we put the freshly prepared suspension

into a sealed container for the same period mentioned above to
produce the bulk single crystal, but there was no bulk single
crystal observed. In addition, the freshly prepared suspension
containing the nanocrystals was filtrated. The filtrate was
evaporated in air for several days, which provided few unknown
precipitates. The filtrated nanocrystals were dispersed in 20 mL
of water and evaporated in air for the same period, but no bulk
single crystal was obtained either.

X-ray Crystallographic Analyses. Data were collected on
an Oxford Diffraction Gemini E system with Cu Kα radiation λ
= 1.5418 Å at 293 K using a ω-scan mode with an increment of
0.3°. Preliminary unit cell parameters were obtained from 30
frames. Final unit cell parameters were obtained by global
refinements of reflections obtained from the integration of all of
the frame data. The collected frames were integrated using the
preliminary cell-orientation matrix. The SMART software was
used for data collecting and processing;24 ABSpack was used for
absorption correction;24 and SHELXL was used for space-
group and structure determination, refinements, graphics, and
structure reporting.25 CCDC-910529 contains the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

■ RESULTS AND DISCUSSION

Preparation of (H6TPyP)
4+·4Cl− Nanocrystals with

Octahedral Morphology and Bulk Single Crystals. To
get crystalline nanomaterials, we employed the chemical
reaction method10 in which the target molecules were produced
in situ gradually via chemical reaction route from precursor
molecules. Thus the nucleation and growth stages were
separated, which slows the growth speed of the nanostructures
and also helps to avoid the broad distribution of the size and
shape of the final product. In our experiment, H2TPyP
(Scheme 1) with four pyridine-N atoms at outer position and
two pyrrol-N at the porphyrin core was selected as the
precursor molecules, which are easily to be all or partially

Scheme 1. Schematic Molecular Structures of H2TPyP, (H8TPyP)
6+, and (H6TPyP)

4+ and the Chemical Reaction Route to
Produce the Target Molecules

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4056544 | J. Phys. Chem. C 2013, 117, 17352−1735917353

www.ccdc.cam.ac.uk/data_request/cif
http://pubs.acs.org/action/showImage?doi=10.1021/jp4056544&iName=master.img-001.jpg&w=371&h=117


protonated depending on the pH of the environment owing to
the different basicity of the two kinds of nitrogen atoms and
become pyridinium or pyrrol salt that can form hydrogen-
bonded net works with each other at proper pH.26 As detailed
in the Experimental Section and Scheme 1, dissolution of
H2TPyP into excess condensed hydrochloric acid solution led
to the production of (H8TPyP)

6+·6Cl−, which has four
protonated pyridine-N atoms at the outer position and two
protonated pyrrol-N atoms at the porphyrin core and is able to
form aqueous solution owing to the large electrostatic repulsion
between the (H8TPyP)

6+ porphyrin cores. Evaporation of
excess HCl, followed by redissolving the resulting residue in
water, induces the gradual ionization from (H8TPyP)

6+·6Cl−

into (H6TPyP)
4+·4Cl−, in which four pyridine-N atoms at the

outer position keep protonated while two pyrrol-N atoms at the
porphyrin core are neutralized due to the different basicity of
the two type of nitrogen atoms (Scheme 1). Synergistic
noncovalent interactions among hydrogen bonding and π−π
interaction of (H6TPyP)

4+ building blocks as well as the ion-
pairing interaction due to the existence of Cl− ions in water
then led to the simultaneous formation of (H6TPyP)

4+·4Cl−

nanocrystals with octahedral morphology (Figure 1A), the
distinct edges of which indicated the good crystallinity of the
nano-octahedrons. In addition, as clearly shown in Figure 1, the
bright selected area electronic diffraction (SAED) patterns
observed for the nano-octahedrons also suggest the single-

crystalline nature of these nanostructures (Figure 1B). This is
confirmed by the good agreement in the d spacings revealed by
the diffraction spots in the SAED diffraction patterns and those
simulated according to single-crystal X-ray diffraction analysis
result (vide infra). In addition, perfect layered arrangement of
the porphyrin molecules in the nano-octahedrons with
crystalline nature can also be clearly reflected by the distinct
lattice fringes with interlattice spacing of 0.35 nm observed in
their HRTEM image (Figure 1C).
Unexpectedly, evaporation of the solvent of the nano-

octahedron suspension system in water obtained in situ for
several days ranging from 1 to 2 weeks induces the formation
and isolation of bulk single crystals of (H6TPyP)

4+·4Cl−, Figure
S1 (Supporting Information). Interestingly, readdition of water
into this (H6TPyP)

4+·4Cl− bulk single-crystal-containing
system results, again, in the production of (H6TPyP)

4+·4Cl−

octahedral nanocrystals. At the same time, the as-prepared bulk
single crystals were dissolved. Such a novel reversible
transformation between nanocrystals and bulk single crystals
triggered just by evaporation or addition of solvent is
particularly interesting, which attracted us to pursue the origin
of such a reversible transformation.

