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Morphological Transformation Reactions of Photocatalytic
Metalloporphyrin-Containing Coordination Polymer

Particles from Seed Structures

Yu Sun and Bongyoung Yoo*®

Coordination polymer particles have attracted a great deal of
attention due to their characteristic properties and diverse ap-
plications in the fields of gas storage, catalysis, optics, sensing,
electronics, photochemistry, and biology. Herein, we investigat-
ed shape transformation reactions of zinc 5, 10, 15, 20-tetra(4-
pyridyl)-21 H, 23 H-porphine (ZnTPyP)-containing coordination
polymer particles (ZnTPyP—CPPs) from seed structures by deli-
cately controlling the Gibbs energy of the self-assembly
system. We obtained a morphological transformation from 1D
short nanorods to 1D long nanorods and 3D nano-octahedral
structures, and from 3D nano-octahedral structures to 1D
nanorod structures. We illustrated a new method to design
and synthesize metalloporphyrin-containing CPPs in a controlla-
ble manner. Furthermore, photocatalytic properties of
ZnTPyP—CPPs were tested, showing good catalytic abilities to-
wards the photodegradation of methylene blue (MB) under
visible light illumination.

Coordination polymer particles (CPPs) have attracted a great
deal of attention due to their characteristic properties and di-
verse applications in the fields of gas storage, catalysis, optics,
sensing, electronics, photochemistry, and biology."”’ In addition,
CPPs usually exhibit outstanding properties compared with
metal-organic frameworks (MOFs) and classic metal oxides.”
Therefore, it is of great significance to explore the controlled
synthesis of CPPs at the nano/micrometer scale.

Bottom-up and top-down strategies are two approaches to
manufacture products, which were first applied to the field of
nanotechnology in 1989. The top-down strategy, which in-
cludes lithography and inkjet printing of micropatterning,
often uses external tools to shape materials into desired mor-
phologies or orders.”) However, it is quite difficult to apply this
method for fragile organic materials especially for single crys-
tals of small molecules. In contrast, the bottom-up strategy uti-
lizes the physical or chemical properties of single molecules to
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synthesize various structures through self-assembly or self-or-
ganization processes.@-3@4

Metalloporphyrins, which are some of the most promising
building blocks in the construction of diverse CPPs, have been
widely utilized, and their self-assembly aggregation process
can be promoted by various noncovalent interactions, includ-
ing m-m, van der Waals, intermolecular electrostatic, hydrogen
bonding, hydrophilic-hydrophobic, and metal-ligand coordina-
tion interactions.”™ As shown in Scheme 1A, various metallo-
porphyrin-containing CPPs with different morphological struc-
tures have been fabricated independently through self-assem-
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Scheme 1. lllustration of the traditional bottom-up method (A) and our
method to synthesize ZnTPyP CPPs (B).

bly or self-organization processes.” Reversible transformation
between four-petal flower structures and octahedral structures
was achieved in our previous work by controlling the metallo-
porphyrin concentration in the reaction solvent."” This phe-
nomenon suggests that different structures are possibly relat-
ed to each other, and one structure can be transferred to an-
other depending on the synthesis conditions. It was docu-
mented that the nucleation and growth of nano/microcrystals
in solution are related to the Gibbs free energy, which is gov-
erned by the atomic chemical potential and surface tension of
the crystals."" Therefore, the shape conversion could be driven

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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by reducing or changing the Gibbs free energy of the investi-
gated system, in which the atomic chemical potential could be
externally influenced by pressure, temperature, reactant con-
centration, the solvent used in the self-assembly system, the
crystal surface tension influenced by the surfactant, pH, and so
on.

In this work, as shown in Scheme 1B, we first synthesized
one specific morphological structure of metalloporphyrin-con-
taining CPPs based on zinc 5, 10, 15, 20-tetra(4-pyridyl)-21H,
23 H-porphine (ZnTPyP—CPPs) through the traditional bottom-
up strategy. Then, we fabricated other nanoscale structures
from this “seed structure” by changing the Gibbs free energy
of the self-assembled system.