Single-Crystal Structure. As summarized in Table S1
(Supporting Information), the cationic molecular porphyrin
crystallizes in triclinic P-1 space group. The asymmetric unit
consists of half (H6TPyP)

4+ molecule, two chloride ions, and

Figure 1. SEM images of the self-assembled (H6TPyP)
4+·4Cl− nano-octahedron with the average edge length of 250 nm (with the inset showing the

magnified TEM images of corresponding nanocrystals) (A), the SAED patterns taken from the individual nano-octahedron (B), and HRTEM image
of individual nano-octahedron (C).

Figure 2. Crystal structure of (H6TPyP)
4+·4Cl− in two perspective views (chloride: green; nitrogen: blue; H2O: red; H: gray). Some solvent

molecules are omitted for clarity.
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five water molecules. Figure S2 (Supporting Information)
shows the molecular structure of (H6TPyP)

4+ in the single
crystal. The planar porphyrin molecular structure confirms the
diproton instead of tetraproton nature of the central
tetrapyrrole core.14,27 As can be seen from the crystal-packing
diagram of (H6TPyP)

4+·4Cl− (Figure 2), each porphyrin
molecule is bound to two neighboring porphyrin molecules
via (pyridine)N+−H···Cl−···H−O(H2O)···H−N+ (pyridine)
hydrogen bonds with the help of a Cl− ion and a water
molecule with the length of NH···Cl = 0.305 nm, OH···Cl =
0.308 nm, and NH···O = 0.264 nm, leading to a head-to-tail 1D
linear porphyrin chain. This linear porphyrin chain is held
together by C−H···Cl hydrogen bond with the length of CH···
Cl = 0.366 nm between the pyrrole CH of one chain and the
chloride ion of the neighboring chain, forming a 2D sheet-like
porphyrin array. Furthermore, π−π interactions between
porphyrin chromophores in a neighboring layer of arrays
provide additional linkage between adjacent layers in the crystal
with the van der Waals void space between porphyrin rings of
0.35 nm (Figure 2), leading to the formation of a 3D multilayer
lamellar structure for the single crystal of (H6TPyP)

4+·
4Cl−.17,19

Electronic Absorption Spectra. To reveal the formation
and growth mechanism of (H6TPyP)

4+·4Cl− nano-octahedron,
the whole preparation process was monitored via UV−visible
spectroscopy. As exhibited in Figure 3a,b, after dissolving

H2TPyP in hydrochloric acid, typical features of a metal-free
porphyrin with four weak Q absorption bands in the range of
500−700 nm disappeared and changes to two Q bands in the
same area due to the increase in molecular symmetry from D2h
to D4h indicated the formation of protonated (H8TPyP)

6+,26,28

which can also be confirmed by appearance of the green
solution, typically indicating the protonation of porphyrin core.
The red shift and broadening in both the porphyrin Soret and
Q bands of (H8TPyP)

6+ compared with expected ones are
obviously associated with the formation of corresponding J-type
aggregates of the latter species16,18 between the neighboring
cationic porphyrin molecules.24 Further evaporating excess
hydrochloric acid followed by redissolving the residue into
water induces the formation of nano-octahedrons immediately
depending on the synergetic interactions among hydrogen
bonding, ion-pairing, and π−π stacking. During this process,

the four Q-bands of typical electronic absorption spectroscopic
feature of free porphyrin with D2h molecular symmetry were
reobtained for both solution and nanocrystal samples, Figure
3c,d, which as well as the red-brown nanocrystal suspension all
indicated the production of free base (H6TPyP)

4+ from
acidified (H8TPyP)

6+ species via chemical reaction route. In
addition, the S-band of the nanocrystal blue-shifted in
comparison with the free (H6TPyP)

4+·4Cl− molecule in
solution, indicating the formation of H-type aggregation in
the nanocrystals via intense π−π stacking between the two
porphyrin cores, which is also in agreement with the X-ray
single-crystal analysis.
The above UV−visible spectroscopic tracing fully confirmed

the formation process of the nanocrystals via chemical reaction
route, as shown in Scheme 1, in which the step of producing
the cationic porphyrin H6TPyP

4+ is the key stage because it
controlled the aggregation speed of the H6TPyP

4+ and finally
the crystallinity of the nano-octahedrons. It is well known that
the rapid growth speed of the nanostructures often leads to the
production of amorphous nanomaterials rather than crystalline
materials. In our experiment, the (H6TPyP)

4+·4Cl− molecules
were produced gradually, and the molecules aggregated when
nearly reaching the thermodynamic equilibrium, which leads to
the production of nanocrystals. In addition, the H+ from the
residue HCl after the evaporation of excess hydrochloric acid
may also contribute to the formation of the crystalline nano-
octahedrons by reducing the aggregation speed. Because
hydrogen bond is sensitive to the pH, when the pH is low
enough the hydrogen bond will break.29,30 As a result, the
existence of residue HCl will slow the formation speed of the
hydrogen bond among the cationic porphyrin (H6TPyP)

4+·
4Cl−, which eventually helps the production of nanocrystals.
Such a result may provide a facile way for the preparation of
crystalline nanomaterials based on hydrogen-bonding inter-
action.

Powder X-ray Diffraction Analysis. The internal
structure of (H6TPyP)

4+·4Cl− nanocrystals was investigated
by powder X-ray diffraction analysis. As shown in Figure 4a, the
XRD pattern of the (H6TPyP)

4+·4Cl− nanostructures fully
agrees with that simulated according to the single-crystal X-ray

Figure 3. Electronic absorption spectra of (a) H2TPyP in CHCl3, (b)
(H8TPyP)

6+ in water obtained by dissolving H2TPyP in hydrochloric
acid, (c) (H6TPyP)

4+ in water (actually the supernatant liquor of
resulting system after removing nanocrystals by centrifugation), and
(d) as-prepared nanocrystals dispersed in THF.

Figure 4. X-ray diffraction pattern of the (H6TPyP)
4+·4Cl− nano-

crystals (a) and the simulated pattern obtained according to the single
crystal X-ray diffraction data (b).
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data using the Mercury 2.2 program, except for the relative
difference in the intensities of corresponding diffractions due to
the different periodic unit number between nanocrystals and
single crystals (Figure 4b). This result demonstrates the high
purity of the bulk phase of (H6TPyP)

4+·4Cl− nano-octhedrals
and, in particular, the complete same internal structure between
nanocrystals and single crystal of (H6TPyP)

4+·4Cl−.
pH-Sensitive Reversible Transformation Process be-

tween (H6TPyP)
4+·4Cl− Nanocrystals and Bulk Single

Crystals. Bulk organic single crystals play a key role in
determining the internal structure of the organic materials on
the basis of the single-crystal X-ray diffraction analysis, while
the internal structure determined the functional performance of
the materials. Conventionally, the organic single crystals grow
slowly in a homogeneous solution by diffusion of poor solvent
into the good solvent or by slow evaporation of the good
solvent,14,31−33 while in our experiment the single crystals grew
in a suspension in which the nanostructures dispersed in poor
solvent, which indeed is a very interesting phenomenon. To the
best of our knowledge, there is still no such report prior to the
present work.
For the purpose of elucidating the formation mechanism of

the bulk single crystals of (H6TPyP)
4+·4Cl− from the

nanocrystal, the evolution process of the (H6TPyP)
4+·4Cl−

nanocrystals during the evaporation of water in the nanocrystal
suspension system was monitored using SEM technique until
the observation of bulk single crystals. Figure 5 displayed the
SEM tracing images of the (H6TPyP)

4+·4Cl− nanocrystals with
the edge length of 250 nm observed after evaporation of water
in air for 5, 9, and 12 days, respectively, which indicated that the
octahedral nanocrystals were etched gradually and some formed
hollow structures in different stages. At the beginning, without
the evaporation of solvent, the nanostructures were perfect
octahedron with smooth surface and distinct edges, and the pH
of the suspension was 2.5 (Figure 1B). It is should be noted
that the color of the suspension is red-brown. Along with the
evaporation of the water, the volume as well as the pH of the
suspension reduced. After 5 days, the pH became 2.2 and the
edges of the nanocrystal became blunt and the surfaces became
rough (Figure 5A). Meanwhile two vertices of nano-
octahedrons were etched deeper and led to the formation of
small shallow holes, as shown in the magnified image in Figure
5A. Notably, the holes appeared only at the two opposite
vertices of octahedral nanocrystals, and the other four vertices
remained unchanged, suggesting the different molecule
arrangement at different vertices. After 9 days, the holes
became deeper and the nano-octahedrons actually became a
hollow tetragonal plate due to the disappearance of two vertices
at the opposite positions, which also indicated the faster etching
speed along this direction than the other two vertical directions.
At the same time, the number of the vertices-etched nano-
octahedrons became more (Figure 5B). In addition, the pH of