As mentioned above, the Gibbs energy is the essential
factor for shape conversion. Therefore, we should experimen-
tally investigate external factors including temperature, pres-
sure, and ZnTPyP concentration, which could impact the equi-
librium between the ZnTPyP monomers and ZnTPyP aggregat-
ed particles and sequentially encourage ZnTPyP particles to re-
aggregate in the reconstructed micelles,. First, a series of ex-
periments was carried out by injecting a ZnTPyP stock solution
(250 pL of 0.01 m) into the basic stock solution A (5 mL) which
was prepared by dissolving Pluronic F-127 (4 g) and NaOH
(0.0125 g) in an aqueous solution (200 mL), under vigorous stir-
ring for 1 h at different temperatures (Figure S1 in the Support-
ing Information). It was found that not only nanorod struc-
tures, but also nanotube and octahedral structures can be syn-
thesized at different temperatures, which confirmed that the
micelle formation changes depending on the temperature.
Then, the ZnTPyP self-assembly process was investigated by in-
jecting a ZnTPyP stock solution (250 uL of 0.01m) into basic
stock solution A (5 mL) at room temperature and a low atmos-
pheric pressure (~0.7 Pa). However, uniform structures were
not fabricated (Figure S2 in the Supporting Information). Final-
ly, the effect of the ZnTPyP concentration on the shape evolu-
tion of ZnTPyP—CPPs was investigated by injecting a ZnTPyP
stock solution (150, 350, and 450 uL of 0.01 m) into basic stock
solution A (5 mL) at room temperature. It was observed that
rod-like structures were fabricated at a low ZnTPyP concentra-
tion and oval-like structures with terraces were preferentially
formed at a high ZnTPyP concentration (Figure S3 in the Sup-
porting Information). As a result, we confirmed that the mor-
phological structures of ZnTPyP—CPPs are strongly influenced
by the Gibbs energy of the investigated system and there is
the possibility to convert one specific structure to other struc-
tures by tuning the Gibbs energy.

In the nanoscale morphological transformation experiments,
seed structures were first synthesized. Typically, a ZnTPyP stock
solution (250 pL of 0.01 m) was added into the basic stock solu-
tion A (5 mL) under vigorous stirring for 1 h at room tempera-
ture. This solution was the seed solution, abbreviated as Seed-
1. The same experiment was also carried out at 100 °C and the
obtained seed-structure solution was abbreviated as Seed-2.
The external morphology and size of the ZnTPyP—CPPs synthe-
sized in the Seed-1 and Seed-2 solutions were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). As shown in Figure 1A, large-scale and uni-
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Figure 1. SEM images of the nanorod structures produced in the Seed-1 solu-
tion (A) and nano-octahedral structures fabricated in the Seed-2 solution (C);
TEM images of the nanorod structures produced in the Seed-1 solution (B)
and nano-octahedral structures fabricated in the Seed-2 solution (D).

form formation of one-dimensional (1D) hexagonal nanorods
occurred in the Seed-1 solution. The TEM image (Figure 1B)
shows a solid structure of nanorods with an average diameter
of ~80 nm and an average length of ~170 nm. Compared to
the 1D nanorod structures, three-dimensional (3D) nano-octa-
hedral structures were fabricated in the Seed-2 solution (Fig-
ure 1C). The TEM image (Figure 1D) clearly reveals that the ob-
tained nano-octahedral structures have a typical 3D architec-
ture with an average side length of ~100 nm. The internal mi-
crostructures of the ZnTPyP—CPPs synthesized in both the
Seed-1 and Seed-2 solutions were investigated by X-ray diffrac-
tion (XRD) measurements. As can be seen in Figure S4 in the
Supporting Information, the ZnTPyP CPPs with different mor-
phologies exhibited similar XRD patterns, which matched the
simulated pattern on the basis of a former study of the crystal
structures of ZnTPyP compounds."? An interlattice distance of
1.632 nm was derived from diffraction peaks at 20 =5.24° and
10.54° in the XRD patterns of the nanorod structures synthe-
sized in the Seed-1 solution and the nano-octahedral struc-
tures in the Seed-2 solutions. The average width of nanorod
structures can be roughly calculated as ~70 nm from the dif-
fraction peak at 20=10.54° according to the Scherrer equa-
tion, which is in accordance to the width of nanorod structures
measured from the SEM and TEM images. In addition, it is
clearly seen that the characteristic peak attributed to (220) is
remarkably intense in the nanorod structures, compared to
that of the nano-octahedral structures, which is probably due
to the preferential growth along the crystallographic ¢ axis in
nanorod structures."?

When the Seed-1 solution was kept at room temperature
under continuously vigorous stirring for 15 h, no rod growth
was observed (Figure 2, route 1). However, the average length
of the nanorods in the Seed-1 solution grew to ~395 nm when
the reaction temperature was increased to 100°C under vigo-
rous stirring for 15 h. (Figure 2, route 2). The rod growth was
facilitated by only adjusting the reaction temperature. Fig-
ure S5 in the Supporting Information shows the SEM images

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. lllustration of the shape transformation from short nanorod struc-
tures to long nanorod structures.

obtained at different reaction times. We observed that the
nanorod structures were destroyed within several hours. How-
ever, the regrowth was established when the reaction time
was increased to 15 h.

The shape conversion within the same dimension was rela-
tively easier as the growth direction was not changed. It is
quite difficult to convert 1D short nanorods to 3D nano-octa-
hedral structures. The temperature-dependence experiments
revealed that nano-octahedral structures were synthesized at
100°C, which indicates that the micelle formation of Pluronic
F-127 at 100°C is suitable for the fabrication of octahedral
structures. On the other hand, the nanorods in the Seed-1 solu-
tion did not change into octahedral structures when it was di-
rectly transferred into the 100°C oil bath without any other
treatment, which indicates that shape conversion from the
nanorod to an octahedral structure cannot be achieved only
by temperature adjustment (Figure 3, route 1). In our opinion,

250 pl % No transformation
ZnTPyP 1h Pp—
. route 2 ‘
" RT Pl ——
5 mL basic 1D short nanorods

stock solution
3D nano-octahedral
structures

Figure 3. lllustration of the shape transformation from short nanorod struc-
tures to nano-octahedral structures.

there are usually two ways to convert one structure to anoth-
er: the first one is to break the original structure to form
a new one under new conditions, and the other method is
continuous growth on the original structure. Therefore, the
conversion from the nanorod structures to octahedral struc-
tures could belong to the latter case, in which an additional
amount of the ZnTPyP stock solution should be supplied.

We carried out a series of experiments by first transferring
the Seed-1 solution into the 100°C oil bath. Then, different
amounts of the ZnTPyP stock solution were injected into the
Seed-1 solution under vigorous stirring for 1 h. It was found
that nanorods were transformed into nano-octahedral struc-
tures when 550 puL of the ZnTPyP stock solution was added
after being transferred into the oil bath (Figure 3, Route 2).
When the amount of the ZnTPyP stock solution was less than
550 pL, octahedral structures with terraces were fabricated,
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Figure 4. lllustration of the shape transformation from nano-octahedral
structures to nanorod structures.

which clearly illustrates the ZnTPyP growth on the nanorod
structure. On the other hand, as shown in Figure 4, nano-octa-
hedral structures synthesized in the Seed-2 solution were suc-
cessfully transformed into nanorods when 5 mL of the basic
stock solution A was injected into the Seed-2 solution at
100 °C under vigorous stirring for 6 h. A trace amount of disor-
dered structures was also synthesized as side products.

The porphyrin aggregation and its aggregation type can be
detected through the spectrum changes of the degenerated
Soret band in its characteristic UV/Vis spectrum."®™ Figure S6
in the Supporting Information compares the electronic absorp-
tion spectra of short nanorods synthesized in the Seed-1 solu-
tion (Figure S6B), long nanorods transformed from short nano-
rods (Figure S6C), nano-octahedral structures transformed
from short nanorods (Figure S6D), nano-octahedral structures
synthesized in the Seed-2 solution (Figure S6E), and nanorods
transformed from nano-octahedral structures (Figure S6F). As
a reference, the electronic structure of the ZnTPyP monomer
(Figure S6A) which was prepared by dissolving commercial
ZnTPyP in an HCl solution was determined. We confirmed that
both ZnTPyP—CPPs synthesized in the seed structure solutions
and those synthesized by morphological transformation reac-
tions exhibit J-type aggregation with an edge-to-edge molecu-
lar arrangement by observing the split and blue-shifted Soret
bands, with respect to the ZnTPyP monomer."”

The fluorescent properties were measured by fluorescent
spectroscopy and fluorescent microscopy (FM). As shown in
Figure S7 in the Supporting Information, upon excitation at
the ZnTPyP Soret band wavelength (around 425 nm), the pho-
toluminescence emission spectrum of the ZnTPyP monomer
showed one wide emission band, and those of the ZnTPyP—
CPPs synthesized in the seed solutions and by the morphologi-
cal transformation reactions showed two intense emission
bands in the wavelength range from 600 to 700 nm, which
correspond to J-type aggregation and are in good agreement
with the UV/Vis experimental results."® The FM images further
confirmed that all ZnTPyP—CPPs are fluorescent in the red
region of the spectrum (Figure S7).