suspension lowered to 1.9, and the color became light-brown.
After 2 weeks, only a little water with dark-brown color
remained, and the pH of the suspension became 1.5. At the
same time, light-brown crystals suitable for single-crystal
analysis were obtained (Figure 5D). SEM images showed that
the hole in the hollow tetragonal plate became larger and
fragments appeared in the remaining nanostructures (Figure
5C), indicating that some hollow tetragon plates were
destroyed and the growing process of the bulk single crystals
occurred on depletion of the nanocrystals.
The selective etching of the nanocrystal, as revealed by the

above SEM tracing experiment and the color of the suspension
getting deeper with the evaporation of water, clearly indicated
that the concentration of (H6TPyP)

4+·4Cl− increased in the
process, which finally led to the growth of the bulk single crystal
when the concentration reached saturation. To further confirm
the conclusion, additional contrast experiments were carried
out. First, nanocrystals in the suspension obtained in situ
remained unchanged when being stored in a sealed container
for the same period, indicating the important role of solvent
evaporation for the formation of (H6TPyP)

4+·4Cl− single
crystal. Second, the nanocrystals were separated from the
suspension by filtration and dispersed in water again. The
filtrate was then put in air for evaporation, generating little
unknown precipitate after several days, indicating that the
dissolved (H6TPyP)

4+·4Cl− in original suspension is not
enough to grow into bulk single crystals. Similarly, even
complete evaporation of the solvent in the system obtained by
dispersing the obtained nanocrystal into the same volume of
water as filtrate in air led to no porphyrin bulk single crystal
either, which indicates the key role of the pH value, actually the
residue H+ on the formation of bulk single crystals.
As a consequence, the decrease in pH due to the increase in

the concentration of H+ with the evaporation of water finally
led to the selective etching of the nanocrystals due to the break
of hydrogen-bond networks. When the concentration of free
(H6TPyP)

4+·4Cl− reached saturation, bulk single crystals were
produced. Obviously, the pH plays a key role in the formation
of bulk single crystals by controlling the break of the hydrogen
bond.
Interestingly, when water was added to the bulk single crystal

containing suspension obtained by the gradual evaporation of
water, the large single crystals dissolved and the nano-
octahedrons formed again, as evidenced by the SEM images
in Figure S3 (Supporting Information). It is worth noting that
the pH of the suspension returned to 2.5 again, indicating that
the bulk single crystals are not stable in higher pH. This further
confirmed the pH-sensitive nature of the hydrogen-bonding-
involved organic materials. In addition, the etched nanostruc-
tures also returned to the original nano-octahedrons with
distinct edges.

Figure 5. Evolution process of the (H6TPyP)
4+·4Cl− nanocrystals with the edge of 250 nm observed by SEM after evaporation of water in air for 5

days (A), 9 days (B), and 12 days (C) with the inset pictures showing the magnified SEM images of representative etched nanocrystal in different
stages. (D) Bulk single crystal coexisting with the nanocrystal, as shown in panel C.
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Mechanism of pH Sensitive Reversible Transforma-
tion between (H6TPyP)

4+·4Cl− Nanocrystals and Single
Crystals. From the above discussion, the control of pH
induced the selective etching and finally the reversible
transformation between (H6TPyP)

4+·4Cl− nanocrystals and
single crystals. The deep research on the origin of such
phenomenon will be meaningful for the further design and
synthesis of such crystalline materials and understanding the
structure−property relationship of nanomaterials.
According to the HRTEM (Figure 1F), which reflects the

layered structure of the nano-octahedrons, and the single-
crystal X-ray diffraction analysis, the selective etching
mechanism was illustrated, as shown in Figure 6. Figure 6A−
C shows the molecular packing of a corresponding cross
section along a different direction. The selective etching of
nano-octahedrons into hollow tetrahedral plates with the
decrease in the pH showed that the etching speed of the two
vertices at the opposite position is faster than the other four
vertices and the surface. On the basis of previous inves-
tigation,29,30 the decrease in the pH value of the suspension
system along with the evaporation of water can lead to the
breaking of hydrogen bonds. The phenomenon previously
mentioned clearly reflects the anisotropic nature of the
crystalline nanomaterials,18,34,35 according to which the
direction that etched faster should belong to the same crystal
face, so that the hydrogen bond is richer than other crystal
faces. In the direction perpendicular to the plane of the lamellar
structure, as shown in Figure 6A, all hydrogen-bond chains of
the sheet-like structure are exposed to the surface, while in the
direction parallel to the porphyrin core, only part of the
hydrogen bond chains are exposed (Figure 6B,C). The decrease