As a member of the porphyrin family, ZnTPyP shares a similar
molecular structure to its photoactive counterparts such as
chlorophyll and heme. Therefore, we investigated the photoca-
talytic ability of ZnTPyP—CPPs for methylene blue (MB) photo-
degradation under visible light irradiation. Figure S8A in the
Supporting Information shows the photocatalytic degradation
of MB dye as a function of time by measuring the UV/Vis ab-
sorption spectra. For a better comparison, MB decomposition
without catalysts and with P25 TiO, catalysts was also investi-
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gated. The absorption spectra without catalyst (Figure S8A)
and with P25 TiO, catalysts (Figure S8B) did not change signifi-
cantly as a function of time, indicating that P25 TiO, does not
act as a photocatalyst for the MB decomposition under visible
light illumination because of its poor visible-light absorption
capability."” However, irradiating the reaction slurry with visi-
ble light results in a gradual and steady decrease of the ab-
sorption peak formed at 4,,,=664 nm in the presence of
ZnTPyP—CPPs. The percentage of dye degradation, n was cal-
culated as follows

nzwxmo% (1)

where A, is the initial absorbance of the dye and A is the time-
dependent absorbance. We plotted the percentage of dye resi-
due (1—7n) after 5h of illumination. As shown in Figure 5,
~75%, 68%, and 56% of MB dye was decomposed by
ZnTPyP—CPP long nanorods synthesized from Seed-1 solution,
ZnTPyP—CPPs with nano-octahedral structures synthesized
from Seed-1 solution, and ZnTPyP—CPP nanorods synthesized
from Seed-2 solution, respectively, compared to ~12% MB
degradation without catalysts or in the presence of P25 TiO2.

100 (A) (B) 1
80 T
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20 a
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Figure 5. Comparison of photocatalytic decomposition of methylene blue
without catalysts (A), with P25 TiO, (B), and with ZnTPyP—CPPs with long
nanorod structures synthesized from Seed-1 (C), nano-octahedral structures
synthesized from Seed-1 (D), and nanorod structures synthesized from Seed-
2 (E) as catalysts under visible light illumination for 5 h.

It has been reported that the formation of J-type aggrega-
tion favors the electron transfer in photocatalytic reactions."
It is clearly seen from Figure S6 in the Supporting Information
that ZnTPyP—CPPs with long nanorod structures synthesized
from Seed-1 were aggregated in a more complete way. Where-
as, the J-type aggregation in ZnTPyP—CPPs with nano-octahe-
dral structures synthesized from Seed-1 solution and ZnTPyP—
CPPs with nanorod structures synthesized from Seed-2 solution
were less complete as the Soret band in these two structures
was not well separated. We hypothesize that photocatalytic
differences found in our work may be caused by the extent of
J-type aggregation. More experiments are under way to study
the size- and shape-dependent photocatalytic properties of
ZnTPyP—CPPs.
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In conclusion, fluorescent 1D short nanorod structures and
3D nano- octahedral structures of ZnTPyP-containing CPPs
were synthesized through a traditional bottom-up strategy as-
sisted by Pluronic F-127 as a surfactant in an aqueous solution
and were utilized as seed structures for further morphological
transformation reactions. For the first time, morphological
transformations from 1D short nanorods to 1D long nanorods
and 3D nano-octahedral structures and from 3D nano-octahe-
dral structures to 1D nanorods were successfully achieved by
delicately controlling the Gibbs energy of the system. This
demonstrates a new strategy to synthesize fluorescent metallo-
porphyrin-containing CPPs in a reasonable and controllable
manner. The electronic adsorption spectra obtained by UV/Vis
spectroscopy revealed that J-type aggregation existed in both
ZnTPyP—CPPs synthesized in the seed structures and those
synthesized by the shape-transformation reactions. All
ZnTPyP—CPPs are fluorescent in the red region of the spec-
trum, which was confirmed by fluorescent spectroscopy and
fluorescent microscopy. In addition, all ZnTPyP—CPPs synthe-
sized from morphological transformation reactions exhibit
good photocatalytic abilities towards methylene blue dye de-
composition under visible light illumination.
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