in pH led to the break of (pyridine)N+-H···Cl−···H−O(H2O)···
H−N+ (pyridine) hydrogen-bond network; then, owing to the
large static repulsion among the positively charged anionic
porphyrin molecules, the strong π−π stacking interaction was
overcome and the nanostructures dissolved (Figure 6D). The
etching rate at different direction of the surface is different
owing to the different density of hydrogen bonds. As a
consequence, the etching speed at the direction shown in
Figure 6A will be faster than that at the other two directions,
resulting in the appearance of the etched hole at the
corresponding two vertices, which grows larger when more
hydrogen bonds are exposed owing to the dissolution of the
surface molecules. Such a novel stimulus-responsive morphol-
ogy modulation originating from the unique nanoeffect is very
interesting and may be helpful for the construction of a more
complicated nanostructure. The mechanism of pH-sensitive
reversible transformation between (H6TPyP)

4+·4Cl− nanocryst-
als and bulk single crystal was also illustrated, as shown in
Figure 6. As discussed in the Experimental Section, with the
decrease in pH by evaporating water, the nanocrystals gradually
dissolve into (H6TPyP)

4+·4Cl− molecule and then crystallize
into bulk single crystals, while increase in pH by adding water
again leads to the regeneration of nanostructures. Obviously,
the key point is that the nanocrystals are stable at low pH, while
the bulk single crystals are stable at high pH despite their same
molecular composition. The only different parameter of the two
crystalline materials is the size. For nanomaterials, a unique
property is the surface effect.36,37 It is well known that along
with the reduction of the particle size the surface effect became
stronger, which adsorbs the extra species onto the surface of the
nanostructure to reduce the surface energy. In our experiment,

Figure 6. Schematic illustration of mechanism for selective etching of (H6TPyP)
4+·4Cl− nano-octahedrons (upper field) and the reversible

transformation between nanocrystals and bulk single crystal (lower field). (A−C) Molecule packing of corresponding cross section along different
direction. (D) Break process of the hydrogen bond during the etching of the nanocrystals.
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owing to the surface effect, the H+, which exists in the form of
H3O

+, was adsorbed onto the surface of the nanocrystals with
the size of 250 nm to reduce the surface energy, leading to the
concentration of H+ at the surface of nanocrystals being higher
than that in the suspension. However, at high pH, the number
of H+ at the surface is not large enough to break down the
hydrogen bonds, rendering the nanocrystals to be stable.
However, when pH increased gradually, the number of H+ at
the surface of the nanocrystals increased, which finally lead to
the break of (pyridine)N+−H···Cl−···H−O(H2O)···H−N+

(pyridine) hydrogen-bond networks at the surface and then
deeper. However, for the bulk single crystals, the size is so large
that the surface effect can be ignored, making the bulk single
crystal stable at the same pH environment. As a total result, the
nanocrystals gradually etched and transformed into bulk single
crystals gradually. When the pH increased by adding water,
hydrogen bond did not break down any more, but new ones
preferred to form. In this case, the free porphyrin molecules will
first nucleate on the etched nanocrystals due to the large surface
effect, which led to the decrease in the concentration of free
(H6TPyP)

4+·4Cl− molecules in suspension and finally resulted
in the dissolution of bulk single crystals owing to the shift of
equilibrium. Obviously, the different surface effect between
nanocrystals and bulk single crystals is actually the origin of the
pH-sensitive structure transformation between nanocrystals and
bulk single crystals.

■ CONCLUSIONS

Crystalline nano-octahedrons are easily prepared in water by
self-assembling of cationic porphyrin (H6TPyP)

4+·4Cl− pro-
duced through chemical reaction route in aqueous solution
depending on the synergistic interactions among hydrogen-
bonding, π−π stacking, and ion-pairing. The separated
nucleation and growth in the chemical route as well as the
residue HCl are responsible for the crystallization process. Most
interestingly, the unique pH-sensitive nature of the (pyridine)-
N+−H···Cl−···H−O(H2O)···H−N+(pyridine) hydrogen bonds
leads to the reversible transformation of nanocrystals and bulk
single crystals just by adjusting the pH of the suspension by
evaporating or adding water, in which the unique surface effect
and anisotropic character of the nanomaterials play key role.
The present result, to control the crystallinity and the
unprecedented reversible transformation between nanocrystals
and bulk single crystals just by tuning the pH of the synthesis
process, provides a useful tool to the controlled synthesis of
crystalline materials and is surely helpful for further research
and application of organic nanomaterials.
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